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Nanoparticle Cargo Delivery to Metastatic Breast Cancer via Tumor Associated

Targeting Schemes

Abstract
By

GIL COVARRUBIAS

The high morbidity associated with triple negative breast cancers (TNBCs) is
directly related to its high risk of recurrence. TNBC recurrence is often invasive - leading
to its metastasis (MTNBC) in visceral organs including the lungs, liver, and brain. With
these phenotypic characteristics nearly all newly diagnosed patients with mTNBC will
have a poor prognosis. The difficulty with metastatic disease is two-fold: 1)
micrometastasis (> 1cm) cannot be reliably detected by conventional diagnostic techniques
and 2) therapeutic windows are reduced as the metastatic lesions are not easily accessible
to systemically administered agents. Thus, the difficulty in diagnosis and treatment lies to
a great degree in adequately targeting imaging and therapeutic agents to metastasis.
However, it is well documented that metastatic niches upregulate receptors that are not
commonly found in healthy tissues such as nonendogenous matrix proteins (i.e. PTP-mu,
fibronectin/fibrinogen), adhesion molecules (i.e. selectins, cadherins and integrins) and cell
specific markers (i.e. EGFR and integrins). Nanotechnology offers a unique solution such
by incorporating targeting ligands that can direct nanoparticles to these tumor-associated
upregulated biomarkers. By decorating the surface of nanoparticles with targeting moieties,
we can adequately administer nanoparticles loaded with either contrast agents,

chemotherapeutics or immunotherapeutics. In this dissertation, we show that targeted
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nanoparticles can significantly improve diagnosis and treatment of metastatic breast

cancer.
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Overview

Metastatic disease is often visualized as undeveloped disseminated micrometastasis
throughout solid tumor progression or as a factor of disease recurrence years after reported
stable remission. Metastasis often evades standard clinical detection due to seemingly
invisible colonies that further curtail therapeutic approaches including first-line
chemotherapy. Here we aim to develop mechanisms that would aid in detailing a targeted
approach for both detection of and drug delivery to metastatic tumor microenvironments.
Metastatic disease is frequently characterized as both a heterogeneous and dynamic disease
state often displaying variable spatial and temporal cues in the form of biomarker
upregulation. The goal of this dissertation is to use nanoparticle constructs to target
systemically available tumor-associated biomarkers to further enhance the detection rate
of and drug delivery to (i.e. chemotherapeutic agents and immunostimulatory molecules)
metastatic niches. This dissertation is organized in the following five chapters:
Chapter 1: Introduction and Thesis Organization

This chapter provides a background in metastatic breast cancer and challenges
associated with detection and treatment. Here we also focus on the mechanisms required
for improved detection and therapeutic outcome using nanoparticles as a platform
technology. Lastly, we identify the immunosuppressive characteristics of the disease and
the means to reinvigorate a senescent immune system to promote an anti-tumor response.
Chapter 2: Imaging of Cancer Metastasis via Multi-ligand Nanopatrticles

Metastasis displays a highly heterogeneous cellular population with cancer cells
continuously evolving. With this behavior, biomarker expression is often variable due to

disease progression at variant locations. Here we explore the use of a multi-ligand
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nanoparticle through its surface decoration with four different types of ligands. This multi-
ligand targeting scheme enabled nearly a 3-fold increase in lung metastases nanoparticle

deposition when compared to its single-ligand variants. PET imaging showed that a multi-

ligand nanoparticle labeled with [18F]fluoride was able to precisely target metastatic
disease at its very early stage of development in three different animal models of metastatic
breast cancer.
Chapter 3: Chemotherapeutic Delivery via Systemically Administered Tumor
Targeted Nanoparticles

This chapter uses the principles acquired in the previous chapter to develop a
therapeutic protocol. Here we used a dual-ligand nanoparticle loaded with the
chemotherapeutic drug doxorubicin to target EGFR and avp3 integrin overexpressed on
metastatic cancer cells. We observed that the treatment with the dual-ligand nanoparticle
yielded significant improvement and event-free survival in a mouse model of breast cancer
metastasis.
Chapter 4: Immune Agonist Delivery to Metastatic Triple Negative Breast Cancer via
Site Specific Nanoparticle Targeting

This chapter focuses on the delivery of immunostimulatory molecules to triple
negative breast cancer (TNBC). While chemotherapeutic delivery is typically employed as
a first-line treatment, chemoresistance often leads to tumor recurrence. Here we use a
nanoparticle carrier and tumor targeting approaches to deliver immune potentiating
agonists to aid in overcoming the profound immunosuppressive nature associated with

tumor regions. Using such a therapy elicits immune-recognition and T cell-mediated killing
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of tumor cells, proving a powerful approach for treating metastatic disease and preventing
recurrence.
Chapter 5: Summary and Future Directions

This chapter offers a summary of the work provided here and an interpretation of
the results acquired. Furthermore, the impact of the work is described in relation to
metastatic cancer detection and treatment. Future directions and alternative work including
developing similar targeting strategies for glioblastoma multiforme (GBM) are also

detailed here.
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1.1 Metastatic Breast Cancer

The majority of breast cancer (BC) associated-deaths are due to the high risk of
recurrence years after individuals are reported to be in stable remission!. Recurrence is
often invasive leading to its metastasis in visceral organs including the lungs, liver, brain
and bone?3. While first-line therapies often display promising results in BC patients, most
succumb to recurrent disease due to small colonies of disseminated tumor cells enabling
the establishment and outgrowth of metastatic niches?2. Due to the first-treatment regimen,
the recurrent disease phenotype is characteristically pro-survival and chemoresistant,
making secondary treatments ineffective against metastatic breast cancers. Besides their
resistant phenotype, disseminated breast cancer cells often escape clinical detection by
remaining dormant before remerging as incurable secondary tumors*°. Dormant
disseminated tumor cells cease dividing and are potential ‘time bomb’ that survive in
quiescent/senescent states prior to initiating their ‘explosive’ metastatic outgrowth®3,
Since dormant disseminated tumor cells are slow-dividing cells, antimitotic agents, the
current standard-of-care has proven to be ineffective.

The implementation of non-traditional therapeutics is thus required due to the poor
prognosis of metastatic breast cancers. As a front runner, cancer immunotherapy holds an
inherent ability to treat aggressive and metastatic forms of breast cancer effectively.
Immunotherapy, including chimeric antigen receptor T cell therapy and checkpoint
inhibitors, activate and mobilize an adaptive response often carried out by effector T-cells
promoting tumor regression and clearance.®'° However, due to the potency and relentless
activation of effector T-cells, instances of T-cell exhaustion and off-target toxicity have

reduced the overall effectiveness of such therapies.® Furthermore, the complexity of the
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tumor microenvironment constantly evolves and variant phenotypic characteristics enables
a stealth-like behavior via an immunosuppressive profile. The immunosuppressive “cold”
tumor microenvironment expels pro-tumor cues leading to immunological ignorance such
that effector cells including natural killer (NK) cells and most importantly cytotoxic T-cells
(CD8* T-cells) are either no longer trafficked to or are shuttled out of tumor sites, thereby
shielding developing tumors from systemic immunosurveillance!*2, Thus, there is a need
to re-educate the suppressed immune system within the tumor microenvironment to

adequately support an effective immune response.

1.2 Targeting the Heterogenous and Dynamic Tumor Microenvironment via
Perivascular Targeting of Nanoparticles

Tumor microenvironments are both heterogenous and dynamic, often developing
variable spatial and temporal phenotypic cues throughout disease progression.
Nanotechnology has actively moved into the development of targeted particles for the
enhancement of drug delivery and contrast-enhanced clinical imaging.t3-2° However, many
of these technologies often only exploit the upregulation of a single targeting moiety
provoking the unintended stratification of malignancies as homogenous and static. Rather,
multivalent targeted nanoparticles schemes show promise in effectively delivering
chemotherapeutic agents and contrast agents.
1.2.1 — Passive vs Active Tumor Targeting

The deposition of nanoparticles into tumor bearing regions can be achieved via two
different mechanisms: either passive or active targeting (Fig 1.1). Enhanced Permeability

and Retention Effect (EPR)-driven passive targeting is based on the premise that a
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developed and sizeable tumor mass has grown too rapidly leading to angiogenesis and
leaky and ill-formed blood vessels (i.e. gap-junctions do not properly seal blood vessels
leaving 200-500 nm gaps).**?* The compromised vasculature enables long circulating
nanoparticles to naturally drain within tumor margins. However, this phenomenon is not
necessarily observed in early metastatic niches as these lesions are not well established,
yielding poor passive delivery.*22-24

On the other hand, active targeting schemes are specifically designed to target
upregulated biomarkers that are overexpressed on or adjacent to cancer cells, the tumor
extracellular matrix and tumor-associated vasculature for enhanced therapeutic deposition
(Fig 1.2)162124-27 Based on the targeting mechanism, active targeting can be further
separated into two different categories — deep-tissue targeting or perivascular targeting.
Targeting upregulated biomarkers on cancer cells (deep-tissue targeting) requires
nanoparticles to successfully extravasate across the endothelium, navigate through the
extracellular space and successfully interact with cell-surface receptors on the targeted
cancer cells.?® Furthermore, the interstitial pressure observed in tumor masses invokes
another difficult-to-overcome hurdle. Thus, the underlying properties required for deep-
tissue targeting makes this delivery system often inconsistent and unfavorable.
Perivascular targeting, however, is intrinsically exploitable.?® Micrometastatic colonies are
typically docked or adjacent to the vascular network. The accompanying endothelium
subsequently becomes a viable target for systemically administered nanoparticles for two
main reasons: 1) the endothelium often shows danger signals in the form of upregulated
biomarkers and 2) systemically administered nanoparticles have direct access to the

vasculature and perivascular space enabling them to scavenge their target more proficiently
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when compared to deep-tissue targeting (Fig 1.2). Thus, perivascular targeting allows us
to specifically localize and target metastasis,6:21,24-26.28
1.2.2 — Targeting Ligands for Active Targeting

As previously mentioned, it is important to not stratify a tumor microenvironment
as homogenous and static. A nanoparticle’s versatility and multivalent characteristics
allows for the surface decoration of multiple targeting ligands that specifically target
upregulated receptors overexpressed in tumor microenvironments. While there is a
plethora of cancer biomarkers, here we will focus on some of the more traditional or
mainstream targeting schemes.

- Extracellular matrix protein targeting??°-3l: Nonendogenous matrix proteins
are often upregulated or recruited for the growth, development and
extravasation of tumors. Due to blood clotting in cancerous lesions, fibrin-based
proteins typically arise from systemic intervention as a result of the injured
endothelium. Here fibrin protein networks are developed after leaking into the
tumor interstitium aiding in the development of the extracellular matrix. By
surface modifying a nanoparticle with a CREKA, peptide we can target
fibrinogen/fibronectin complexes.

- Adhesion molecule targeting!415243233:  Adhesion molecules typically
expressed in wound healing are often highjacked by circulating tumor cells for
their docking and attachment to distal regions (i.e. E- and P-selectins, and avf33
integrins). Furthermore, these adhesion molecules are expressed on a variety of

cells including endothelial, cancer, and immune cells. The accessibility of the
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target in the diseased tissue enables a significant accumulation of moiety
targeted nanoparticles.
- Cell-specific receptor targeting®”**: There are several cell markers highly
expressed on cancer cells such as epidermal growth factor receptor (EGFR), c-
KIT, and epithelial cadherins (E-cad). Targeting these biomarkers allows for
the direct localization of nanoparticle carrier to tumor cells.
To capture the heterogenic and dynamic characteristic of metastatic disease, a
multi-ligand nanoparticle construct is desired to deliver maximal therapeutic cargo or
contrast-enhanced agents for the treatment and detection, respectively, of metastatic

disease.

1.3 Nanoparticles as Imaging Agents and Drug Delivery Carriers

The design of nanoparticle constructs as imaging agents and drug delivery carriers
is highly engineerable and tunable. Nanoparticle technology is highly versatile primarily
due to the potential material composition. Nanoparticles can range from inorganic (i.e.
gold, iron, silica) to lipid, polymeric and nucleic acid-based compounds. The chemistry
behind such constructs enables for variances in size, shape, and surface composition for a
variety of applications?®3>37, In terms of nanoparticles for imaging agents, iron-based
nanoparticles (i.e. SPIONs, USPIONSs, and iron oxides) are intrinsically designed as MRI
T2-weighted contrasted enhancing agents*?83, Gold nanoparticles are often developed
for x-ray-based techniques such as CT due to their contrast enhancement and their ability

to be surface modified to envelop tissue targeting moieties®283, In this research we used

mesoporous silica nanoparticles to encapsulate [18F]fluoride, a positron emission
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tomography (PET) agent, to enable imaging of lung micrometastasis with sizes in the range
of 1 mm.

In terms of drug delivery carriers, lipid, silica, polymeric and nucleic acid-based
nanoparticles offer: 1) stable loading of hydrophobic or hydrophilic therapeutic agents, 2)
significantly high drug loading and 3) easily manipulated surface chemistry to incorporate
tumor-specific targeting ligands'3243740, Through the screening of several different types
of particles, for the vast majority of this work, we use a liposome due to its great
adaptability. The utilization of liposomes meet three important criteria: 1) its simplicity
and reproducibility allow us to rapidly screen several targeting moieties without having to
significantly change the synthetic procedures, 2) its hydrophobic membrane and
hydrophilic core allow for a diverse set of therapeutic molecules to either be loaded or
encapsulated within its structure and 3) its surface coating is easily manipulated based off
of the lipids used allowing for either single or multivalent surface decoration of targeting
ligands!9.202440,

For the delivery of imaging and therapeutic agents to a tumor microenvironment, it
is vital to capture each and every metastatic node'#*83241-43  Thus, the utilization of
multivalent nanoparticle constructs is significantly important to accomplish these two
tasks. Exploiting and targeting upregulated tumor-associated biomarkers, and not
considering the environment monolithic, will allow for the maximal delivery of both
chemotherapeutic and contrast agents. In the case of immunotherapy delivery, as described
in the next section, targeting each metastatic lesion might not be as important. Upon
reactivating an immune senescent tumor microenvironment, a systemic response is

initiated which can localize and target tumor regions that were not necessarily exposed to
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the nanoparticle treatment itself. In the next section, we will describe the challenges behind
the immunosuppressive nature of tumors, delivery challenges and the respective solutions

for such a problem.%10.13.44

1.4 Re-educating the Immunosuppressed Tumor Microenvironment via the Delivery
of Immune-potentiating Agents

While effective as an initial treatment, the systemic delivery of chemotherapeutic
agents cannot prevent the risk of recurrence. If recurrence does occur, tumor cancer cells
can adapt to such systemic therapies and develop resistance even though these cytotoxic
drugs initially show high potency!#>4¢, Recently, exciting advances are pointing out that
immunotherapy can address the limitations of today’s anticancer therapies.
Immunotherapies such as checkpoint inhibitors (i.e. CTLA-4, OX40 and PD-1), chimeric
antigen T cell receptors (CAR-T cells) and recombinant cytokines have shown clinically
significant therapeutic outcomes where chemotherapy has failed®'%47. These treatment
strategies rely on the mobilization of adaptive immunity to promote tumor clearance.

On the other hand, in situ cancer vaccines focus on the activation of the innate
immune system which further shows promise'34748, Harnessing an innate immune pro-
inflammatory response within a tumor microenvironment (TME) is key to an effective
therapeutic outcome. Innate cells, specifically antigen presenting cells (APCs, i.e. dendritic
cells and macrophages), must continuously scavenge tumor-associated antigens by either
engulfing tumor cells or retrieving shed debris. The innate arm of immunity will then
subsequently travel to the nearest lymph node -the hub for innate and adaptive immunity

communication - where APCs will directly prime and activate effector T-cells for a robust
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anti-tumor clearance response. However, as a tumor progresses, its defense mechanisms
rise through pro-tumor cytokine release (i.e. IL-10 and to some degree TGF-B) and
upregulated inhibitory ligands (i.e. CTLA-4, 0X40 and PD-1) 134748, These pro-tumor cues
lead to immunological ignorance in the form of innate cell dysfunction, the tumor hijacking
of immune cells, and the shuttling out of effector cells including natural killer (NK) cells
and most importantly cytotoxic T-cells (CD8* T-cells) - all of which are factors that
promote tumor growth and extravasation to distal regions!34748, This overwhelmingly
immunosuppressive TME often results in a poor prognosis. Furthermore, it is not surprising
that immunotherapies such as CAR-T cells and immune checkpoint inhibitors have
clinically shown to have a suboptimal efficacy of about 20% as systemic T-cells either fail
to be trafficked or lack the capability of infiltrating an immunosuppressive TME?.

To relinquish the tumor stronghold on innate immunity within malignant lesions,
we employ the use of a Stimulator of Interferon Genes (STING) agonist, cyclic-di-
guanylate monophosphate (cdGMP)*-%2, The activation of the STING pathway is self-
amplifying and self-propagating as its downstream cascade leads to the production of type
1 interferons, such as IFN-a/p which further aid to enhance the innate response by reviving
a suppressed TME. From an indirect measure, not particularly looking at IFN-o/3
secretion, system functionality can be observed through an increase in tumor clearing cells
including NK and CD8* T-cells*®-52, Immunostimulatory molecules are often delivered
locally as their therapeutic index reaches its highest potency in these conditions. However,
such a therapy requires the exact topological location of the tumor and the feasibility of
reaching it, which is challenging in a metastatic setting. If delivered systemically, the

immunotherapy could elicit significant repercussions as off targeting may occur, which
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could potentiate a profound systemic immune response. To adequately deliver cdGMP to
the tumor microenvironment, we passively encapsulated it into a lipid-based nanoparticle
and administered it intravenously using our nanoparticle targeting schemes4-20:37.5353,
While we are eliciting an innate response using this treatment scheme, the adaptive immune
system must also be taken into consideration. The combinatorial delivery of checkpoint
inhibitors is a necessity to achieve a high cure rate. The use of anti-PD-L1/-1 and anti-
CTLA-4 in combination with an in situ nanoparticle vaccine will allow the newly reactive
cancer immunity cycle to reduce any further blockades by either functional effector T-cells

or cancer cells®,

1.5 Thesis Organization: Specific Objectives Overview and Hypotheses
Micrometastatic disease (<1cm) often evades detection and therapeutic treatments
due to its seemingly invisible size. However, it is well established that the vascular network
associated with such a disease often displays and upregulates danger signals in the form of
biomarkers. As these biomarkers are readily targetable via the bloodstream, we employ the
use of nanoparticles whose surface is decorated with tumor-targeting ligands. Tumor-
associated receptors include nonendogenous matrix proteins, adhesion molecules and cell-
specific receptors that are readily targetable. In this dissertation, we focus on developing
multivalent nanoparticles that specifically target metastatic niches for significant delivery

of contrast-enhanced, chemotherapeutic and immunotherapeutic agents.
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1.5.1 — Objective 1: To Develop Nanoparticle Targeting Schemes for Imaging Metastatic
Breast Cancer

Rationale: It is well documented that metastatic tumor microenvironments can be
differentiated from healthy tissues as indicated by the stark differences in biomarker
upregulation. We have previously developed nanoparticles that have targeted metastatic
niches using single-ligand nanoparticles. However, due to the dynamic and heterogeneous
characteristics of metastatic disease some metastatic nodes were missed upon using tumor-
targeting technique. In Chapter 2, we hypothesize that developing a multi-ligand
nanoparticle will allow for its complete deposition across temporally and spatially
variant metastatic niches capturing the dynamic and heterogenic tumor
microenvironment. Within this chapter, we initially observe ex vivo nanoparticle
localization with an assortment of targeting techniques using a fluorescently labeled
liposomal nanoparticle. Applying a multi-ligand targeting approach from technique learned
in the ex vivo studies, we use a mesoporous silica nanoparticle loaded with PET probe to
engage in in vivo imaging of a variety of tumor microenvironments including aggressive
and dormant metastasis.
1.5.2 — Objective 2: To Apply Nanoparticle Targeting Schemes for Chemotherapeutic
Delivery to Metastatic Breast Cancer

Rationale: Utilizing the targeting strategies observed in chapter 2, we will be able
to employ these techniques to deliver therapeutic cargo to metastatic niches. In chapter 3,
we hypothesize, by using a similar multi-ligand targeting approach, that we will be
able to deliver a maximal chemotherapeutic payload to an aggressive metastatic triple

negative breast cancer in an effort to yield an improved prognosis and survival. A
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similar approach is required as chemotherapeutic agents must be delivered to every single

metastatic cell in order to reach full recovery.

1.5.3 — Objective 3: To Apply Nanoparticle Targeting Schemes for Immunostimulatory
Delivery to Metastatic Breast Cancer

Rationale: The delivery of immunostimulatory molecules requires a slightly
different approach as it is no longer necessary to target each and every single cell. Here,
our approach is to identify a targeting ligand that will yield a significant accumulation of
immuno-nanoparticles. In chapter 4, we hypothesize that the identification of a
targeting scheme for the delivery of an immuno-nanoparticle will yield a profound
recruitment and expansion of both innate and adaptive immune cells within tumor
margins and in circulation. In this case, the reactivation of the immune system will target

distal metastatic niches such that the multivalent targeting approach might not be required.
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1.6 Figures
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Figure 1.1 Vascular Targeting vs Deep Tissue Targeting
Schematic depicting vascular targeting and deep tissue targeting under systemic

nanoparticle administration.
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Chapter 2: Imaging of Cancer Metastasis via Multi-ligand Nanoparticles

Reproduced with permission from Nanoscale, 2018, no. 15, 6861-6871; Copyright©
Royal Society of Chemistry Publishing

Precise targeting of cancer metastasis using multi-ligand nanoparticles incorporating
four different ligands
Peiris, Pubudu M., Felicia He, Gil Covarrubias, Shruti Raghunathan, Oguz Turan,
Morgan Lorkowski, Bhargavee Gnanasambandam, C. Wu, W. P. Schiemann, and
Efstathios Karathanasis.
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2.1 Abstract

Metastasis displays a highly heterogeneous cellular population with cancer cells
continuously evolving. As a result, a single-ligand nanoparticle cannot account for the
continuously changing expression of targetable biomarkers over time and space. To
effectively direct nanoparticles to metastasis, we developed a multi-ligand nanoparticle by
using four different types of ligands on the same nanoparticle that target biomarkers on the
endothelium associated with metastatic disease. These vascular targets included oyfs3
integrin, P-selectin, EGFR and fibronectin. Using terminal and in vivo imaging studies, the
targeting performance of the multi-ligand nanoparticles was compared to the single-ligand
nanoparticle variants. All four single-ligand nanoparticle variants achieved significant
targeting of lung metastasis in the 4T1 mouse model of breast cancer metastasis with about
2.5% of the injected dose being deposited into metastasis. A dual- ligand nanoparticle
resulted in a nearly 2-fold higher deposition into lung metastases than its single-ligand
counterparts. The multi-ligand nanoparticle significantly outperformed its targeting
nanoparticle counterparts achieving a deposition of ~7% of its injected nanoparticles into

lung metastases. Using the high sensitivity of radionuclide imaging, PET imaging showed

that a multi-ligand nanoparticle labeled with [18F]fluoride was able to precisely target
metastatic disease at its very early stage of development in three different animal models

of metastatic breast cancer.
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2.2 Introduction

Various targeting ligands schemes have been employed to direct nanoparticles to
tumors. However, traditional strategies using a single-ligand system often consider cancer
as a mono- lithic disease and fail to account for tumor heterogeneity. This is particularly
evident in the case of metastatic disease. Metastatic cancer cells continuously evolve and
change the expression of targetable cell-surface biomarkers over time and space=>, which
results in different metastatic lesions being targeted by different ligands. To capture the
dynamic nature of metastasis, we designed multi-ligand nanoparticles that employed four
different ligands on the same nanoparticle to effectively target variations in receptor
presentation on the endothelium of metastatic lesions (Fig 2.1). Our targeting concept is
based on three key components that synergistically facilitate effective nanoparticle
targeting of the heterogeneity of metastatic disease and its dissemination: (1) Vascular
targeting of nanoparticles (rather than traditional deep-tissue targeting); (2) a selection of
vascular targets that are over- expressed in metastatic microenvironments; and (3) a four-
ligand targeting system that considers the dynamic microenvironment of metastasis by
accounting for potential spatiotemporal alterations in the expression patterns of four

targetable biomarkers, including o, 35 integrin, P-selectin, EGFR, and fibronectin.

Targeting of upregulated receptors on cancer cells in the tumor interstitium (deep-
tissue targeting) requires the nanoparticle has to successfully extravasate across the
endothelium, navigate through the extracellular space and finally have meaningful
interactions with the cell-surface receptors on the target cells. Unfortunately, the
microenvironment of early metastasis does not favor deep-tissue targeting of

nanoparticles.??232>%8The early spread of metastatic cancer cells to distant organs results
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in small clusters of cancer cells that lack leaky endothelium.>® On the other hand, the
endothelium is the closest point-of-contact for circulating nanoparticles. By having direct
access to the vascular bed, circulating nanoparticles can continuously scavenge for vascular
cancer biomarkers. Most importantly, the size and the multivalent avidity, due to formation
of multiple receptor-ligand bonds, makes nanoparticles ideal for targeting vascular-
associated pathologies. In previous studies, we showed that vascular targeting is more

effective than deep-tissue targeting in mouse models of breast cancer metastasis.416:53

Further, the endothelium associated with metastasis offers a diverse set of
targetable biomarkers, which differ from that of healthy vascular beds. Metastatic cancer
cells develop their own distinct microenvironment and upregulate specific biomarkers in
the lumen of colonized blood vessels in distant organs.>22232558 |n this work, we selected
mouse models of triple-negative breast cancer (TNBC), which are highly metastatic and
exhibit a high recurrence rate and mortality.®°To target metastatic TNBC, we selected four
different peptides that target 1) receptors on metastatic TNBC cells (i.e., EGFR, avfs
integrin); 2) the adhesion molecules of the leukocyte adhesion cascade that circulating
tumor cells (CTCs) use to attach to the endothelium of distant metastasis (i.e., E- and P-
selectin, avPs integrin); and 3) overexpressed glycoproteins of the extracellular matrix in
the near-perivascular regions of metastasis (i.e., fibronectin). These vascular biomarkers

often exhibit spatiotemporal variability representing different microenvironments.®

To thoroughly evaluate targeting variants of nanoparticles, we used various mouse
models of breast cancer metastasis that represent a broad spectrum of the disease. In

particular, we focused on the imaging and diagnostic application of targeted nanoparticles.
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While current clinical modalities can detect large metastases (>1 cm) with accuracy,*361.62
today’s imaging rarely detects disseminated disease (i.e., micrometastasis), which prohibits
early and effective interventions.®® By the time metastatic disease becomes clinically
evident, long-term patient outcome is not favorable. In previous work, we have also
demonstrated effective drug delivery to hard-to-reach tumors using vascular targeting and
single-ligand schemes.385364 To illustrate the broad application of multi-ligand targeting
schemes, we selected two types of nanoparticles, which are all-purpose, versatile
nanoparticles for numerous types of therapeutic and imaging agents. Specifically, we used
100-nm liposomes and silica nanoparticles.®>¢8 Importantly, these nanoparticles can
conveniently accommodate multi-ligand strategies. Presentation of different types of
ligands can be easily controlled on the surface of the nanoparticles in terms of ligand
density and ratio among different ligands types. Using fluorescence and radionuclide
imaging, we show that multi-ligand nanoparticles are capable of precise and effective

targeting and recognition of metastatic disease at its early stages of development.
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2.3 Methods and Materials

2.3.1 Nanoparticle Fabrication

We prepared 100-nm liposomes using established methods.1>:26:3742.6566 The DPPC
and DSPE-PEG(2000)-ligand were used as the lipid matrix for the liposomes. The lipids
were dissolved in ethanol and hydrated with PBS at 60 °C followed by sequential extrusion
in a Lipex Biomembranes Extruder (Northern Lipids, Vancouver, Canada), to size the
liposomes to 100 nm. After extrusion, the nanoparticles were dialyzed against PBS for 1
day using a 100 kDa MWCO dialysis tubing (Spectrum Laboratories, CA). A lipid
composition of DPPC, cholesterol and DSPE-PEG(2000)-ligand in the molar ratio of 60-
X:40:X was used. Depending on the nanoparticle variant, X was 2, 4.2 or 5.6 mol% for the
single-, dual- or quadruple-ligand nanoparticle, respectively. The dual- and quadruple-
ligand particles used an equal ratio of the two or four ligand conjugates. For the
fluorescence imaging studies, each liposome variant was labeled with an Alexa 647
fluorophore. The fluorophore was conjugated directly onto the lipid DSPE. DSPE-Alexa-

647 was used as part of the lipid matrix at 2.5 mol%.

2.3.2 Functionalization of Nanoparticles with Targeting Ligands

Functionalization was performed using previously established methods.'>176° The
avPs integrin-targeting peptide c(RGDfC), 41532 P-selectin-targeting peptide
CDAEWVDVS, 5243 fibronectin-targeting peptide CREKA,? and the EGFR-targeting
peptide CYHWYGYTPQNVI,Y"3** were used. Each peptide was conjugated on the distal
end of DSPE-PEG-NH: using standard conjugation chemistry. The completion of the
reaction was confirmed using thin layer chromatography (TLC). TLC was carried out on

silica gel coated fiber sheets using a mixture of CHCIls/MeOH as the mobile phase.
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2.3.3 Animal Models

All animal studies were conducted under a protocol approved by the Institutional
Animal Care and Use Committee (IACUC) at Case Western Reserve University. The well-
being of the animals took priority over precise measurements in decisions regarding
euthanasia or other interventions. All animals received standard care, including ad libitum
access to food and water, a 12/12 light/dark cycle, appropriate temperature and humidity.
Teklab Global #2018 was fed to mice that were imaged with fluorescent imaging. This is
because the standard rodent diet has chlorophyll, which adds artifacts to fluorescent

images.

We developed three different models of breast cancer metastasis based on the 4T1,
D2.A1, and D2.0OR cancer cells. All cell lines were engineered to stable express firefly
luciferase and green fluorescent protein (GFP). In the case of the 4T1 model, we inoculated
0.5 x 108 4T1-luc-GFP cells orthotopically in a no. 9 mammary fat pad of female BALB/c
mice that was surgically exposed while mice were anesthetized. We have previously
established that disseminated metastases are developed within 14 days of 4T1
inoculation.14-16:53 At that point, the primary tumor was resected. The other three models
of metastasis were based on direct injection of cancer cells into blood circulation in nude
or wild-type female mice. Tail vein injection of cancer cells resulted in colonization in the
lung. Mice were injected via the tail vein with 5 x 10° metastatic D2.A1 or D2.0OR cells.
The animals were monitored on a daily basis to ensure that they did not suffer from any

adverse effects resulting from tumor inoculation.

2.3.4 Bioluminescence Imaging
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Using the IVIS Spectrum system, bioluminescence imaging (BLI) was performed
10 min after intraperitoneal administration of 200 ul of D-luciferin (10 mg/ml). BLI was
performed every 3-7 days until the terminal point of the study. At the terminal point, organs
were extracted for ex vivo organ imaging or histological analysis.
2.3.5 Fluorescent Imaging Ex Vivo

Lungs were imaged ex vivo using the IVIS Spectrum system. Briefly, mice were
injected with a dose containing ~5.3 x 10! nanoparticles of each formulation. Each
nanoparticle formulation was labeled with Alexa 647. Using phantoms of each nanoparticle
variant, the IVIS Spectrum system was calibrated to take quantitative deposition
measurements of regions with lung metastasis. After 3 h from nanoparticle injection, the
animals were anesthetized with an IP injection of ketamine/xylazine and transcardially
perfused with PBS. After the organs were explanted, the lungs were precisely sliced in 500
um sections using a mouse brain slicer. We confirmed that this low tissue thickness nearly
eliminated losses of fluorescence signal. Organs from animals injected with saline were
also imaged to determine background fluorescence at all excitation wavelengths. This
enabled quantitative ex vivo imaging of the nanoparticle concentration in the lungs.
2.3.6 Histological Evaluation

Immunohistochemistry was performed to evaluate the expression of avfs integrin
and EGFR in D2.A1 metastasis in the lungs. Serial tissue sections were stained with the

nuclear stain DAPI and the specific antibody for avps integrin or EGFR.

2.3.7 Radiolabeling of Nanoparticle
Silica nanoparticles were prepared by using a base-catalyzed sol-gel process.

Functionalization of the nanoparticles with the four targeting ligands was performed using
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the four peptides described above via standard conjugation chemistry. Briefly, 2 mg of
silane-PEG-maleimide was dissolved in 2 mL of deionized water and separated into 4 equal
volumes. A 1.5X molar excess of each desired peptide was dissolved in each container and
allowed to react with the silane-PEG-maleimide for 2 hours. Completion of the reaction
was confirmed using thin layer chromatography (TLC). Finally, the peptide-PEG-silane
conjugates and 1 mg of silane-PEG-NH2 were added to the silica particles and allowed to
react for 24 hours.

No carrier-added (n.c.a) [*8F] fluoride was produced by a cyclotron via the nuclear
reaction 80 (p,n) 8F. At the end of bombardment, the activity of aqueous [‘®F]fluoride
(50-100 mCi) was transferred to the GE Tracerlab FXn synthesizer by high helium
pressure. After delivery, the radioactive solution was passed through a Sep-Pak light QMA
cartridge and was eluted by K2COs solution (6 mg in 0.6 ml water) followed by K222
solution (12 mg in 1 ml acetonitrile). The solvent was evaporated under a steam of helium
at 85 °C for 5 min and the residue was vacuumed at 55 °C for another 3 min to get the
anhydrous K222/ ['®F] complex. A solution of the triflate salt of tert-butyl 4-N,N,N-
triethylammoniumbenzoate (1, 5mg in 0.5 mL of anhydrous acetonitrile) was added to the
above dried complex, and the mixture was heated at 100°C for 10 min. Afterwards,
tetratylammonium hydroxide solution (TBAH, 20ul in 0.5 mL acetonitrile) was added and
heated at 100 °C for 10 min. The solvent was then removed and N,N,N’ N’-tetramethy|-
O-(N-succinimidyl)uronium tetrafluoroborate (TSTU, 10mg in 1 ml MeCN) was added
and heated at 100 °C for 10 min. After cooling down, 8 mL of 5% acetic acid was added
and the resulting mixture was loaded onto a Sep-Pak plus C18 cartridge, which was then

washed with 10 ml water and 10 ml 10% MeCN. The crude [*®F]SFB was eluted with 1
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mL of acetonitrile which was further purified by semi-preparative HPLC (Phenomenex C-
18, 10 mm x 250 mm, acetonitrile : water (0.01%TFA) = 1:1, flow rate of 3 ml/min, tr=11.5
min). The radioactive fraction containing the desired products was collected, diluted with
water, loaded onto a Sep-Pak C-18 cartridge and eluted with 1 ml acetonitrile. After
evaporation, the residue was reconstituted in 0.1 mL DMSO, mixed with 0.1 mg of MSN
nanoparticles and 20 uL DIPEA. The mixture was reacted at 40 °C for 10 min, the
radiolabeling yield were 80~91% (n=6) as determined by thin layer chromatography
(TLC).
2.7 PET Imaging

MicroPET/CT imaging was performed using a Siemens Inveon microPET/CT
scanner. For better anatomic localization, CT co-registration was applied. Before
microPET imaging, CT scout views were taken to ensure the whole body of the mouse was
placed in the co-scan field of view (FOV) where the highest image resolution and
sensitivity are achieved. Under anesthesia, radiotracer (200 pCi, 0.2 ml) was administered
via tail vein injection, and immediately followed by a PET acquisition up to 120 min. After
the microPET acquisition was done, the mouse was moved into the CT field and a two-bed
CT scan was performed. A two-dimensional ordered subset expectation maximization
(OSEM) algorithm was used for image reconstruction using CT as attenuation correction.
For quantitative analysis, the resultant PET images were registered to the CT images, which

enabled us to accurately define the ROI and quantify the radioactivity concentrations.

2.3.8 Statistical analysis
Means were determined for each variable in this study and the resulting values from

each experiment were subjected to one-way analysis of variance with post hoc Bonferroni
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test (SPSS 15, Chicago, IL). A P value of less than 0.05 was used to confirm significant

differences. Normality of each data set was confirmed using the Anderson-Darling test.
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2.4 Results and Discussion

2.4.1 Histological evaluation of vascular biomarkers

In this work, we explored a multi-ligand targeting strategy to target a nanoparticle
to four different vascular markers related to metastasis. The selected targets involve surface
receptors on the remodeled endothelium as well as foci resident on the endothelium of
metastasis. Metastatic TNBC displays a highly heterogeneous cellular population,
including rapidly dividing cancer cells, cancer stem cells and dormant disseminated cancer
cells.’?70 To consider the dynamic and complex nature of metastatic TNBC, we sought to
target upregulated biomarkers expressed by metastatic TNBC cells (e.g., EGFR, ovp3
integrin), the remodeled endothelium associated with metastasis (e.g., P-selectin, avfs
integrin), and the extracellular matrix in near-perivascular regions of metastasis (e.g.,
fibronectin). In addition to the adhesion-specific biomarkers on the remodeled endothelium
of metastasis, 22718 TNBC cells carry a continuously evolving phenotype including
varying overexpression of cell surface receptors. Specifically, EGFR contributes to tumor
formation, invasiveness and metastasis and is overexpressed in ~70% of TNBC patients.8'
89 ]

To assess the expression of vascular biomarkers on the endothelium associated with
metastasis, we performed histological analysis in two mouse models of metastatic TNBC.
Fig 2.2 shows representative images in the 4T1 and D2.A1 mouse models. The main
findings are summarized here: 1) After identifying clusters of cancer cells dispersed in the
lungs, cancer cells were found on vascular beds. 2) These vascular beds were exactly the
locations with highly targetable avBs integrin, P-selectin, fibronectin and EGFR.

Abundance and selective perivascular expression of all four biomarkers could be seen in
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regions with cancer cells. 3) These biomarkers were not observed on the endothelium of
healthy lung tissues, which indicates that they are highly selective vascular targets
associated with metastasis. The histological analysis shown in Fig 2.2 illustrates the
presence of these four biomarkers on the vascular beds of locations with metastatic TNBC
in different animal models, indicating their availability for vascular targeting of
nanoparticles.
2.4.2 Nanoparticle targeting variants for fluorescence imaging

In the first set of studies, we used a liposomal nanoparticle with a composition and
size identical to previously published work®. We prepared 100-nm liposomes using
established methods.1526:37426566 Tg he detectable in the fluorescence imaging studies, the
nanoparticle variants were labeled with the Alexa 647 fluorophore that contained an NHS
functional group. The fluorophore was conjugated directly onto the lipid DSPE. To ensure
for complete conjugation of the entire amount of DSPE with the Alexa fluorophore, a 2-
fold molar excess of fluorophore was used over DSPE. Completion of the reaction was
confirmed by thin layer chromatography (TLC). The final levels of the fluorescent label on
the nanoparticles were directly measured using the Spectrum In Vivo Imaging System
(IVIS, Perkin Elmer). Further, there was no change in the fluorescence signal of the

nanoparticle formulations during a 24 h dialysis, indicating stable fluorescence labeling.

The average diameter of the nanoparticles and their targeting variants was verified
by dynamic light scattering and determined to be ~103 nm (with a polydispersity index of
0.027). The nanoparticle variants included an avBs integrin-targeting nanoparticle (RGD-
NP), a P-selectin-targeting nanoparticle (PSN-NP), an EGFR-targeting nanoparticle

(EGFR-NP), a fibronectin-targeting nanoparticle (CREKA-NP), an EGFR and avf3
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integrin-targeting nanoparticle (dual-NP), and a quadruple-targeting nanoparticle (multi-
NP). As ligands, we selected peptides that bind specifically and with high affinity to avfs
integrin (RGD), P-selectin (PSN), fibronectin (CREKA), and EGF receptor (EGFR). More
specifically, the avBs integrin-targeting peptide c(RGDfC), 141532 p-selectin-targeting
peptide CDAEWVDVS, 243 fibronectin-targeting peptide CREKA,?® and EGFR-
targeting peptide CYHWYGYTPQNVI,Y"3* were used. Before preparing liposomes, the
DSPE-PEG-ligand was synthesized separately for each peptide. Briefly, peptides was
conjugated on the distal end of DSPE-PEG-NHz2 using standard conjugation chemistry as
reported previously.'® In previous studies, we have confirmed the structure of similarly
synthesized conjugates using MALDI-MS and NMR.*%¢° The thiol of the cysteine residue
on the peptide was conjugated to the amine of DSPE-PEG-NH?: via the heterobifunctional
crosslinker sulfo-SMCC, which is reactive towards amine and sulfhydryl groups. To
guarantee complete conjugation of the DSPE-PEG-NH: with the peptide, we used a two-
fold molar excess of the peptide over DSPE-PEG-NH2. The progression of the reaction
was monitored using thin layer chromatography (TLC), which confirmed complete
conjugation of the entire amount of DSPE-PEG-NH2 with the peptide. TLC was carried
out on silica gel coated fiber sheets using a mixture of chloroform/methanol as the mobile
phase. DSPE-PEG-NH: traveled a short distance (Rf=0.2), whereas the free peptides
migrated to closer to the solvent front (Rf =0.75-0.9 depending on the peptide). In addition,
iodine vapor staining, spots were also ninhydrin positive. The products appeared in a new
spot (Rf=0.5-0.6). At the end of the reaction, there was only the spots of DSPE-PEG-

peptide and the remaining excess of peptide. The absence of a spot at Rf=0.2 indicated the
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complete depletion of DSPE-PEG-NHz2. The excess peptide was completely removed using

a 1-day dialysis against PBS.

These conjugates were then conveniently and accurately added to the recipe for
each nanoparticle variant. Using Bio-Rad Protein Assay and Coomassie Blue G-250 dyes,
the number of peptides on the nanoparticle variants was determined. The single-ligand
nanoparticles contained ~2,000 peptides per particle, whereas the dual-ligand variant had
a total ~4,200 peptides per particle. The quadruple-ligand NP contained a total number of

~5,800 peptides per particle with the four peptides having an equal share.

We should note that the DSPE-PEG-ligands were dissolved and well-mixed with
the rest of the lipids in ethanol before hydration and formation of liposomes. The Bio-Rad
Protein Assay confirmed the amounts of DSPE-PEG-peptide, indicating negligible losses
during extrusion. While we didn’t measure the surface distribution of the different types of
ligands relative to each other dual and multi-ligand nanoparticles, we assumed that there
was uniform distribution of the peptides because the different types of peptides did not
exhibit greatly different sizes and charges. Overall, in the case of the dual- and quadruple-
ligand nanoparticles, we sought to ensure the ligand density for each type of peptide by
using an equal ratio for the two or four ligand conjugates. Zeta potential measurements
revealed a near neutral charge for these liposomes (about 2-4 mV), indicating that all the

amines were conjugated with peptides.

2.4.3 Evaluation of Targeting Efficacy of Different Nanoparticle Variants In Vivo
For these studies, we used the 4T1 model, which is one of the standard models to

study the development of metastatic TNBC in immunocompetent mice. After inoculation
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in a mammary fat pad, 4T1 tumors rapidly develop spontaneous metastases at organ sites
reminiscent of those observed in human patients.!*1664 The primary tumor was then
surgically removed, so that metastatic disease could be studied in an animal setting
comparable to the adjuvant clinical scenarios where the primary tumor is removed, and
metastatic foci remain intact. Further, the 4T1 cells stably expressed fluorescent and
bioluminescent reporter genes, which were needed to longitudinally track the
dissemination and growth of developing metastasis in mice. Fig 2.3A shows representative
bioluminescence (BLI) images of a mouse bearing a 4T1 tumor indicating the timeline of
metastatic progression. Once BLI imaging indicated that metastasis was present in the
lungs (day 16), a nanoparticle formulation labeled with Alexa 647 was systemically
injected into the animal. To quantitatively image the fluorescence signals from
nanoparticles deposited in metastases, we used the IVIS Spectrum system to image the
lungs ex vivo. Our previous studies have showed that maximum deposition of targeted
nanoparticles onto the endothelium of metastasis occurs within 3 h post-injection.5¢ After
3 h from injection of the nanoparticles, lungs were perfused, excised and precisely sliced
in 500-pum sections using a mouse organ slicer. Phantom studies confirmed that the 500-
um tissue thickness resulted in negligible attenuation of fluorescence signal, enabling
accurate quantification of the concentration of each nanoparticle variant in metastatic sites
in the lungs. Fig 2.3A shows representative images of the deposition of CREKA-NP and

multi-NP in the lungs.

We quantitatively evaluated the different targeting variants of the nanoparticles in
the 4T1 mouse model at a time point representing the early spread of metastatic disease

(day 16 after tumor inoculation). Using calibrations from phantoms of the Alexa 647-
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labeled nanoparticles, quantitative measurements of the nanoparticle were taken from lung
slices. Lungs from animals injected with saline were also imaged to determine background
fluorescence at the selected excitation wavelengths. Furthermore, the accuracy of the
guantitative measurements of the fluorescence imaging method was confirmed by directly
measuring the concentration of deposited nanoparticles in the tissues in a separate study
(n=4). Specifically, besides the surface Alexa 647 label, a red fluorophore was
encapsulated into the nanoparticle. Using the same methodology, 3 h after injection, the
lungs were perfused, excised, sliced in 500-um sections and imaged with the VIS
Spectrum system. The lung sections were then homogenized and the secondary label was

extracted following established methods.6490:91

Specifically, we compared the quadruple-ligand nanoparticle targeting all four
biomarkers to its single-ligand nanoparticle variants targeting only one of the four
biomarkers and a dual-ligand nanoparticle targeting EGFR and avBs integrin. All
formulation were injected at the same dose containing ~5.3 x 10! nanoparticles. The
summary of the measurements is shown in Fig 2.4A (n=4-6 mice in each group). It should
be noted that injection of the nanoparticles to healthy animals resulted in negligible signals
(nearly baseline levels) from the lungs. Consistent with our previous studies,® the
intratumoral deposition of the non-targeted nanoparticles (NT-NP) resulted in low levels
(1.26% of dose), indicating low EPR-driven deposition into early metastasis. On the other
hand, all four single-ligand nanoparticle variants achieved higher levels of deposition in
lung metastasis, which was about 2.5% of the injected dose of nanoparticles. Notably, the
deposition among the four single-ligand variants was statistically insignificant. Among the

four potential ligand combinations to generate dual-ligand nanoparticles, we selected
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EGFR and avBs integrin, which represent two diverse biomarkers, including receptors on
metastatic TNBC cells (i.e., EGFR, ovps integrin) and receptors on the remodeled
endothelium metastasis (i.e., avPs integrin). The dual-ligand nanoparticle resulted in a
nearly 2-fold higher deposition into lung metastases than its single-ligand counterparts.
Finally, the multi-NP particle significantly outperformed all the formulations achieving a
deposition of ~7% of the injected nanoparticles into lung metastases. It is important to
mention that we sought to maintain a reliable assay system by selecting animals with very

similar metastatic burden as shown in Fig 2.4B.

While the averaged values of entire groups provided useful information,
examination of the lung deposition for each animal separately provided further insights
(Fig 2.4C). When we looked closely at the single-ligand formulations, the targeting
efficacy was very inconsistent. For instance, EGFR-NP achieved a deposition of 0.97% of
injected dose into lung metastases of one animal and 4.34% in another animal, which
represents a nearly 450% difference between those two animals. Similar observations can
be made for the other single-ligand formulations. In the case of the dual-ligand
nanoparticle, the targeting efficacy was higher than the single-targeting variants with
significant consistency among all animals. Most notably, the multi-ligand nanoparticle
targeting all four biomarkers consistently achieved the highest deposition in lung

metastases for all the animals ranging from 6.1-8.4% of the injected dose.

Comparing the non-targeted to the CREKA-targeted nanoparticle variant, the organ
distribution was similar in mice bearing 4T1 metastasis (Fig 2.4D). For both formulations,

the majority of the particles ended up being cleared by the organs of the reticuloendothelial
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system (liver and spleen), while the nanoparticle levels in the heart and kidneys were very
low. As expected, the presence of peptide on the CREKA-NP accelerated the particle’s
recognition and clearance as indicated by the higher levels in the liver compared to the

non-targeted variant.

Rather than targeting cancer cells in the tumor interstitium, we sought to target
biomarkers on the endothelium associated with metastatic disease. Generally, traditional
targeting schemes seek to direct nanoparticles onto upregulated receptors on the cancer
cells in the tumor interstitium. Unfortunately, the microenvironment of early metastasis
lacks the leaky endothelium often found in solid tumors and therefore passive intratumoral
deposition of nanoparticle is not favored.'>® As a consequence, ‘deep-tissue’ targeting of
surface receptors on cancer cells is limited in early and transient metastasis. On the other
hand, the remodeled endothelium associated with metastasis serves as the early and
obvious targetable site of the disease. While our targeting studies in Fig 2.4 show that the
single-ligand nanoparticle variants exhibited significant deposition into metastatic sites,
the targeting efficacy was not consistently high in all the animals. To further increase
targeting efficacy, we demonstrated in a previous study®® that a dual-ligand nanoparticle
can target two receptors overexpressed in metastasis facilitating effective targeting of
metastatic disease that was otherwise missed by single-ligand strategies. In fact, the dual-
ligand strategy was able to account for spatiotemporal alterations in the expression patterns
of the targetable receptors in metastatic sites. Here, we further expanded from two to four
different targeting ligands on the same nanoparticle. Compared to all the single-ligand and
the dual-ligand nanoparticle variants, the four-ligand nanoparticle achieved consistently

higher targeting of metastatic disease.
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2.4.4 PET Imaging

Finally, we sought to evaluate the ability of the multi-ligand nanoparticles to target
and detect metastasis at its very early stages of development. While fluorescence labelling
provided sufficient contrast sensitivity to be able to image the nanoparticles ex vivo,
targeting of the very early spread of the disease requires even higher sensitivity. Thus, we
employed radiolabeling and radionuclide-based imaging due to its extraordinary sensitivity
(down to the picomolar level).?> More specifically, positron emission tomography (PET)
exhibits many advantages, including high sensitivity and deep tissue penetration.®? To
evaluate the performance of the multi-ligand targeting strategy, we used mice bearing
different models of breast cancer metastasis, representing a broad range of the disease. In
this study, we included mice with D2.A1, D2.0OR and 4T1 metastasis in the lungs as well
as healthy mice (n=6). In addition to the 4T1 model, the D2-Hyperplastic Alveolar Nodules
(HAN) series consists of metastatic D2.A1 cells and their isogenic and dormant D2.0R
counterparts. The D2.0R cells differ dramatically in their ability to initiate metastatic
outgrowth in the lungs of syngeneic Balb/C mice.?*% Dormant breast cancer cells are
“potential time bombs” that remain in quiescent/senescent states for long periods of time
prior to initiating their “explosive” metastatic outgrowth. Representative BLI images show
the vast difference of the progression of the disease in the D2.A1 and D2.0OR models (Fig

2.5).

The multi-ligand nanoparticle was radiolabeled with [*®F]fluoride, which was
produced by an on-site cyclotron. In addition to the four ligands (~500 ligands of each
ligand type per particle), we left 100 PEG-amines on each particle available for conjugation

with the [‘®F] label (Fig 2.6A). In the first step of the radiochemistry (Fig 2.6B), N-
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succinimidyl 4-['8F]fluorobenzoate ([®F]SFB) was synthesized, which was purified by
semi-preparative HPLC (Phenomenex C-18, 10 mm x 250 mm, acetonitrile : water
(0.01%TFA) = 1:1, flow rate of 3 ml/min, tr=11.5 min). Having an NHS ester, [**F]SFB
reacts effectively with the available amines on the nanoparticles. The radiolabeling yield

was 80-91% (n=6 batches), as determined by thin layer chromatography (TLC).

To resemble the early-stage development of metastatic disease, we used mice
bearing lung metastasis of 4T1 (Day 10), D2.A1 (Day 7) and D2.0R (Day 35) cancer cells.
Fig 2.8 shows that the BLI photon count from the regions with metastasis was very low
(~10° p/sec/cm?/sr). The radiolabeled multi-ligand nanoparticle (200 pCi, 0.2 ml) was
administered via tail vein injection, and immediately followed by a PET acquisition for
120 min. MicroPET/CT imaging was performed using a Siemens Inveon microPET/CT
scanner. For anatomic localization, CT co-registration was applied. After the microPET
acquisition was done, the mouse was moved into the CT field and a two-bed CT scan was
performed. Fig 2.7 (top raw) shows representative coronal images of the mice 1 h after
administration of the multi-ligand nanoparticles. PET imaging showed that vascular
targeting of the nanoparticle resulted in “hot spots” in the lungs of all the mice with
metastasis. As expected, the liver also displayed significant signal, since nanoparticles are
cleared by Kuppfer cells in the liver (Fig 2.9). It should be emphasized that the thoracic
region of healthy animals exhibited no signal, indicating the absence of non-specific
accumulation of the multi-ligand nanoparticles in healthy lungs. Further, there was no
signal from the heart 60 min after injection of the agent as shown in the pharmacokinetic
profile of the agent in Fig 2.10. Most importantly, the findings of in vivo imaging were

verified by ex vivo organ imaging. The lungs of the mice were perfused and excised after
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the last PET imaging session. Planar fluorescence imaging confirms the presence and
topology of early metastasis (Fig 2.7, bottom raw). In addition, ex vivo PET imaging of

lungs confirmed that the signal is from cancerous tissues in the lungs (Fig 2.11).

It is important to note that it is essential for a nanoparticle to be able to target
‘clinically silent’ micrometastatic disease. Numerous retrospective studies with long-term
follow-up showed increased mortality in breast cancer patients with micrometastasis. 1%
Thus, it is essential to evaluate the risk of an individual patient of harboring clinically silent
micrometastatic disease. An accurate diagnostic testing would be deployed for use in early-
stage disease to optimally assess the risk of patients and impact treatment decisions for
optimal local control. In more advanced disease scenarios, such imaging would be used for
guiding treatment decisions around locoregional versus systemic treatment. In conclusion,
early and accurate detection of metastasis can become one of the most consistent prognostic

factors in therapy decision-making.

As a case study for the multi-ligand nanoparticle, triple-negative breast cancer
(TNBC) was selected, which is an extremely metastatic subtype of breast cancer with
frequent relapse and shorter metastasis-free-survival. 19102 In this context, our animal
modeling included an extremely metastatic subtype of breast cancer (i.e., metastatic
TNBC) as well as dormant disseminated disease (i.e., latent breast cancer). Our studies
showed that an *8F-labeled nanoparticle coupled with a four-ligand vascular targeting
facilitated precise detection of early disease, transient and dormant metastatic disease.
Using the extraordinary sensitivity of radionuclide imaging and a very low dose of the

nanoparticles, PET imaging achieved remarkable diagnostic accuracy with high sensitivity
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(i.e., correctly identified all the animals with micrometastasis) and high specificity (i.e.,

correctly identified healthy animals as not having the disease).
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2.5 Conclusion

In conclusion, we explored a new paradigm on how to design multi-ligand
nanoparticles to consider the complex, dynamic and heterogeneous microenvironment of
metastatic disease. Compared to the non-targeted nanoparticle, all four variants of single-
ligand nanoparticles achieved superior deposition into early metastasis. The dual-ligand
nanoparticle achieved a nearly 2-fold higher deposition into metastasis than any of the
single-ligand variants. Most notably, the four-ligand nanoparticle exhibited further and
significant improvements, resulting in a nearly 3-fold higher deposition than the single-
ligand nanoparticles (~7% of the injected dose). Finally, we demonstrated the diagnostic
accuracy of the multi-ligand nanoparticle to detect ‘clinically silent’ micrometastatic
disease using PET imaging, which exhibits high sensitivity. Overall, precise targeting of a
nanoparticle imaging agent early-stage metastasis can be a companion diagnostic and

provide prognostic and diagnostic value in therapy decision-making.
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2.6 Figures
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Figure 2.1 lllustration of the multi-ligand concept shows a nanoparticle capable of

targeting the dynamic microenvironment of metastatic disease.
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Figure 2.2 Histological evaluation of the microdistribution of vascular biomarkers in two
mouse models of metastatic TNBC.

Representative fluorescence images of serial histological sections of lungs show the spread
of metastatic cancer cells in mice bearing 4T1 metastasis (top) and D2. Al metastasis
(bottom). Location of metastatic cancer cells is shown with respect to endothelial cells and
expression of avB3 integrin, P-selectin, fibronectin and EGFR (10x magnification; scale
bar = 50 um; blue: nuclear stain; green: cancer cells; red: CD31 endothelial marker or avp3

integrin or P-selectin or fibronectin or EGFR).
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Figure 2.3 Representative in vivo bioluminescence (BLI) images and ex vivo fluorescence
images of mice with 4T1 metastasis.

(a) BLI images of the same animal show the progression of 4T1 metastasis in the lungs of
mice. (b) The nanoparticle targeting variants were labeled with Alexa 647. The particles
were intravenously injected into animals with 4T1 metastasis. After 3 h from injection,
lungs were perfused, excised, sectioned into thin slices of equal thickness and imaged ex

vivo using an VIS Spectrum system.
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Figure 2.4 Quantitative evaluation of the ability of the nanoparticle targeting variants to
target metastasis in the 4T1 mouse model.

(a) Each formulation was systemically administered via a tail vein injection at the same
dose (NT-NP indicates the non-targeted nanoparticle). The fluorescence signal of the
fluorescence images of the lung sections was quantified for each formulation at 3 h after
injection (n = 5 mice). On the basis of phantom measurements of each formulation using
the IVIS imaging system, the fluorescence signal was converted to nanoparticle
concentration (mean = SD; * indicates p < 0.05 by Student’s t test; n = 4-6 mice per group).
(b) The bioluminescence signal from the thoracic region of each animal was quantified and
summarized for each group, representing the metastatic burden of the different groups used
in the targeting studies. Data are presented as mean £ SD. (c) The nanoparticle deposition
of the nanoparticle targeting variants in lung metastasis is presented separately for each
animal. (d) Organ distribution of NT-NP and CREKA-NP was evaluated in the 4T1 mouse

model (n = 5).
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Figure 2.5 Representative BLI images shows the timeline of the progression of aggressive

metastasis (top; D2.A1 model) and latent metastasis (bottom; D2.0OR model) in the lungs

of mice after tail vein injection of cancer cells.
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Figure 2.6 Radiolabeling of the multi-ligand nanoparticle with [18F]fluoride.
(a) Hlustration of the nanoparticles shows that incorporation of the functionalization with
the 4 targeting peptides and the availability of a small number of amine groups on the

nanoparticle’s surface. (b) Reaction scheme of the radiochemistry shows the synthesis of

[18F]SFB and its conjugation onto the nanoparticles.
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Figure 2.7 Imaging of micrometastasis using an 18F-labeled multi-ligand nanoparticle
and PET.

Healthy mice and mice with 4T1 or D2A1 or D2.0OR metastasis in the lungs were
intravenously injected with a dose of 200 pCi (0.2 mL) of the radiolabeled multi-ligand
nanoparticle, and immediately followed by a PET acquisition up to 120 min. PET/CT
imaging was performed using a Siemens Inveon microPET/CT scanner. Coronal images
show the thoracic region of the mice 60 min after injection of the nanoparticles (top raw).
At the end of the PET imaging session, the lungs of the animals were perfused, excised and
imaged ex vivo using a CRi Maestro fluorescence imaging system, indicating the locations

with metastasis in the lungs (bottom raw).
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Figure 2.8 Bioluminescence (BLI) images show the metastatic burden in the lungs of
various animals based on different types of breast cancer.
Fig. 2.7 shows the PET images of these animals after injection with the 8F-labeled multi-

ligand nanoparticles.
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Figure 2.9 Coronal PET whole-body image shows a mouse 60 min after injection of the
18F-labeled multi-ligand nanoparticles.

A mouse with D2.0OR metastasis in the lungs was intravenously injected with a dose of 200
MCi (0.2 mL) of the radiolabeled multi-ligand nanoparticle, and immediately followed by
a PET acquisition. PET/CT imaging was performed using a Siemens Inveon microPET/CT

scanner.
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Figure 2.10 Quantification of the time-course of signal intensity in the heart is shown after
injection of 200 pCi (0.2 mL) of the radiolabeled multi-ligand nanoparticle in healthy

animals.
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Figure 2.11 Representative PET image of lungs ex vivo.

A mouse with D2.A1 metastasis in the lungs was intravenously injected with a dose of 200
HCi (0.2 mL) of the radiolabeled multi-ligand nanoparticle, and immediately followed by
a PET acquisition. To verify the findings of the in vivo imaging, mice were perfused and

lungs were excised and imaged ex vivo using the Siemens Inveon microPET/CT scanner.
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3.1 Abstract

Metastasis is responsible for the majority of deaths of breast cancer patients. While
cytotoxic drugs are available with high potency to kill breast cancer cells, they are not
designed to specifically seek and navigate in the dynamic and continuously changing
microenvironment of metastatic disease. To effectively delivery chemotherapeutic agents
to metastasis, we designed a dual-ligand nanoparticle loaded with doxorubicin by using
two different types of ligands targeting EGFR and avp3 integrin. Metastatic cancer cells
continuously change resulting in heterogeneity even across adjacent micrometastatic
regions with variable expression of these targetable receptors. Using a mouse model of
breast cancer metastasis, in vivo and ex vivo imaging showed that both EGFR and avf33
integrin-targeting were required to reliably direct the nanoparticle to metastasis and capture
the spread and exact topology of the disease. Survival studies compared the anticancer
efficacy of the standard drug, EGFR-targeting nanoparticle, avP3 integrin-targeting
nanoparticle and the dual-ligand nanoparticle. While all the other treatments produced
moderate therapeutic outcomes, treatment with the dual-ligand nanoparticle yielded
significant improvement and event-free survival in a mouse model of breast cancer

metastasis.
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3.2 Introduction

Triple-negative breast cancer (TNBC) exhibits a very high risk of recurrence,
resulting in disproportional mortality among breast cancer patients®. A total of 12-17% of
newly diagnosed early breast cancers are TNBCs, corresponding to over 172,000 patients
diagnosed annually worldwide'®1%, Compared to other subtypes of breast cancer,
metastatic relapse will occur in the majority of these patients following treatment 23,
Further, distant metastatic recurrence of TNBC (mTNBC) tends to occur in visceral organs,
including the lungs, liver, and brain®®. Due to its metastatic phenotype and
characteristically high recurrence rate, nearly all women with metastatic TNBC will
eventually die of their disease. This stems from the fact that traditional systemic therapies
are not designed to specifically seek out and navigate into the hard-to-reach

microenvironment of metastatic disease.

Since there are no targeted therapeutics available for TNBC, the standard-of-care
is primarily based on systemic chemotherapy. While cytotoxic drugs are designed and
selected based on their potency to kill cancer cells, they do not take under consideration
the dynamic and continuously changing microenvironment of metastatic disease?>1%, Even
worse, the early stages of metastatic disease involves tiny colonies of cancer cells buried
in healthy tissues®®, which makes early micrometastasis very challenging to target and
differentiate from healthy tissues using drugs in their standard form. To increase drug
delivery to tumor sites, targeting ligands have been used to direct deposition of drug-loaded
nanoparticles to tumors that overexpress cancer-specific targetable receptors including

folate, EGF, HER2, and integrin receptors. However, cancer cells at early micrometastatic
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sites evolve and continuously change the expression of these targetable

recepto r315’22'41’42’54_58'102.

Recently, we developed targeting schemes using multi-ligand nanoparticles to
account for the spatiotemporal changes in the expression patterns of targetable receptors in
metastasist®'81%, Due to their nanoscale size, we showed that nanoparticles are ideal for
incorporating more than one types of ligands on their surface at sufficiently high ligand
density to achieve accurate targeting of their corresponding targeted receptor. By
decorating the surface of the nanoparticle with more than one types of targeting ligands,
multi-ligand nanoparticles exhibited highly precise targeting of different subsets of
metastasis that predominantly express different targetable receptors at any given time that
were otherwise missed by single-ligand strategies. For instance, a dual-ligand nanoparticle
targeting EGFR and ayf3 integrin can achieve a nearly 2-fold higher deposition into breast
cancer metastasis in the lungs than its single-ligand nanoparticle counterparts®®. We should
mention that non-targeted nanoparticles achieve significantly lower deposition in
metastasis than their single or dual-ligand targeting nanoparticle counterparts. This stems
from the fact that the endothelium of early metastasis is not as leaky as observed in primary
tumors. Our earlier studies focused on the imaging and diagnostic application of multi-
ligand nanoparticles. Here, we exploit a dual-ligand drug-loaded nanoparticle for treatment
of breast cancer metastasis (Fig 3.1). We selected a dual-ligand system using two peptides

that target 1) EGFR, which is an overexpressed receptor on TNBC cells -8, and 2) ayB3

integrin, which a receptor involved with the leukocyte adhesion cascade that circulating
TNBC cells use to attach to the endothelium of future metastasis?>7*-74. Considering the

topology of these two receptors, the target sites involve surface receptors on metastatic foci
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resident on the remodeled endothelium of micrometastasis'®53¢4, As our nanoparticle, we
chose the liposome, which is an all-purpose, highly versatile drug carrier with a long
clinical history. Using a mouse model of metastatic TNBC, we demonstrate that the dual-
ligand targeting scheme leads to precise and effective delivery of a clinically used cytotoxic
nanoparticle (i.e., liposomal doxorubicin) to different metastatic sites, which are typically

missed by the free unmodified drug or single-ligand drug-loaded nanoparticle.
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3.3 Methods and Materials

3.3.1 Nanoparticle Fabrication

To prepare DSPE-PEG-ligand conjugates, the c¢(RGDfC)® or the
CYHWYGYTPQNVIY peptide (Peptides International) was conjugated to DSPE-PEG-
NH2. Using the cross-linker sulfo-SMCC (Thermo Fisher Scientific), the amine of DSPE-

PEG-NH2 reacted for 2 h with the thiol of the cysteine residue on the peptides. Sulfo-

SMCC contains an amine-reactive N-hydroxysuccinimide (NHS ester) and a sulfhydryl-
reactive maleimide group to form stable amide and thioether bonds. To guarantee complete
conjugation of DSPE-PEG-NH2, the peptide was at a 2-fold molar excess over the PEG.
To remove unreacted peptide, the conjugates were dialyzed for 1 day against PBS. The
completion of the reaction was confirmed using thin layer chromatography (TLC). TLC

was carried out on silica gel coated fiber sheets using a mixture of CHCI3/MeOH as the

mobile phase. More details can be found in previous publications>*°,

We prepared 100-nm liposomes encapsulating doxorubicin (DOX) using standard
intraliposomal stabilization technology®®. A lipid composition of DPPC, cholesterol and
DSPE-PEG(2000)-ligand in the molar ratio of 60-X:40:X was used. For the single-ligand
or dual-ligand nanoparticle variants, X was 2.5 or 5%, respectively. An equal ratio of the
two DSPE-PEG-peptide conjugates was used in the case of the dual-ligand nanoparticle.
The lipids were dissolved in ethanol and hydrated with 300 mM ammonium sulfate at 60 C
followed by sequential extrusion in a Lipex Biomembranes Extruder (Northern Lipids,
Vancouver, Canada). Finally, DOX was loaded into the liposomes across a gradient of the
inner phase (pH 4.0) and the extraliposomal phase (pH 7.5). Following dialysis to establish

an ammonium sulfate gradient, the liposome suspension was mixed with DOX for 30 min
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at 60C. The liposomes were dialyzed against PBS for 1 day using a 100 kDa MWCO
dialysis tubing (Spectrum Laboratories, CA). The size of the nanoparticles was
characterized using dynamic light scattering (DLS, Brookhaven Instruments). The number
of peptides on each nanoparticle variant was measured using a direct protein assay (Bio-

Rad Protein Assay using Coomassie Blue G-250 dyes).

The nanoparticle variants were labeled with either an NIR fluorophore (Vivotag-S
680 or 750) or an Alexa fluorophore (Alexa 647 and 750), which contained an NHS
functional group (Perkin Elmer)*®. The fluorophore was conjugated directly onto the lipid
1,2-Distearoyl-sn-glycero-3-phosphoethanolamine (DSPE) in chloroform at 55T in the
presence of triethylamine. A 2-fold molar excess of the fluorophore was used over DSPE.
Thin layer chromatography confirmed completion of the reaction. Following evaporation
of the solvent, the lipids were used as part of the lipid matrix at 2.5 mol%. The unreacted
fluorophore was eventually removed after formation of the liposomes using dialysis. The
final level of the fluorescent label of liposome variant was measured using the Fluorescence
Molecular Tomography (FMT) or the Spectrum In Vivo Imaging System (IVIS, Perkin

Elmer).

3.3.2 Animal Model

All animal studies were conducted under a protocol approved by the Institutional
Animal Care and Use Committee (IACUC) at Case Western Reserve University. The well-
being of the animals took priority over precise measurements in decisions regarding
euthanasia or other interventions. We used a mouse-syngeneic tumor model based on the

D2.A1 breast cancer cells. The D2.A1 cancer cells were obtained from Dr. Fred Miller
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(Barbara Ann Karmanos Cancer Institute, Detroit, MI; ref.1%). The D2.A1 cells stably

expressed firefly luciferase and green fluorescent protein (GFP). Female BALB/c mice

were injected via the tail vein with 5 x 10° D2.A1 cells. After tumor implantation, mice
were randomized into groups for subsequent studies. Bioluminescence imaging was
performed every 3—7 days to monitor the progression of metastatic disease. Images were
collected 10 min after intraperitoneal administration of 200 ul of D-luciferin (10 mg/ml)
using an VIS Spectrum system. Bioluminescence imaging (BLI) was performed every 3—
7 days until the terminal point of the study. The animals were closely monitored on a daily

basis to ensure they did not suffer adverse effects resulting from tumor inoculations.

3.3.3 Animal Research Ethics Statement

All animal procedures were conducted under a protocol approved (#2015-0116) by
the Institutional Animal Care and Use Committee (IACUC) at Case Western Reserve
University. The well-being of the animals took priority over continuation of planned
interventions. All animals received standard care, including ad libitum access to food and
water, a 12/12 light/dark cycle, appropriate temperature and humidity. All animals received
standard care ensuring proper protocol guidelines were followed. The animals were closely
monitored on a daily basis to ensure they did not suffer adverse effects resulting from tumor
inoculations. The well-being of the animals took priority over precise measurements in
decisions regarding euthanasia. All procedures were conducted using anesthetic to
minimize pain and distress. The inhalant anesthetic, isoflurane, was used as the primary
anesthesia in our experiments. However, developing tumors may ultimately result in some
level of distress or discomfort in these mice. If, during the time following tumor inoculation

the animal showed signs of post-procedure pain, the animal was euthanized. The research
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team, as well as the veterinary team of the animal facility, diligently monitored the
condition of the animals, and removed any animal exhibiting signs of pain or distress as
soon as humanly possible. When an animal showed distress or stopped eating and drinking
(visually evaluated or there was a 15% loss of body weight), the animal was immediately
euthanized. If it was observed that the tumor became 10% of the body mass of the animal
or if there were changes in grooming, weight, behaviors, or kyphosis, the animal was
immediately euthanized. Additionally, if we observed that an animal was suffering from
inactivity, prostration, labored breathing, sunken eyes, hunched posture,
piloerection/matted fur, unresolving skin ulcers, abnormal vocalization when handled,
emaciation or anorexia, the animal was immediately euthanized. In all cases euthanasia

was carried out in a CO, chamber. Euthanasia was confirmed by cervical dislocation.

3.3.4 Fluorescence in vivo and ex vivo imaging

Following injection of a cocktail of the two single-ligand nanoparticle variants,
FMT imaging was performed at multiple time points after (t = 0, 30 min and 3, 24 h). The
cocktail contained equal number of particles of RGD-targeted and EFGR-targeted

nanoparticles (RGD-NP and EFGR-NP). The mice were injected with a dose containing

~5.3 x 1011 nanoparticles of each formulation. For the in vivo imaging studies, the
nanoparticle formulations were labeled with a different NIR fluorophore. Using phantoms
of each formulation, the FMT was calibrated to take quantitative deposition measurements.
For the ex vivo imaging studies, the IVIS Spectrum system was used to image the lungs ex
vivo. After injection of a cocktail containing the two single-ligand nanoparticle variants,
the animals were anesthetized with an IP injection of ketamine/xylazine and transcardially

perfused with heparinized PBS followed by 4% paraformaldehyde in PBS. After the organs
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were explanted, the lungs were precisely sliced in 500 pm sections using a mouse organ
slicer. We have confirmed that negligible attenuation of fluorescence signal occurs through
the 500-um tissue thickness at the selected excitation wavelengths®®. All the lung slices of
each animal were imaged with the 1VIS system to quantitatively assess the deposition of
the various targeted nanoparticle formulations in lung metastasis. Using calibrations from
phantoms of the fluorescently labeled nanoparticles, the signal from each lung slice was
quantified, then added together for the entire lung and finally converted to total
accumulation of nanoparticles. As control, we used lungs from salineinjected animals to

subtract background fluorescence at the selected excitation wavelengths.

3.3.4 Histological Evaluation

Histological analysis was performed to evaluate the microdistribution of
fluorescently labeled RGD-NP and EGFR-NP in metastasis in the lungs of mice. Mice were
anesthetized with an IP injection of ketamine/xylazine and transcardially perfused with
heparinized PBS followed by 4% paraformaldehyde in PBS. Organs were explanted and
post-fixed overnight in 4% paraformaldehyde in PBS. The tissues were soaked in 30%
sucrose (w/v) in PBS at 4 C for cryosectioning. Serial tissue sections of 12 um in thickness
were obtained. Using a fluorescence microscope, the tissue sections were imaged directly
for green (GFP-expressing cancer cells), and the Alexa 647 and 750 fluorophore
(nanoparticles). The tissue sections were imaged at 5, 10 or 20x on a Zeiss Axio Observer
Z1 motorized FL inverted microscope. Immunohistochemistry was performed to evaluate
the expression of ayf3 integrin and EGFR in D2.A1 metastasis in the lungs. Serial tissue

sections were stained with the nuclear stain DAPI and the specific antibody for ayvp3

integrin or EGFR.
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3.3.5 Survival Study

Mice bearing D2.A1 metastasis were treated with EGFR-NP, RGD-NP or dual-
ligand NP via tail vein injection at a dose of 7.5 mg/kg DOX at days 3, 4 and 5 after tumor
inoculation. Control animals were treated with free DOX at a dose of 2 or 7.5 mg/kg. The
tumor growth was allowed to progress until the animals showed changes in grooming,

weight, behaviors, at which point animals were euthanized in a CO2 chamber. Time of

death was determined to be the following day.

3.3.6 Statistical Analysis

Statistics were performed in Prism version 7 for Mac (GraphPad Software, La Jolla,
CA, USA). All the experiments were performed in triplicates unless stated otherwise. Data
are represented as meants.d. Statistical significance between survival curves was
determined using the log-rank (Mantel-Cox) test. In cases where data met the assumptions
necessary for parametric statistics, analysis of differences between two groups was
performed using two-tailed Student’s t-test assuming equal variance. Data from three or
more groups were analyzed with a two-way analysis of variance (ANOVA) that was

corrected for multiple comparisons using the Holm —Sidak method.
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3.4 Results

3.4.1 Synthesis of Nanoparticle Variants

We synthesized a 100-nm liposomal nanoparticle in a manner similar to our
previously published work!®®, Using remote loading, the nanoparticle’s cargo was
measured to be 0.2 mg DOX per 1 mg of lipids. The stability of the drug encapsulation was
confirmed by dialyzing the formulation against PBS at 37 C. The drug leakage was less
than 5% of the total encapsulated drug after 24 h. Using dynamic light scattering, the size
of the nanoparticles was uniform with an average diameter of ~105 nm (with a

polydispersity index of 0.03).

To be detectable in the in vivo imaging studies, the nanoparticle was labeled with
an NIR fluorophore using Vivotag-S 645 or 680 or 750 and the Alexa 647 or 750, which
contained an NHS functional group®®. The fluorophore was conjugated directly onto the
lipid 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine (DSPE). To ensure complete
conjugation of DSPE with Vivotag, a 2-fold molar excess of fluorophore was used over
DSPE. Once thin layer chromatography (TLC) confirmed that the reaction was complete,
the unreacted fluorophore was removed by dialysis. DSPE-fluorophore was used as part of
the lipid matrix at 2.5 mol%. The final levels of the fluorescent label on each liposome
were directly measured using Fluorescence Molecular Tomography (FMT) or the
Spectrum In Vivo Imaging System. Stable fluorescence labeling was confirmed by
dialyzing the nanoparticle formulations for 24 h dialysis resulting in no change in

fluorescence signal.
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To fabricate the targeting variants of the nanoparticles, the ayf3 integrin-targeting
peptide ¢ (RGDfC) and the EGFR-targeting peptide CYHWYGYTPQNVI were linked on

the distal end of the PEG(2000)-NH2 of the parent nanoparticles. The two DSPE-PEG-

peptide conjugates were prepared according previously established methods?®. We
prepared three nanoparticle variants including the EGFR-targeting nanoparticle (EGFR-
NP), the ay/B3 integrin-targeting nanoparticle (RGD-NP) and the dual-ligand nanoparticles
(dual-ligand NP). The number of peptides on each nanoparticle variants was determined
using direct protein assays (Bio-Rad Protein Assay using Coomassie Blue G-250 dyes),
which showed that single-ligand nanoparticle contained ~2,000 peptides per particle
whereas the dual-ligand variant had ~4,200 peptides per particle’®. The zeta potential of

the nanoparticles was measured to be slightly positive (~4 mV)2°,

3.4.2 Targeting Studies in the D2.A1 Model

To evaluate the targeting and therapeutic performance of the dual-ligand
nanoparticle, we used a mouse model of metastatic TNBC. Specifically, we used the D2-
Hyperplastic Alveolar Nodules (HAN) series, which consists of various clonally related
cell lines derived from the same premalignant murine hyperplastic alveolar nodule!®’. We
used the metastatic D2.A1 cells that extravasate and initiate metastatic outgrowth in the
lungs of syngeneic immunocompetent Balb/c mice. This is a well characterized model that
provides a reliable assay system to thoroughly evaluate nanoparticles in metastatic TNBC
in animals with intact immune systems®%. The D2.A1 cells stably expressed both
fluorescent and bioluminescent reporter genes that allowed monitoring of the
dissemination of metastatic disease in mice using in vivo imaging, ex vivo fluorescence

imaging and histology. Mice were used in the targeting studies on day 15 after tail vein
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injection of the D2.A1 cells. At that point, bioluminescence imaging (BLI) indicated that

metastasis was present in the lungs with a signal of ~3x107 photons/sec.

Immunohistochemical analysis showed that both EGFR and ayf3 integrin are

overexpressed in lung areas with metastatic D2.A1 cells (Fig 3.6).

First, we compared the two single-ligand targeting variants, EGFR- and RGD-
targeted nanoparticles in their ability to direct the nanoparticles to early metastasis. A
cocktail of the two single-ligand nanoparticles was systemically injected into the same
animals (n = 5 mice). The cocktail contained an equal number of nanoparticles of EGFR-
NP and RGD-NP labeled with the NIR fluorophores Vivotag 680 and 750, respectively.
Fluorescence molecular tomography (FMT) was used to perform in vivo imaging. FMT
uses four NIR fluorescence channels that facilitate quantitative and simultaneous imaging
of four different NIR fluorophores in the same animal 1442, We have performed extensive
studies that validate the quantitative accuracy of the results obtained from FMT imaging in
vivo41753 Each animal presented one or two metastatic sites in the lungs. 3.2A shows an
example of representative BLI and FMT images from the same mouse. 3.2B summarizes
the quantification of NIR fluorescence signal for the two single-ligand nanoparticle
variants in each metastatic site. The data indicate that the two single-ligand formulations
had different targeting performance varying from one metastatic site to the next. We should
mention that the accumulation of non-targeted liposomal nanoparticles in metastasis was

significantly lower than their EGFR- or RGD-targeting nanoparticle counterparts*®.

In another animal study, we sought to confirm the results from the in vivo imaging

studies. To do so, we used the IVIS Spectrum system to image the lungs ex vivo. Our
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previous work has showed that EGFR and ayf3 integrin-targeting nanoparticles achieve

maximum deposition in metastasis within 3 h after systemic administration4-161819 A
cocktail of EGFR-NP and RGD-NP labeled with different Alexa fluorophores (Alexa 647
and 750) was systemically injected (n =4 mice). After 3h from nanoparticle injection, lungs
were perfused, excised and precisely sliced in 500-um sections using a mouse brain slicer.
In previous studies, we confirmed that tissue sections with a thickness of 500 um cause
minor attenuation of signal from Alexa 647 and 750 fluorophores, which facilitated
quantification of the concentration of the nanoparticle variants in lungs with metastasis.
Representative images are shown in Fig 3.2B. It can be seen that the deposition of RGD-
NP and EGFR-NP coincided with the locations of D2.A1 metastasis (green: GFP-
expressing cells). Signal quantification shows a variable targeting performance from each
nanoparticle variant. We then converted the fluorescence signal to percentile of the injected
dose. Overall, 7.8% of the injected cocktail deposited at sites of metastasis with RGD-NP
and EGFR-NP being 5.1 and 2.7% of the dose, respectively. In a previous study*®, the dual-
ligand nanoparticle achieved an about two-fold higher deposition in metastasis than either
single-ligand nanoparticle variant. To evaluate non-specific uptake of the nanoparticle by
the lungs, the same cocktail of targeted nanoparticles was systemically injected in healthy

animals resulting in negligible signals from the lungs.

3.4.3 Evaluation of Therapeutic Efficacy

To assess the therapeutic efficacy of a drug-loaded nanoparticle with the capability
of simultaneously targeting EGFR and ayp3 integrin, we fabricated a dual-ligand
nanoparticle (dual-ligand NP), which contained an equal number of the EGFR and RGD-

targeting peptides (total ~4,200 peptides per particle). Doxorubicin was the drug of choice
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due to the long clinical history of liposomal doxorubicin. First, we evaluated the
cytotoxicity of DOX against the D2.A1 cells. As shown in Fig 3.3A, DOX demonstrated
significant cytotoxicity against D2.A1 cells with the 50% inhibitory concentration (IC50)

being 0.3 uM. This indicates that DOX has a strong anticancer activity against D2.A1 cells.

Fig 3.3B shows the timeline and schedule of treatments (n = 6-8 mice per
treatment). As an initial metric of responsiveness of metastatic disease to the treatments,
quantification of BLI signal in the thoracic region was used. Animals were treated at days
3, 4 and 5 after tumor inoculation with standard free DOX, the standard non-targeted
nanoparticle (NT-NP), the two single-ligand nanoparticle variants or the dual-NP at a dose

of 7.5 mg of DOX per kg bw. At the beginning of treatment (day 3), the BLI signal from

the lungs of the animals was ~4x10° photons/sec indicating the presence of metastasis. BLI
imaging was performed every 3-4 days. As shown in Fig 3.3C, metastatic disease
progressed rapidly in the case of the untreated group and animals had to be euthanized by
day 25. Even though DOX is a highly potent cytotoxic agent, the group treated with
standard DOX exhibited similar progression of the disease to the untreated group.
Similarly, the NT-NP did not have any therapeutic effect on metastatic disease. On the
contrary, metastatic outgrowth was delayed in the groups treated with either single-ligand

nanoparticle variant with the EGFR-NP treatment being more effective. The BLI signal of

the groups treated with RGD-NP and EGFR-NP reached the high value of 108 photons/sec
by day 27 and 30 respectively. Most notably, the entire group treated with dual-NP
displayed very low BLI signal until day 30, at which point aggressive metastatic disease

recurred only in a subset of the animals.
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In addition to BLI imaging, we compared the survival rates of the different
treatment groups (Fig 3.4). The survival rate was in good agreement with BLI imaging.
The treatments were generally well tolerated. The body weight change for representative
groups is shown in Fig 3.7. While exact longitudinal measurements of the group treated
with the dual-ligand NP were not recorded, the weight of these mice was similar to the
single-ligand NP treatments with a less than 10% loss immediately after treatment. All the
groups treated with DOX-loaded nanoparticles maintained their body weight without any
dramatic weight loss at the time of treatment. The survival of the untreated and free DOX-
treated group (2 mg/kg) was comparable indicating the standard form of the
chemotherapeutic drug had negligible therapeutic benefits. In the case of free DOX, we
used a low and a high dose (2 and 7.5 mg/kg DOX). Notably, treatment with the high dose
of DOX (7.5 mg/kg) affected negatively the survival of the animals, which can be attributed
to the high toxicity of the treatment itself. The survival rates of the two single-ligand
nanoparticle treatments were also in good agreement with the BLI data. Both targeted
nanoparticles prolonged survival compared to the free drug treatment with the EGFR-NP
being more effective. While 100% of the mice in the other groups did not survive more

than 43 days, about a third of the dual-ligand NP-treated group was still alive at 120 days.

3.4.4 Histological Characterization

We sought to histologically assess the deposition of RGD-NP and EGFR-NP in
metastasis. We labeled EGFR-NP and RGD-NP nanoparticles with the Alexa 350 and 568
fluorophore respectively, which allowed both nanoparticles to be visualized in the same
histological section using fluorescence microscopy. Mice bearing D2.A1 metastasis were

injected with a cocktail containing an equal number of EGFR-NP and RGD-NP particles
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was injected to mice bearing D2.A1 metastasis. After 3 h from the injection of the cocktail,
the lungs were perfused, excised, and processed for histology. Fig 3.5 shows representative
images. Both EGFR-NP and RGD-NP were predominantly deposited in locations with
dispersion of metastatic cancer cells by targeting the near-perivascular regions and
remodeled endothelium of metastasis (Fig 3.5A). While both EGFR-NP and RGD-NP
colocalized in regions with metastatic cancer cells, some metastatic regions were primarily
targeted only by EGFR-NP (Fig 3.5B) or RGD-NP (Fig 3.5C). Fig 3.5D shows a
quantification of multiple histological sections indicating that frequency of individual

events for EGFR-NP and RGD-NP or their overlap.

93



3.5 Discussion
In this work, we explored the ability of multi-ligand targeting schemes to direct
drug-loaded nanoparticles to breast cancer metastasis and its highly heterogeneous
microenvironment. In previous studies'®®1° we employed and tested different

combinations of peptides as ligands on nanoparticles that target EGFR, 3 and 31 integrins,

P-selectin, and fibronectin. These different biomarkers represent different processes and
stages of development of metastatic breast cancer!®'%® . The processes include the
molecular mechanisms that underlie the interplay between epithelial-mesenchymal
transition (EMT) and its counterpart mesenchymal-epithelial transition and the processes
that enable metastatic outgrowth and proliferative programs%10°, By using various animal
models of metastasis including 4T1, D2.Al, D2.OR and MDA-MB-231, those earlier
studies showed that only multi-ligand nanoparticles were able to accurately target a broad
spectrum of breast cancer metastasis either at dormancy or very early transient stages of
aggressiveness'®. Here, we selected two ligands that target ayB3 integrin and EGFR that
exhibit spatiotemporal variability representing different cancerous activities and stages of
metastatic development. The adhesion and attachment of circulating tumor cells to the
endothelium of distant metastasis is mediated by ayf3 integrin present on both cancer and
endothelial cells?®. In addition to adhesion-specific markers, metastatic breast cancer cells
carry a continuously varying overexpression of the cell-surface EGF receptor, which
contributes to tumor invasiveness and metastasis'®!1°, The targeting data for the single-
ligand variants indicated that RGD-NP and EGFR-NP resulted in deposition at metastatic
sites of 5.1 and 2.7% of the injected dose, respectively. While ayf3 integrin-targeting

frequently led to higher nanoparticle deposition than EGFR-targeting, histological analysis
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illustrated the significant spatial variability between the two targeting variants, suggesting
that a single-ligand formulation is not capable of capturing each and every region with
metastatic cancer cells. This indicates that EGFR-NP and RGD-NP exhibited

complimentary targeting of metastatic sites and their various tumor microenvironments.

Nanoparticles are highly suitable to multi-ligand schemes due to their ability to
accommodate a high number of ligands on their surfaces and enhanced multi-targeting
avidity as a result of geometrically enhanced multivalent attachment on the targeted
receptor. Importantly, multi-ligand targeting schemes are not restricted to one nanoparticle
type and can be adapted by most nanoparticle systems. To showcase the application of
multi-ligand targeting, we selected a liposomal nanoparticle, because it is an all-purpose,
versatile drug carrier for numerous types of drug molecules with high potential for clinical
translation. More specifically, we rethought the 100-nm PEGylated liposome with a size,
composition and drug cargo similar to that used in the clinic for patients with metastatic
breast cancer. In typical scenarios, adjuvant chemotherapy is given to high-risk patients
even though often the disease has not become clinically apparent. Here, we sought to
address this unmet clinical need for metastasis specific chemotherapy and improve
treatment regimens by replacing a traditional nanoparticle antineoplastic agent with a safe,
effective variant. The survival studies indicate that the dual-ligand liposome could identify
clinically silent metastasis with a high degree of precision. It should be noted that the
treatment started at an early time point of the metastatic progress, which represents the
early stage of micrometastasis. Similar to the clinical experience, micrometastasis in its
early and transient stages does not exhibit a fully developed mass and lacks angiogenic

activity, which makes it inaccessible via passive accumulation through leaky vasculature.
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Due to efficient vascular targeting, we suggest that a long-term therapy can be administered
to asymptotic high-risk patients to effectively establish remission and ultimately cure.
Further, when we administered the cytotoxic drug in its free form at the same dose as the
dual-ligand nanoparticle (i.e., 7.5 mg/kg), the treatment had adverse effects resulting in

reduced survival, probably due to enhanced systemic toxicity.

This work shows that multi-ligand nanoparticles can successfully deliver drugs to
the majority of metastatic sites and effectively treat this lethal disease. Overall, efficient
and precise delivery of potent chemotherapy yielded significant improvement in event-free
survival in mouse models of triple-negative breast cancer metastasis at a safe dose

compared to typical clinical regimens.
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3.6 Figures
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Figure 3.1 Illustration of the multi-targeting concept shows a dual-ligand nanoparticle

targeting the dynamic nature of metastatic disease.
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Figure 3.2 Targeting EGFR and avf33 integrin in the D2.A1 mouse model of metastasis.

(A) Bioluminescence imaging (BLI) shows the development of metastasis in the lungs

(left). FMT in vivo imaging was performed 3 h after injection of a cocktail of EGFR-NP

and RGD-NP. Using the different NIR fluorophores (Vivotag 680 and 750) on each

nanoparticle variant, the fluorescence signal in each metastatic site of the FMT images was

quantified for each formulation (n = 5 mice). On the basis of phantom measurements of

each formulation using the FMT system, the fluorescence signal was converted to

nanoparticle concentration. (B) In a different animal study, a cocktail of EGFR-NP and

RGD-NP labeled with a different fluorophore (Alexa 647 and 750) was intravenously

injected into animals with D2.A1 metastasis. After 3h from injection, lungs were perfused,
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excised, sectioned into thin slices of equal thickness and imaged ex vivo using an VIS
Spectrum system. The signal from each lung slice was quantified and summarized for the
entire lung indicating the total number of each nanoparticle variant in the lungs of different

mice with metastasis (n = 4 mice).
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Figure 3.3 Treatment of mice with D2.A1 metastasis using dual-ligand nanoparticle loaded

with doxorubicin.

(A) The cytotoxicity of doxorubicin (DOX) was evaluated on D2.A1 cells. Cytotoxicity

studies were performed by seeding D2.A1 cells at a density of 5 x 103 cells per well. Cells

were incubated with the treatment for 24 h at a concentration ranging between 0.2-1 uM
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DOX. After treatment application, the cells were washed three times with fresh medium
and then incubated for 48 h at 37 °C. The number of viable cells was determined using a
formazan-based cell counting assay (CCK-8). Untreated cells served as live controls for
normalization of the data. Data points represent group mean = s.d. (B) The timeline and
schedule of treatments are shown with respect to tumor inoculation. (C) The response of
cancer metastasis to treatment was monitored using longitudinal BLI imaging.
Quantification of the BLI signal in the thoracic region is shown for mice with D2.Al
metastasis treated at days 3, 4 and 5. In addition to untreated animals, treatments included
non-targeted NP (NT-NP), RGD-NP, EGFR-NP, dual-ligand NP, and free DOX (n = 6-8
mice per treatment). The y-axis is in logarithmic scale. All nanoparticle formulations were

administered at 7.5 mg/kg DOX (two-way ANOVA with repeated measures).
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Figure 3.4 The survival time of metastasis-bearing mice treated with cytotoxic drugs was

compared to untreated animals.

The animals were treated at days 3, 4 and 5. The dual-ligand nanoparticle formulation was

administered at 7.5 mg/kg DOX. In addition to the nanoparticle formulation, treatments

included free DOX injected at 7.5 or 2.5 mg/kg (h = 6-8 mice per treatment). The

difference between the survival curves of the dual-ligand NP and EGFR-NP-treated groups

was assessed by the log-rank (Mantel-Cox) test.
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Figure 3.5 Histological evaluation of the microdistribution of RGD-NP and EGFR-NP
nanoparticles in metastasis in the lungs of mice.

(A) Representative fluorescence image of lung tissue shows dispersion D2.A1 metastatic

cancer cells (top; 20X magnification). After 3 h from injection of a cocktail containing
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Alexa 350-labeled EGFR-NP and Alexa 568-labeled RGD-NP, the two targeting variants
colocalized in locations with metastatic cancer cells (bottom). Different regions with
metastatic cancer cells were predominantly targeted by (B) EGFR-NP or (C) RGD-NP
(green: D2.A1 cancer cells; red: RGD-NP; blue: EGFR-NP). (D) A pixel-by-pixel
quantification indicates individual events for EGFR and RGD-NP or their overlap (n = 3,

grouped analysis ANOVA; correct for multiple comparisons using the Holm—Sidak

method. P values: *0.024, **0.002).
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Figure 3.6 Availability of Targeting Moieties.

Immunohistochemistry was performed to evaluate the expression of ayp3 integrin and

EGFR in D2.A1 metastasis in the lungs. Serial tissue sections were stained with the nuclear

stain DAPI and the specific antibody for ayp3 integrin or EGFR.
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Figure 3.7 Body weight progression.
The average % change of body weight of mice bearing D2. Al metastasis is shown after
treatment with DOX-loaded nanoparticles (n = 6-8 mice per group), including the non-

targeted NP (NT-NP), EGFR-targeted NP (EGFR-NP) and oyp3 integrin-targeted NP

(RGD-NP).
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Chapter 4: Immune Agonist Delivery to Metastatic Triple Negative Breast Cancer

via Site Specific Nanoparticle Targeting

Note: This chapter will be submitted for publication as:
Comparison of the uptake of untargeted and targeted immunostimulatory nanoparticles
by immune cells in the microenvironment of metastatic breast cancer

Gil Covarrubias, Georgia Loutrianakis™, Haley M. Sims”, Mayura P. Umapathy, Morgan
Lorkowski, Peter A. Bielecki, Taylor J. Moon, Michelle L. Wiese, Prabhani U.
Atukorale, Efstathios Karathanasis
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4.1 Abstract

Cancer immunotherapy elicits immune-recognition and T cell-mediated killing of
tumor cells, thus is a powerful approach for treating metastatic breast cancer. However,
one major hurdle is to overcome the profound immunosuppression within the tumor
microenvironment (TME), which is associated with the accumulation of dysfunctional
antigen-presenting cells (APCs). To alter the immunosuppressive TME, we developed an
immunostimulatory nanoparticle (NP) to reprogram these inhibitory APCs into properly
activated APCs that stimulate tumor-reactive cytotoxic T cells. Importantly, systemic
delivery allows NPs to efficiently utilize the entire microvasculature and gain access into
the majority of the perivascular TME, which coincides with the APC-rich tumor areas
leading to uptake of the NPs predominantly by APC cells. In this work, the 60-nm NP was
loaded with a STING agonist, which triggers a robust production of interferon (3, resulting
in activation of APCs. In addition to untargeted NPs, we employed ‘mainstream’ ligands
targeting fibronectin, ovps integrin and P-selectin that have been commonly used to direct
nanoparticles to tumors. Using the 4T1 mouse model, we assessed the microdistribution of
the four NP variants in the tumor immune microenvironment in three different breast
cancer landscapes, including primary tumor, early metastasis and late metastasis. The
different NP variants resulted in variable uptake by immune cell subsets depending on the
organ and stage of the metastatic TME. Among the NP variants, therapeutic studies
indicated that the untargeted NPs and the integrin-targeting NPs exhibited remarkable short

and long-term immune response and long-lasting antitumor capacity.
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4.2 Introduction

The majority of breast cancer-associated deaths occur due to drug-resistant relapse
and metastatic disease!*>46. Accordingly, breast cancer recurrence is often associated with
aggressive and chemoresistant phenotypes. As a result, today’s treatments are often
ineffective against aggressive breast tumors. On the other hand, cancer immunotherapy is
based on the premise of immune-recognition and targeted killing of tumor cells, which
possess the promising potential of targeting treatment resistance and metastatic disease!'?.
The presence of pro-inflammatory innate immunity within the tumor microenvironment
(TME) that contains functional antigen-presenting cells (APCs), such as dendritic cells
(DCs) and macrophages, is a critical determinant of the success of an immunotherapy.
Notably, a significant portion of cancer patients have had suboptimal responses to
immunotherapies. This stems from the fact that effective antitumor immunity strongly
depends on overcoming the profound immunosuppression within the TME.*4112-114 Breast
cancer cells are responsible for inducing immunosuppressive cues effectively yielding
tumor promoting and/or defunctionalized innate and adaptive immune cells.'%1? As a
result, the TME is enriched with depolarized tumor promoting M2 macrophages, myeloid
derived suppressor cells (MDSCs) and T-regulatory cells amongst other ‘bad’ immune
cells. Consequentially, a non-inflamed and unreceptive TME significantly inhibits
systemic lymphocytes from effectively trafficking into tumors, thereby shielding tumors

from systemic immuno-surveillance.'!*2

Conventional approaches attempt to trigger systemic immunity by delivering an

adjuvant and tumor-associated antigens to tumor-draining lymph nodes but fail to tackle
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the issue of metastatic disease. Recent efforts have explored systemic delivery of
immunostimulatory nanoparticles (NPs) that directly target, reprogram and activate the
dysfunctional immune cells and local APCs in the TME. This research has facilitated an
antitumor immune response leading to tumor clearance and prevention of disease
relapse.t359115 Systemic administration allows NPs to drain into the APC-rich perivascular
niche of tumors, which leads to predominant uptake of NPs by the desirable subset of cells
(Fig 4.1A).B Further, systemic delivery is the most effective approach to access
micrometastasis. Importantly, such an approach enables activated tumor-resident APCs to
directly process temporally present tumor-associated antigens shed from cancer cells.
While nanoparticle-based delivery systems have typically focused on delivery of drugs to
cancer cells, NPs are uniquely suited to reach APCs within the perivascular TME due to

their ability to preferentially accumulate in these regions.

To further explore nanoparticle deposition and their respective uptake within tumor
associated lymphocytes, we investigate the use of nanoparticle targeting using variant
targeting ligands. This approach allowed us to detail the immunostimulatory NPs
microdistribution (i.e. APC uptake) in the near-perivascular space of primary tumor and
metastatic TMEs. We used a 60-nm NP loaded with cyclic diguanylate monophosphate
(cdGMP),*16 an agonist of the stimulator of interferon genes (STING) pathway (Fig 4.1B).
The STING agonist is a cyclic dinucleotide (CDN) that binds the STING machinery to
trigger a robust production of Type | interferons leading to activation and expansion of
APCs 4849.116-118 \We compared three targeting NP variants and a non-targeted NP by

measuring their uptake by different immune cell subsets in tumors (Fig 4.1C). As ligands,
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we selected three different peptides targeting fibronectin, P-selectin or avfsintegrin. While
these ligands have been widely employed for targeting nanoparticles to tumors,1°16:18-20.119
they are also suitable for targeting immune cells in the near-perivascular TME and tumor’s
remodeled endothelium. Specifically, perivascular overexpression of fibronectin in the
extracellular matrix plays a critical role in the migration of cancer cells. 21:27:3031 Both non-
targeted and fibronectin-targeting NPs preferentially deposit in the extracellular matrix of
the TME and remain available for uptake by APCs. On the other hand, STING activation
of tumor endothelial cells has shown to generate strong antitumor response.>%2 This makes
P-selectin an interesting target due to its overexpression by endothelial cells in the
remodeled tumor vasculature.”> Finally, while the role of integrins in angiogenesis,
cancer progression and metastasis is well known,? several integrins, including ovpBs, are
expressed by dendritic cells and macrophages for mediate binding and phagocytosis.29-12?
We assessed the uptake of the four immunostimulatory NP variants by immune cells in
three different breast cancer landscapes, including primary tumor, early metastasis and late
metastasis. We used the 4T1 model, as this is one of the standard models to study both
solid and metastatic breast cancer in immunocompetent mice. We then characterized the
cellular mechanisms of antitumor immune responses to the immunostimulatory NPs and

the corresponding long-term therapeutic outcomes.
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4.3 Methods and Materials

4.3.1 Nanoparticle Synthesis and Characterization

Nanoparticles were developed by drying lipid films consisting of 48.5 mol% DOPC
(1,2-dioleoyl-sn-glycero-3-phosphocholine, Avanti), 48.5 mol% DPPC (1,2-dipalmitoyl-
sn-glycero-3-phosphocholine, Avanti), 3 mol% mPEG2000-DSPE (1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy-(polyethylene glycol)-2000], Laysan Bio).
Lipid films were hydrated using PBS at 60 °C for 30 minutes and vortexed every 5-10
minutes. The nanoparticles were sized to 50-60 nm via ultra-sonication while under ice
using a pulse sequence consisting of 10-second 20% power output intervals followed by a
20-second off cycle for a total of 5 minutes. Resultant nanoparticles were dialyzed for 2hrs
using a 50 kDA MWCO dialysis membrane against PBS and subsequently stored at 4 °C.
Liposomal nanoparticles charge and size was ascertained using zeta potential and dynamic
light scattering (DLS) measurements, respectively. For fluorescently labelled nanoparticles
a 0.5 mol% DiR (DilC18(7) (1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindotricarbocyanine
lodide)) dye was added during the lipid drying process by equally reducing the molar
percentage of DOPC and DPPC. For treatment and immune cell recruitment studies, the
dry lipid films were hydrated in PBS containing 200 pg cyclic di-GMP (InvivoGen).
Encapsulated cyclic di-GMP was measured via absorbance readings taken from a high-
performance liquid chromatography (Shimadzu) assay. Drug retention studies were
performed over a 24 h time course at 25 °C.

Functionalization of nanoparticles with vascular targeting ligands was achieved
through a sulfo-SMCC crosslinker. For these studies, the 3 mol% mPEG2000-DSPE was

replaced with 3 mol% DSPE-PEG2000 Amine (1,2-distearoyl-sn-glycero-3-
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phosphoethanolamine-N-[amino(polyethylene glycol)-2000], Laysan Bio). As described
previously, lipids films were developed, hydrated and ensuing nanoparticles were sized via
ultra-sonication. Here the targeting ligands of interest were o3 integrins, P-selectins, and
fibrin-based proteins using their targeting moieties; ¢(RGDfC), CDAEWVDVS, and
CREKA, respectively. Using sulfo-SMCC chemistry, we chemically linked the amine
functionalized nanoparticles to the thiol groups of the previously indicated peptides.
Available amine functional groups on the nanoparticle were linked to sulfo-SMCC and
then the desired peptide in a 1:2:3 molar ratio, respectively, and allowed to react for 2.5
hrs. The molar ratio was consistent across all the peptide to secure similar peptide densities
across the formulations. The nanoparticle-peptide constructs were dialyzed for 2hrs using
a 50 kDA MWCO dialysis membrane against PBS. To validate that the peptide density
was similar, the number of peptides on each nanoparticle variant was measured using a
Bio-Rad Protein Assay. Furthermore, particles were again subjected to DLS and zeta
potential measurements to further guarantee consistency across nanoparticle batches. For
treatment and immune cell recruitment studies, the resultant nanoparticle-peptide
constructs were lyophilized until they were completely desiccated. The desiccated lipids
were then re-hydrate in PBS containing 200 ug cyclic di-GMP (InvivoGen) followed by
subsequent formulation steps. Cyclic di-GMP was incorporated after the nanoparticle-
peptide conjugation and cleaning to prevent the exposed amine groups on cyclic di-GMP

from participate in the functionalization reaction.

4.3.2 Institutional Animal Care and Use Committee Statement
All animal procedures were conducted under a protocol approved by the

Institutional Animal Care and Use Committee of Case Western Reserve University.
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Animal well-being took priority over the studies conducted when it came to decisions
regarding euthanasia or other interventions.
4.3.3 Tumor Model

The 4T1 model was established in BALB/c mice (Jackson Laboratories). 4T1 cells
were stably transfected with a lentivirus to express cytosolic firefly luciferase and green
fluorescent protein (GFP). 4T1 cells were cultured in RPMI medium (Gibco, Gaithersburg,
MD) containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. Cells were
routinely tested for mycoplasma contamination to ensure cell line health and stability.
Briefly, 4T1 inoculations were performed while mice were under a surgical anesthesia of
2-3% isoflurane inhalant. The no. 9 inguinal mammary fat pad was surgically exposed and
an inoculant containing 5x10° 4T1 cells/50 pL was injected. Tumors were closely
monitored with bioluminescent imaging (BLI) and caliper measurements to track lesion
progression. For tumor removals, mice were similarly anesthetized under a surgical plane.
Solid tumors were surgically exposed and removed on either day 10 or 14 as described by
the study. Meloxicam and bupivacaine were administered pre- and post-surgery,
respectively. Complete surgical resection was verified using bioluminescent imaging the
day after tumor removal. In the case where mice were re-challenged, an inoculant
containing 1x10° 4T1 cells/50 pL was subcutaneously injected into the right flank. Tumor-
bearing mice were intravenously treated with nanoparticles as indicated by the respective
study. Cyclic di-GMP (InvivoGen) was administered at a 10 ug dosage. Anti-PD1 was
subcutaneously administered adjacent to the solid tumor mass at a dosage of 250 ug

(BioXCell).
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4.3.4 Bioluminescent Imaging

Bioluminescent imaging (BLI) was performed using an IVIS Spectrum Imaging
System (Perkin Elmer, Waltham, MA). Imaging took place 10 minutes after a 200 uL
solution of D-luciferin (12.5 mg/mL) was interperitoneally administered. BLI imaging was
conducted every 2-5 days until the terminal point of the study. At the terminal point, if
required by the study, lungs, liver, spleen and tumors were collected for either
immunohistochemistry or flow cytometry analysis.
4.3.5 Flow Cytometry

Anti-mouse antibodies including, CD45 (30-F11), CD11c (HL3), F4/80 (T45-
2342), CD11b (M1/70), Ly6G (1A8), Ly6C (AL-21), CD49b (DX5), CD3e (145-2C11),
CD8a (53-6.7) and CD4 (GKL1.5), were purchased from BD Biosciences and Biolegend
with a dye-conjugate for flow cytometry. Flow cytometry analysis was performed 24hrs
after a fluorescently labeled-nanoparticle or the last treatment was administered. Blood was
collected via retro-orbital bleeding. Mice were subsequently euthanized and the tumor,
liver, lungs and spleen were removed. Tumors and lungs were digested for 1hr in Img/mL
collagenase in serum free RPMI medium (Sigma Aldrich/Thermo Fischer Scientific).
Organs were gently homogenized and passed through a 70 um filter to obtain a single cell
suspension. Lungs, liver and blood single cell suspensions were washed with ACK lysis
buffer (Gibco). Resultant. single cell suspensions were blocked with anti-mouse
CD16/CD32 (2.4G2; BD Biosciences) and stained with the dye-conjugate antibodies and
then counterstained with DAPI (BD Biosciences). Fluorescently tagged samples were read
onaBD LSR Il flow cytometer. Flowjo software was used to analyze and quantify immune

cells with the respective markers.
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4.3.6 Histological Staining and Microscopy

Immunohistochemistry was conducted to identify the tumor burden in visceral
organs and the topological distribution of the targeted nanoparticles within tumor
associated microenvironments. Briefly, 4T1 bearing-mice were intravenously injected with
fluorescently labeled nanoparticles 24 hrs prior to organ resection. Mice were anesthetized
with a 5% isoflurane inhalant and transcardially perfused with heparinized PBS followed
by a 4% paraformaldehyde solution in PBS. The solid mammary tumor, lungs and liver
were harvested and placed in 4% paraformaldehyde for 24hrs and then dried in a 30%
sucrose (w/v) in PBS solution for 48hrs. Resulting tissues were embedded and frozen in
optimum cutting temperature (Thermo Fisher Scientific). Frozen tissue blocks were sliced
into 10 um sections and mounted on gold plated tissue slides. Resultant tissues were
counterstained with a DAPI mounting medium (Vector Laboratories). Tissue sections were
imaged at 10x and 20x magnification using either a Zeiss Axio Observer Z1 inverted
fluorescent microscope or a Leica TCS SP8 gated STED confocal microscope. Larger
montages were collected using the automatic tiling via the Mosaic acquisition feature with
the associated software.
4.3.7 Statistical Analysis

All statistical analysis was executed using Prism 7 (GraphPad Software). The data
depicted was analyzed using a one- or two-way ANOVA with either a post hoc Tukey or
Sidak’s test; the statistical analysis used is described in each figure legend. Statistical
significance is determined by a P-value less than 0.05. Unless mentioned, all values are

reported as mean + SE.
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4.4 Results

4.4.1 Characterization of Tumor Model

The 4T1 murine model is a standard model to study metastatic breast cancer in
immunocompetent mice. The 4T1 murine model was orthotopically inoculated into the
no.9 inguinal mammary fat pad; and as time progressed, it developed spontaneous
metastasis in visceral organs including the lungs and liver reminiscent of those observed in
human patients.'>20123 The 4T1 cells were transfected with a lentivirus to stably express
cytosolic firefly luciferase and GFP for in vivo and ex vivo cell tracking. After the primary
tumor was established, it was surgically removed, so that metastatic foci remained intact
and metastatic disease could be studied at early or later stages. Representative BLI images
(Fig 4.2A) and quantification of BLI signal from the primary site (Fig 4.2B) and thoracic
region (Fig 4.2C) indicate the progression of disease. Using flow cytometry, the 4T1 cancer
cells and CD45" leukocytes were quantified in the primary tumor and lungs 10 days after
tumor inoculation. First, it is important to highlight that the immune cells were the
dominant cell subpopulation in the primary tumor site with the leukocyte to tumor cell ratio
being about 3:1 (Fig 4.2D). Second, the early spread of the disease was observed in both
liver and lungs (Fig 4.2E,F). To establish the late stage metastatic setting, the primary
tumor was surgically resected on day 14. Analysis on day 23 indicated that metastatic
disease progressed rapidly with the content of tumor cells doubling in the liver and lungs
between days 10 and 23. Representative histological images show the difference of

metastatic spread in the liver and lungs between days 10 and 23 (Fig 4.2G).
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4.4.2 Uptake of Nanoparticle Targeting Variants by APCs in Different Tumor
Microenvironments

To study the microdistribution and cell uptake of nanoparticle variants with
different targeting ligands, we developed a 60-nm nanoparticle comprised of a lipid matrix
containing DPPC, DOPC, and DSPE-PEG-ligand. DiR was added to the lipid matrix as a
fluorescent reporter for flow cytometry analysis (Fig 4.3A). Nanoparticle variants included
fibronectin-targeting nanoparticles (CREKA-NP), avBs integrin-targeting nanoparticles
(cRGD-NP), P-selectin-targeting nanoparticles (PSN-NP) and untargeted nanoparticles
(mPEG-NP) (Fig 4.3B). We employed commonly used peptides including the avps
integrin-targeting c(RGDfC),*416.1920 the P-selectin-targeting CDAEWVDVS,>1819 and
the fibronectin-targeting CREKA. 151819 Sylfo-SMCC chemistry was used to conjugate the
peptides on the distal end of PEG-amines on the nanoparticle’s surface; the respective
ligand density was determined to be approximately 2,000 peptides per particle across all
formulations (Bio-Rad Protein Assay). **77 All nanoparticle formulations had similar size
and zeta potential (Fig 4.3C,D).

As shown in Figure 3A, we examined the uptake of nanoparticles in the primary
tumor, early metastasis and late metastasis. The nanoparticle variants were intravenously
injected at an equal dose (1x10%2 nanoparticles per mouse) and organs were analyzed by
flow cytometry 24 h after injection. Histological analysis showed that NPs deposited
throughout the primary tumor (Fig 4.7A). Most notably, the deposition of NPs in lungs and
liver was significant in regions of metastasis compared to minimal accumulation in the
healthy portions of these organs (Fig 4.7B,C). Considering that the four NP variants had

no cargo, the tumor masses after surgical resection was similar for all 4 groups (Fig 4.8A).
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In the primary tumor, the vast majority of NPs for all the targeting variants were taken up
by CD45* leukocytes ranging from 3- to 11-fold higher than cancer cells (Fig 4.3E).
Notably, the highest uptake by CD45* leukocytes was observed for the untargeted NP
variant. Specifically, for APCs, the untargeted NP exhibited the highest uptake by both
DCs and macrophages (Fig 4.3F). In the case of the scenario of early stage metastasis,
integrin-targeting NPs had the highest uptake by lung DCs and macrophages as well as
liver macrophages (Fig 4.3G,H). Similar to lungs and liver, the integrin-targeting NPs had
the highest uptake by APCs in the blood and the spleen (Fig 4.8B,C). In the case of the
scenario of late stage metastasis, the untargeted NP was the best overall performed in terms
of uptake by APCs in lungs and liver (Fig 4.31,J), which is consistent with a more advanced
TME with a leaky endothelium. All the formulations exhibited similar levels of uptake by
APCs in blood and spleen at the late metastasis stage (Fig 4.8D,E). In the late stage setting,
P-selecting-targeting NPs were significantly taken up by endothelial cells which coincides
with expectations (Fig 4.8F,G).
4.4.3 Evaluation of Cellular Response to Immunostimulatory NP Treatment

Based on the findings of the cell uptake studies, we selected to evaluate the
antitumor immune response of the untargeted NP and integrin-targeting NP being the
overall best performers in primary tumors and early metastasis, respectively. For these
studies, the nanoparticles were loaded with cdGMP, a small cyclic nucleotide (CDN) that
is a STING agonist. The two formulation, indicated as CRGD-CDN-NP and mPEG-CDN-
NP, exhibited stable and similar loading of the agonist at about 115 pg/mL cdGMP (Fig
4.9A). Mice bearing mammary 4T1 tumors were treated on day 8 with a single dose of

untargeted NP or integrin-targeting NP at a dose of 10 ug of cdGMP per mouse (Fig 4.4A).
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On day 10, organs were resected and analyzed for immune cell content to evaluate the
cellular response to the immunostimulatory NP treatment 48 h after intravenous
administration. Specifically, we focused on the primary tumor and organs prone to
metastasis, such as lungs and liver. BLI indicated the immunostimulatory NP treatments
produced a decrease of the tumor burden in both the primary tumor site and the thoracic
cavity when compared to an untreated control (Fig 4.4B,D). Further, there was a significant
decrease in the primary tumor volume for both treatment groups (Fig 4.4E). It should be
noted that the mass of the tumor mass was reduced by one third in the case of the untargeted
NP (Fig 4.9B). In the primary tumor, the untargeted NPs produced a significantly higher
increase of DCs and natural Killer (NK) cells than the integrin-targeting NPs (Fig 4.4F).
Similarly, untargeted NPs had superior results in the lungs achieving significant elevation
of DCs, macrophages and NK cells (Fig 4.4G). Considering the early-stage metastasis on
day 10, the integrin-targeting NPs outperformed the untargeted NPs in the liver (Fig 4.4H).
Further, the integrin-targeting NPs caused a significant increase of NK cells in the blood
(Fig 4.9C), whereas elevation of macrophages was observed in the spleen in the case of
untargeted NPs (Fig 4.9C). Besides innate immune cells, CD4* T cells were significantly
elevated in primary tumor and lungs for both NP treatments (Fig 4.9E,F) and blood for
only integrin-targeting NPs (Fig 4.9H). Due to the short time scale of the study, no
significant changes in CD8* T cells were observed in any organ 48 after the
immunostimulatory NP treatments (Fig 4.9E-1).
4.4.4 Long-term Therapeutic Efficacy

The long-term therapeutic efficacy of the untargeted and integrin-targeting

immunostimulatory NPs was evaluated in a neoadjuvant scenario. The treatment scheme

120



involved untargeted or integrin-targeting immunostimulatory NP, surgical resection of
primary tumor and the checkpoint inhibitor anti-PD-1. Prior to surgical resection on day 8,
mice were treated with two consecutive doses of immunostimulatory NPs on day 6 and 7
(Fig 4.5A). After surgical resection, two consecutive doses of immunostimulatory NPs was
administered in combination with anti-PD1 on day 12 and 13. The treatment conditions
included the following groups: 1) untreated, 2) anti-PD1, 3) untargeted NP (before surgery-
1x) + anti-PD1, 4) untargeted NP (before and after surgery-2x) + anti-PD1, and 5) integrin-
targeting NP (before and after surgery-2x) + anti-PD1. Representative BLI images show
the positive long-term outcomes of the immuno-stimulatory NP treatments (Fig 4.5B).
Peripheral CD8* T cells in the blood provides a measure to evaluate activation of APCs in
the TME and subsequent priming of effector T cells. In particular, the untargeted NP
treatments in combination with anti-PD1 resulted in significant elevation of CD8* T cells
in the blood (Fig 4.5C). The treatment scheme consisting of untargeted NP treatments
before and after surgery outperformed all treatment schemes producing a remarkable
increase of CD8* T cells in the blood on day 21. Increases were also observed for
macrophages, NK cells and CD4* T cells in the blood mostly for the treatment schemes
involving the untargeted NP (Fig 4.10A-D). Based on caliper measurements of tumor
recurrence in the abdominal area, only the treatment schemes that included the untargeted
NP treatments, either only before or before and after surgery, produced a complete response
with no measurable tumor in the abdominal area (Fig 4.5D). While 100% of the untreated
group and the anti-PD1-treated group did not survive, the treatment scheme that included
untargeted NP before and after surgery showed the highest survival with more than 85%

of this group showing no sign of the disease 2 months after the initial tumor inoculation
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(Fig 4.5E). The survival data are in good agreement with the BLI signal from the lungs and
abdominal region indicating that no metastatic disease was observed in the majority of the
two groups that their treatment scheme included untargeted NP (Fig 4.5F,G). These mice
from these two groups with BLI signal below the background baseline were considered
good responders and were included in subsequent studies assess antitumor immunologic
memory. The good responders from the two groups that received untargeted NP (n=4 for
each group) were subjected to a tumor rechallenge by the inoculation of 1x10° 4T1 cancer
cells in the flank of the animals, a fifth of the original inoculant cell count. Both groups
exhibited a significant increase in survival and decrease in tumor burden when compared
to a naive control group (Fig 4.6A,B). However, the group that was treated with untargeted
NP before and after surgery outperformed the group that received the NP treatment only

before surgery.
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4.5 Discussion

Metastatic breast cancer is often incurable with mortality being associated to drug-
resistant relapse and metastatic spread in visceral organs.1“>4¢ Even worse, about 30% of
breast cancer patients diagnosed with early-stage, noninvasive disease will progress to
metastatic disease, which severely limits treatment options. While short-term response to
first-line therapies is achievable and patients appear to be disease-free and within stable
remission, most patients succumb to metastatic recurrence due to a small population of
disseminated tumor cells that is spread in secondary essential organs (e.g., lungs, liver,
bone, and brain).?2 Recurrent cancers acquire pro-survival and chemoresistant phenotypes,
which results in today’s treatments being ineffective against metastatic breast cancer. On
the other hand, cancer immunotherapy holds an inherent ability to effectively treat the
aggressive and metastatic forms of breast cancer. Current immunotherapy efforts have
primarily focused on modulating the adaptive immune system (e.g., Killer T cells), which
reacts slowly but provides long-lasting protection. However, the immunosuppressive
“cold” TME of metastatic breast cancer inhibits activated systemic lymphocytes from
effectively trafficking to tumor sites, thereby shielding developing tumors from systemic
immuno-surveillance.!'? Alternatively, the rapid-onset of innate immune system can
provide a powerful alternative and effectively bridge with the adaptive arm of the immune
system. In this work, we designed immunostimulatory nanoparticles that specifically target
and activate the dysfunctional and immunosuppressive APCs in the TME and reprogram
them into T cell-stimulatory cells.

The immunostimulatory NP incorporates a cargo of a highly potent immune-

potentiating molecule and systemic delivery targeting the APC-rich perivascular regions
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of breast cancer. Systemic administration has significant advantages, because it allows
immunostimulatory NPs to efficiently use the entire microvasculature, and readily seek and
drain into the majority of the perivascular regions of breast cancer, which coincides with
the APC-rich tumor areas. We show that this led to predominant uptake of
immunostimulatory NPs by the desirable subset of immune cells in primary tumors. Also,
we have shown in several previous studies show that systemic delivery of NPs is the ideal
route to efficiently access micrometastasis.'4 29395353 Here, we establish that blood-
circulating NPs were able to seamlessly access APCs in early and late sites of metastasis.
In addition to ‘standard’ untargeted immunostimulatory NPs, we employed targeting
ligands that have been commonly wused with nanoparticles. In previous
studies,®*95:108.109,124-132 \ye exploited various targeting ligands to direct nanoparticles to
metastatic breast cancers.

While these are ‘mainstream’ targeting ligands that have widely been used in a
conventional manner to delivery anticancer drugs to cancer cells, we show that these
ligands can further increase the uptake of NPs by immune cells in different landscapes of
the TME. Considering the unique features and dynamic nature of the TME, the different
variants of the targeted immunostimulatory NPs resulted in variable uptake by immune cell
subsets depending on the location and stage of the TME (e.g., primary tumor, early or late
metastasis in liver or lungs). Future work can expand on testing more specialized targeting
ligands for improved binding and enhanced uptake of immunostimulatory NPs by APCs
including chemokine receptors CCR2, mannose, and ICAM-1.133-137 By targeting these
tumor-associated biomarkers correlated with APC transmigration or trafficking, we may

be able to specifically localized nanoparticle carriers to these innate immune cell subsets.
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In these studies, we observed the uptake of nanoparticles by APCs via passive and active
targeting within different TMEs. Nanoparticles are designed to naturally drain and
accumulate into the perivascular niche of TMEs due to the irregular growth of tumor-
associated angiogenic blood vessels. Untargeted or mPEG-nanoparticles are the main
beneficiary of the natural drainage that occurs in a well-developed TME due to their
relatively high circulation time. This effect was directly observed when characterizing
leukocytic uptake, and specifically its profound accumulation in dendritic cells and
macrophages, in a solid primary tumor microenvironment. Integrin or cRGD-targeted
nanoparticles displayed significant APC accumulation in sites of early metastasis. Upon
evaluating the cellular response to the immunostimulatory nanoparticles, innate immune
cell recruitment detailed a slightly different story. As expected mPEG-CDN-NPs induced
increases in DC, macrophage and natural Killer cells within the primary tumor, however
this formulation also showed extensive recruitment in the lungs where, based on the uptake
studies, integrin-targeting should have outperformed the untargeted formulation. A
potential explanation may be that the cancer cell content and antigen payload within the
solid tumor microenvironment is significantly greater than that available to APCs at
metastatic sites. The reactivation and subsequent migration of innate immune cell within
the solid tumor can potentially explain why APC recruitment was greater for the untargeted
immuno-nanoparticle not only in the tumor but also within the lungs. Integrin-targeting
however outperformed the untargeted formulation in the liver. This can be corroborated by
ACP uptake and the near 3-fold deposition within activated endothelial cells which have

also shown to have STING machinery.>> The broad recruitment by the untreated
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formulation, tumor and lungs, further exemplifies their outstanding survival and slowed
rechallenge tumor outgrowth.

Harnessing the innate immune system using immunostimulatory NPs has the
potential to dramatically improve tumor response to existing immunotherapies, such as
immune checkpoint inhibitors (CPIs), which can bring transformative treatments for high-
risk breast cancer patients. For example, clinical results show that immune checkpoint
inhibitors achieve tumor control or regression in only 10-40% of patients,® even in the case
of immunogenic tumors, which highlights the importance of the innate immune system and
the local tumor immune microenvironment. By activating innate immunity within the
TME, the immunity cycle can be restored allowing for the necessary communication
between innate and adaptive immune cells. In this work, we modeled neoadjuvant therapy
using the immunostimulatory NPs in combination with the anti-PD1 checkpoint inhibitor
by surgically removing the primary tumor. STING and IFNP-dependent antitumor
immunity has shown to trigger production of immune checkpoint proteins (PD-1, IDO,
CTLA-4) that cause immune resistance.l%47115 This made the combination of the
immunostimulatory NPs with anti-PD1 highly synergistic resulting in amplification of T
cell response and ultimately cure of 90% of mice. Our studies indicate that the untargeted
immunostimulatory NP was sufficient to produce remarkable therapeutic outcomes in a
neoadjuvant setting. In the future, we will explore whether targeted immunostimulatory

NP are more effective in a purely metastatic setting.
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4.6 Conclusion

In conclusion, we evaluated the ability of ‘mainstream’ targeting schemes to direct
immunostimulatory NPs into the tumor immune microenvironment of metastatic breast
cancer. We identified that the untargeted NP had the highest uptake by APCs in the primary
tumor and late-stage metastasis, whereas the integrin-targeting NP variant was superior in
sites of early metastasis. Using a STING agonist as the nanoparticle’s cargo, successful
trafficking of NPs in the perivascular TME resulted in activation and expansion of APCs
in sites of primary tumor as well as early and late metastasis. Notably, the highest increase
of immune cell infiltration was observed for the untargeted NPs as their uptake by APCs
in the primary tumor was approximately 2-to-3 fold higher than that of the targeting NP
variants. Considering the significant expansion of APCs and the tumor-associated antigens
in the TME, long-term studies showed continuously increasing peripheral CD8* T cells. In
combination with anti-PD1 treatment to boost the activity of CD8* T cells, the majority of

the treated group was cancer-free and exhibited long-lasting antitumor capacity.
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4.7 Figures
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Figure 4.1 Illustration of targeting schemes for the delivery of immunostimulatory
nanoparticles to tumors

(A) Systemic administration allows immunostimulatory nanoparticles to reach antigen-
presenting cells in the near-perivascular area in sites of a primary tumor and metastasis.
(B) MHlustration of the 60-nm immunostimulatory nanoparticles loaded with a STING
agonist (cdGMP). The distal ends of PEG coating can be used to link targeting ligands. (C)
Schematic representation shows different immuno-stimulatory nanoparticle variants
including untargeted, integrin-targeting, P-selectin-targeting and fibronectin-targeting. The

microdistribution and uptake of the nanoparticle variants by different immune cell subsets
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is evaluated in three different breast cancer landscapes including primary tumor, early

metastasis and late metastasis.
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Figure 4.2 Characterization of mouse tumor model uing bioluminescece imaging, flow
cytometry and histology.

(A) Representative BLI images show an orthotopic 4T1 tumor in mice and its progression
overtime. After surgical resection of the primary tumor 14 days after inoculation,
metastatic outgrowth and recurrence is observed in the thoracic and abdominal regions.
Quantification of the BLI signal from (B) the primary tumor and (C) thoracic region is
shown., respectively (n=5). The 4T1 cancer cells (GFP reporter) and CD45* leukocytes
were quantified using flow cytometry in the (D) primary tumor, (E) liver and (F) lungs.
(G) Histological evaluation depicts the progression of metastatic disease in the liver and
lungs (20x magnification; scale bar = 100 um; blue: nuclear stain; green:4T1 cancer cells).
Mean + SEM are plotted with statistics by one-/two-way ANOVA with a post hoc Tukey

or Sidak’s test. **¥P<0.01; ***P<0.001; ****P<0.0001.
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Figure 4.3 Quantification of nanoparticle uptake by APCs across different TMEs.

(A) Timelines show animal modeling, nanoparticle administration and flow cytometry
analysis. (B) Schematic shows the different nanoparticle variants and their respective
targeting moieties. (C) DLS measurement of nanoparticle size. (D) Zeta potential of
nanoparticles. (E) Flow cytometry analysis of nanoparticle uptake by 4T1 cancer cells and
CD45" leukocytes in primary tumor. Flow cytometry analysis of nanoparticle uptake by
CD11c* dendritic cells and F4/80" macrophages in (F) primary tumor, (G) lungs at a stage
of early metastasis, (H) liver at a stage of early metastasis, (I) lungs at a stage of late
metastasis, and (J) liver at a stage of late metastasis (n=5 mice per group). Box and whisker
plots (5-95 percentile) with statistics by one-/two-way ANOVA with a post hoc Tukey or

Sidak’s test. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.
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Figure 4.4 Mechanistic study of the cellular immune response to immunostimulatory NPs
48 h after systemic delivery.

(A) Timeline shows the treatment regimen. The untargeted or ovfs integrin-targeting
immunostimulatory NP variants were loaded with the STING agonist cdGMP. Flow
cytometry analysis was performed 48 h after intravenous administration of the formulations
at 10 ug cdGMP per mouse. (B) Representative BLI images show the progression of the
disease. Quantification of the BLI signal is shown for (C) the primary tumor and (D) lungs.
Black arrow indicated the treatment day. (E) Primary tumor volume was obtained using
caliper measurements at the terminal point on day 10. Flow cytometry analysis of innate
immune cell recruitment to the (F) primary tumor, (G) lungs, and (H) liver 48 h after
administration of formulations. N=5 mice per condition. Box and whisker plots (5-95
percentile) both with statistics by one-/two-way ANOVA with a post hoc Tukey or Sidak’s

test. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.
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Figure 4.5 Long-term efficacy of immunostimulatory NPs in combination with surgery and

anti-PD1.

(A) Timeline shows animal modeling, treatment schedule and related analysis. The

immunostimulatory NP treatment included the untargeted NP or the integrin-targeting NP.

The immunostimulatory NPs were administered on day 6 and 7 at a dose of 10 pg of

cdGMP per mouse, followed by surgical resection on day 8. Some groups received a

second immunostimulatory NPs (10 ug of cdGMP per mouse) on day 12 and 13 coupled

with a subcutaneous administration of anti-PD1 (250 pg). (B) Representative BLI images

show the progression of disease for some conditions. (C) The CD8* T-cells in the blood

was measured on day 14 and 21 using flow cytometry. (D) Caliper measurement of tumor

recurrence was performed in the abdominal area. (E) Kaplan-Meier survival analysis.
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Quantification of BLI signal is shown for the (F) abdominal and (G) thoracic regions (top
panels). The two groups that contained the untargeted NP treatment were further stratified
into good and poor responders using the background BLI level (10® photons/second) as a
threshold. N=7 mice per condition. Mean + SEM are plotted with statistics by one-/two-
way ANOVA with a post hoc Tukey or Sidak’s test. *P<0.05; **P<0.01; ***P<0.001;

****P<0.0001.
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Figure 4.6 Response of good responders to a tumor rechallenge.

The treatment scheme of animals bearing 4T1 tumors included surgical resection of the
primary tumor, anti-PD1 and untargeted immunostimulatory NP before and after surgery,
indicated as mPEG-NP(x2), or only before surgery indicated as mPEG-NP(x1). The good
responders from the two groups were rechallenged 42 days after the initial inoculation with
1x10° 4T1 cells on their right flank. (A) Caliper measurement of the flank tumor size. (B)
Kaplan-Meier survival analysis. N=4 mice per condition. Box and whisker plots (5-95
percentile) both with statistics by one-/two-way ANOVA with a post hoc Tukey or Sidak’s

test. **P<0.01, ****P<0.0001.
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Figure 4.7 Histological evaluation of the microdistribution of NPs in primary tumor and
sites of metastasis and healthy tissue regions in liver and lungs.

(A) Primary tumor, (B) lungs, and (C) liver. (20x magnification; scale bar = 100 um; blue:
nuclear stain, green: 4T1 cancer cells, red: cRGD-NP; metastatic tissue sections left and

healthy tissue regions right).
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Figure 4.8 Microdistribution and uptake of untargeted and targeted NPs by innate immune

cells in the blood and the spleen and endothelial cells in tumor, lungs, liver and spleen.

(A) Weight of primary tumors. (B-E) Flow cytometry analysis of nanoparticle uptake by

APCs in the blood and the spleen on day 10 and day 23. Analysis of nanoparticle uptake

by endothelial cells on (F) day 10 and (G) day 23. N=5 mice per condition. Box and

whisker plots (5-95 percentile) with statistics by one-/two-way ANOVA with a post hoc

Tukey or Sidak’s test. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.
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Figure 4.9 Mechanistic study of the cellular immune response to immunostimulatory NPs

48 h afte

r systemic delivery.

(A) cdGMP encapsulation in untargeted and integrin-targeting NPs. (B) Weight of primary

tumors was measured 2 days after NP treatment on day 10. Flow cytometry analysis of

innate immune cells in (C) blood and (D) spleen, and CD4* and CD8* T cells in (E) Tumor,

(F) lungs, (G) liver, (H) blood and (1) spleen. (J) Percent body weight change two days

post-treatment. N=5 mice per condition. Box and whisker plots (5-95 percentile) both with
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statistics by one-/two-way ANOVA with a post hoc Tukey or Sidak’s test. *P<0.05;

**P<0.01; ***P<0.001; ****P<0.0001.
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Figure 4.10 Peripheral innate and adaptive immune cells in blood after treatment with

immunostimulatory NPs in combination with surgery and anti-PD1.

Flow cytometry analysis of circulating dendritic cells, macrophages and NK cells (A) 14

and (B) 21 days after tumor inoculation. Peripheral CD4* T cell counts (C) 14 and (D) 21

days after tumor inoculation. (E) Weight change of mice. N=7 mice per condition. Mean

+ SEM are plotted with statistics by one-/two-way ANOVA with a post hoc Tukey or

Sidak’s test. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.
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Chapter 5: Summary and Future Directions
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5.1 Summary

The goal of this dissertation was to improve upon current diagnostic and treatment
techniques for metastatic breast cancer. Metastatic lesions are both spatially and temporally
dynamic with a heterogenicity in respect to cellular and extracellular content. Metastatic
tumor microenvironments (TMES) also have unique characteristics that are not observed
by healthy tissues. These TMEs overexpress biomarkers such as adhesion molecules, cell
surface receptors, and matrix protein that assist in tumor progression and escape. Here we
used nanoparticles to exploit these biomarkers by targeting them to deliver diagnostic and
therapeutic agents.

The research objectives were: 1) to develop nanoparticle targeting schemes for
imaging metastatic breast cancer, 2) to apply nanoparticle targeting schemes for
chemotherapeutic delivery to metastatic breast cancer and 3) to apply nanoparticle
targeting schemes for immunostimulatory delivery to metastatic breast cancer. The work
and summarization of these objectives are described in the following sections. For future
directions, we observe the implications of this research on targeting other hard-to-reach
cancers such as pancreatic and brain tumors.

5.1.1 — Objective 1: To Develop Nanoparticle Targeting Schemes for Imaging Metastatic
Breast Cancer

As described, metastatic tumor microenvironments display a host of vascular
targetable biomarkers, 9495108.109.124-132 By targeting tumor-associated biomarkers via a
nanoparticle surface decorated with targeting ligands, we can deposit imaging cargo to
these difficult-to-target regions. In Chapter 2, we hypothesize that developing a multi-

ligand nanoparticle will allow for its maximal deposition across temporally and
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spatially variant metastatic niches capturing the dynamic and heterogenic tumor
microenvironment. Through exploring this new paradigm of multi-targeted nanoparticles,
we were able to observe nearly a 3-fold increase in nanoparticle deposition compared to
that of its single-ligand nanoparticle variants; this yielded a near ~7% deposition of the
injected dose. In a dual-ligand nanoparticle, a 2-fold increase in deposition was observed
compared to the single-ligand analog, which still amounted to a significant accumulation
percentage. While these initial targeting studies were performed ex vivo, in vivo imaging
of metastasis using a multi-ligand nanoparticle exhibited a high degree of localization to
metastatic regions as observed through PET imaging and confirmed via ex vivo metastatic
cell tracking. The precise metastatic targeting of a nanoparticle contrast agent carrier
pushes this platform technology to be used for therapeutic purposes as highlighted by the

subsequent objectives.

5.1.2 — Objective 2: To Apply Nanoparticle Targeting Schemes for Chemotherapeutic
Delivery to Metastatic Breast Cancer

In the case of a therapeutic protocol, we employed the use of a multi-ligand
nanoparticle to deliver chemotherapeutic agents to metastatic breast cancer. In chapter 3,
we hypothesize that by using a similar multi-ligand targeting approach we will be able
to deliver a maximal chemotherapeutic payload to an aggressive metastatic triple
negative breast cancer in an effort to yield an improved prognosis and survival. As a
platform technology approach, we used a dual-ligand nanoparticle aimed to target adhesion
molecules (B3 and B1 integrins) and cell specific markers (EGFR) involved in the onset of
metastatic disease as cells transition through the epithelial-mesenchymal transition (EMT)

and vice versa. When compared to its monolithic targeting versions, the dual-ligand
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nanoparticle was able to more proficiently deliver chemotherapeutic agents to the
metastatic disease; and as a result, it either reduced or prevented its outgrowth. In this
approach, we delivered doxorubicin (DOX), an adjuvant chemotherapeutic, aimed to
induced programmed cell death via apoptosis. This approach yielded a significant outcome
when compared to freely administered DOX and/or its single-targeted nanoparticle
variants. The versatility of the nanoparticle used, a liposome, not only enables the delivery
of DOX but can be transformative such that other chemotherapeutic agents may also be
encapsulated and administered using this platform technology. While chemotherapy can
elicit remission, it does not ensure a prevention of recurrence. Thus, in the subsequent
chapter we aimed to deliver an immunostimulatory molecule that would promote

immunological memory in order to reduce the likelihood of recurrence.

5.2.3 — Objective 3: To Apply Nanoparticle Targeting Schemes for Immunostimulatory
Delivery to Metastatic Breast Cancer

Similar to chapter 2, in chapter 3 we identified the need to develop a multi-ligand
nanoparticle to deliver maximal chemotherapeutic and imaging agent cargo. In chapter 4,
we address the question of the necessity of such targeting schemes for immunstimulatory
delivery. Here, we hypothesize that the identification of a targeting scheme for the
delivery of an immuno-nanoparticle will yield a profound recruitment and expansion
of both innate and adaptive immune cells within tumor margins and in circulation.
While previous research focused on solely metastatic disease, in this objective we aimed
to develop a model closely tangent to that of a clinical scenario. Here we treated mice
bearing both a solid tumor and visceral metastasis using our immuno-nanoparticle

formulation. The immuno-nanoparticle was loaded with cdGMP, an immunostimulatory

144



molecule, where upon its delivery to STING expressing cells — primarily innate immune
cells — could yield a robust and self-propagating release of interferons*-52, With an
increase in interferon secretion, a reactivation of the innate immune system can be observed
within a locally suppressive tumor microenvironment. Innate activation will lead to a
recruitment of APCs (i.e. dendritic cells, NK cells and macrophages) and adaptive immune
cells (i.e. CD8* T- and CD4* T-cells) post-antigen priming.

In terms of targeting strategies, nanoparticles are intrinsically designed to naturally
drain and accumulate within the perivascular space of tumor microenvironments due to the
leaky and ill-formed angiogenic blood vessels in cancerous regions. Untargeted
nanoparticles are the main beneficiary of the EPR effect observed in established solid
tumors due their long circulation times. 132! Thus, in this objective not only did we evaluate
nanoparticle targeting schemes previously described but also untargeted nanoparticle
formulations to identify which analog would significantly accumulate within APCs closely
associated to the tumor microenvironment. It was observed that an untargeted nanoparticle
had significant accumulation within solid tumor margins while integrin-targeted
nanoparticles had significant accumulation in sites of early metastasis. Both of these
conditions witnessed an increase in immune cell recruitment when compared to an
untreated scenario with the untargeted formulation as a frontrunner. This can be explained
such that the antigen payload observed in the solid tumor is fated to observe a more
dramatic influx of macrophages, dendritic cells and NK cells. Regardless, both
formulations yielded outstanding survival. For a purely metastatic tumor model, it is

postulated that an integrin-targeted nanoparticle would be the beneficiary. The variance in
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targeting approaches detail the complexity of the disease however, indicate that these

targeting schemes may enable methods for successful diagnosis and treatment.
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5.2 Significance

The low cure rate of metastatic breast cancer is due to two separate mechanisms:
1) micrometastasis are not dependably detected and 2) there is a reduction in therapeutic
progression as systemically administered agents are not adequately facilitated to metastatic
lesions. Therefore, a different systemic approach is required to effectively traffic such
agents to improve upon the low response rate.

Metastatic niches are often associated with an increase in biomarker expression
including matrix proteins, adhesion molecules and cell specific markers®#95:108.109,124-132 |
an effort to exploit these upregulated receptors, nanotechnology is capable of incorporating
site-specific targeting through the surface ligation of tumor targeting ligands. Furthermore,
nanotechnology offers significant advantages as their design allows for a highly tunable
structure-to-function relationship; for example, nanoparticles have the unique capability to
efficiently encapsulate contrast and therapeutic agents®36:3%, Using these targeting
strategies, we have evaluated the use of nanoparticles for diagnostic and therapeutic
(chemotherapeutic and immunotherapeutic) purposes. We observed that multi-targeted
nanoparticle constructs are able to successfully deliver contrast and chemotherapeutic
agents because they are able to capture metastatic heterogenicity and its dynamic behavior.
For diagnostic and chemotherapeutic purposes, it is vital for nanoparticle carriers to
localize themselves to each metastatic lesion such that sufficient tumor margin discerning
and eradication is possible.

Immunotherapeutic delivery as the treatment strategy requires a different approach.
Immunotherapy is meant to initiate an anti-tumor response via immune cell reactivation.

This response is systemic in that activated immune cells will traffic themselves to
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metastatic microenvironments upon tumor antigen priming. Thus, our approach slightly
differed in that multivalent targeting was no longer required as the immune system would
compensate. The development of nanoparticle targeting schemes for variant approaches

depicts the complexity but achievability of cargo delivery to sites of metastasis.
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5.3 Future Directions

In this dissertation we focused on the delivery of contrast, chemotherapeutic and
immunotherapeutic agents to metastatic breast cancers via tumor-targeted liposomal
nanoparticles. When discussing the delivery of immunotherapeutic agents, we were able to
develop an innate and adaptive response such that treated mouse tumor models entered
remission, recurrence was reduced and an increase in systemic immunity was observed.
Here, we choose to use a liposomal carrier as efforts to push this technology forward and
to the clinic had more clarity than other nanoparticle variants. Liposomal nanoparticles
have a long history in the clinic as they have been used to deliver a multitude of
chemotherapeutic agents including both anthracyclines, taxanes and platinum-based
agents.13-141 Thus, the likelihood of scalability is realistic due to pre-existing GMP and
GLP facilities.'3-141 Furthermore, the immunostimulatory molecule used to realize an in
situ vaccination, the STING agonist (i.e. CDN), is currently undergoing clinical trials with
the hopes of obtaining FDA approval.142-144 Suitably, the integration of a liposomal carrier
and CDN is possible and highly scalable. Additionally, in this research, we observed the
categorical improvement of multitargeting schemes when it came to therapeutic outcomes.
While multitargeting may be very attractive at the research level it may be difficult to
implement when developing a product that requires extensive scaling. Future distillation
of this work is required such that reproducibility is ensured. Lastly, upon reaching clinical
trials with a formulation that assimilates both targeting and a de novo therapeutic extensive
toxicity, dose escalation and safety profiles are required in order to effectively proceed.

While this dissertation focused on metastatic breast cancer, studies have been

initiated to explore and develop targeting strategies for other hard-to-reach cancers

149



including pancreatic and brain tumors. Specifically, we have taken an extensive look at
targeting glioblastoma multiforme (GBM) due its aggressive and infiltrative nature that
yields an abysmal prognosis. GBMs are categorically, like metastasis, difficult to manage
as there are an assortment of physical barriers (i.e. blood-brain barrier, regions of hypoxia,
high interstitial pressure and efflux pumps) that prevent an adequate accumulation of
contrast or drug agents for either diagnostic or therapeutic purposes, respectively3066.145-
147 However, also like metastasis, the endothelium and near-perivascular regions adjacent
to GBMs are a direct reflection on the health of the underlying tissue. Due to GBM
outgrowth, the vasculature is displays distress signals in the form of upregulated
biomarkers that are easily accessible to systemically administered targeted-
nanoparticles86469.119.147

The similarities in targeting between GBM and metastatic tumor
microenvironments have enabled us to consider applying some of the techniques used in
this dissertation. A commonality with the low prognosis of GBMs are the inadequacies of
tumor progression and stratification as a function of a therapeutic timeline. Thus, as an
initial approach, we aim to develop targeting strategies that will aid in improving the
diagnosis of GBMs. The recruitment or local production of nonendogenous matrix proteins
are highly correlated with GBM progression, invasion and distal dispersions.
Fibronectin/fibrinogen mesh networks are developed through the deposition of these
proteins in regions adjacent to an injured endothelium and further establish and motivate
the onset of disease (Fig 5.3)%. Receptor protein tyrosine phosphatase mu (PTP-u), is a
catalytically cleaved cell-cell adhesion molecule that when processed acts as an

extracellular matrix protein found in both aggressive forms of adult and pediatric GBMs
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(Fig 5.2)18. In two separate studies, we observed the functionality of using these
upregulated biomarkers as targeted ligands for enhanced nanoparticle deposition. For these
studies, we developed an iron-oxide based nanoparticle that was comprised of 3-5 linearly
linked iron oxide spheres termed nanochain (Fig 5.1). Due to the iron oxide content, its
intrinsic properties — high T2 relaxivity — enabled us to use such the nanochain as a T2-
weighted contrast agent for MR imaging. In separate studies, using a fibrin targeted-
nanoparticle and a PTP-u targeted-nanoparticle, we were able to significantly enhance the
T2-weighted MR contrast of GBMs (Fig 5.2-3)%%148, Furthermore, these targeting schemes
enabled us to localize our nanoparticle not only to the solid tumor but also within invasive
and distal dispersion tumor margins. This tumor targeting platform depicts a story of
successful targetability which can then be further implemented into therapeutic approaches
for GBMs such as what was observed in metastatic cancers.

Future research will focus on developing treatment protocols — chemotherapeutic
and immunotherapeutic delivery — using nanoparticle targeting schemes for GBMs. In the
case of metastasis, while tumor remission was observed in some studies, it is important to
further establish proper treatment regimens and dosage escalations to prevent any

suggestion of future recurrence.
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5.4 Figures

A.

iron oxide PTPu-targeting B
nanoparticle A~ peptide

blood circulation

PTPu is
overexpressed in the
near-perivascular
regions of GBM
< 100 nm > healthy tissue  glioma perivascular TME
nanoparticle

Figure 5.1 Illustration of the nanochain particle and its therapeutic effect on brain tumors.

(A) Schematic of a linear nanochain particle composed of three iron oxide (10)
nanospheres decorated with the PTPpu-targeted agent. (B) Illustration of the successful
delivery of drugs to perivascular tumor microenvironment (TME) via vascular targeting of

the PTPu-targeted nanochain.
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Figure 5.2 The PTPu-targeted nanochain shows in vivo binding to U-87 MG intracranial

tumors and T2-weighted contrast enhancement.

(A) Representative T2 weighted 2D images of U-87 MG orthotopic tumors before
(Baseline) and during 30 min increments up to 120 min after intravenous injection of
untargeted nanochain or PTPp-targeted nanochain (n = 4/condition) with pseudo-colored
T2 relaxation time map overlays to show contrast uptake. White arrow indicates tumor.
Color coded scale bar indicates T2 relaxation time in milliseconds. (B) H & E stained
histological section from a representative U-87 MG tumor is shown. (C) Quantification of
change in T2 relaxation time (R2 = 1/T2) of U-87 MG intracranial tumor following
intravenous administration of the PTPu-targeted or untargeted iron nanochain (n =
4/condition]. Data shown represent normalized mean percent change in R2 +/— SEM (R2

= 1/T2). Asterisk represents statistical significance, P value = 0.035. Note the increased
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percent change in R2 for tumors following administration of the PTPu-targeted contrast

agent.
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Figure 5.3 Representative in vivo MR images of the brain of mice bearing orthotopic
glioma CNS-1 tumors usinga 7 T MRI.

(a) Coronal T2-weighted images of the brain of a mouse before and 1 h after injection of
CREKA-targeted nanochains. (b) In the 1 h post-injection MR image, the signal
enhancement was thresholded and color-coded in blue (left). In the end of MR imaging,
the brains of the animals were perfused, excised, and imaged ex vivo using 3D cryo-
imaging. 3D cryo-imaging provided an ultra-high-resolution fluorescence volume of the
brain showing the topology of CNS-1-GFP cells. The in vivo MR image (left) and the ex
vivo fluorescence image (right) show the colocalization of MR signal and glioma cells. (c)

The absolute MR signal intensity in gliomas and the healthy brain was measured in

155



manually drawn ROIs. The signal intensity in glioma sites was normalized to the signal of
the corresponding healthy brain region (scale: 0-1). Since lower values indicate greater
contrast in T2 images, normalized intensity values of 0 and 1 correspond to maximum and
minimum contrast, respectively (data presented as mean + standard deviation; n = 5; *P <

0.05).
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