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ABSTRACT OF DISSERTATION

CELL-ENGINEERED VESICLES FOR THERAPEUTIC DELIVERY AND
IMMUNOMODULATORY APPLICATIONS

Development of a new kind of drug delivery system (DDS) that could efficiently
deliver therapeutics to the cell of interest would allow us to accomplish cell-specific drug
delivery while eliminating systemic toxicity. Although nanocarriers including
endogenously released extracellular vesicles (EEVs), liposomes, and small molecules seem
to be promising drug delivery systems, biological challenges persist for their use in clinical
applications. Here, we demonstrate nanovesicles engineered by fragmenting cellular
membranes can be exploited as versatile DDSs for therapeutics delivery as well as
immunomodulatory functions. Cell-engineered vesicles were produced by cavitating cells
using nitrogen gas at high pressure followed by serial centrifugation. Cell-engineered
vesicles (CEVs) are smaller in size, can be generated in high yields, easily loaded with both
lipophilic as well as hydrophilic cargo, and exhibit cell-targeting specificity both in vitro
as well as in in vivo.

Cell-engineered vesicles generated from immune cells offer additional advantages
as immunomodulatory therapeutic agents. Herein, we demonstrate that macrophage-
engineered vesicles (MEVs) generated from macrophages, immune effector cells, can
modulate the physiological states of immune cells including macrophages and microglia.
While MEVs generated from anti-inflammatory (M2) macrophages re-program neuro-
toxic pro-inflammatory (M1) macrophages towards M2-like phenotype, MEVs generated
from M1 macrophages re-polarize M2 macrophages towards an anti-tumor M1-like
phenotype. In addition, in vitro and in vivo delivery of cargo is facilitated by the ability of
these vesicles to selectively target the same cell type from which they originated.

Programming cell-engineered nanovesicles through the targeted over-expression of
specific membrane-bound ligands transforms them into a more potent immunomodulatory
as well as therapeutic delivery platform. We tailored membrane-derived nanovesicles to
have unique immunomodulatory features, including the potential to regulate immune cell
polarization in both directions. These programmable nanovesicles adorned with certain
membrane-bound ligands are capable of targeting particular cell types. Using programmed
nanovesicles produced from macrophages enhances immune cell reprogramming to both
proinflammatory and anti-inflammatory cells. Additionally, the incorporation of cancer



cell-targeting moieties into the vesicle membrane enhanced the transport and absorption of
therapeutically loaded nanovesicles, hence increasing their effectiveness.

KEYWORDS: Exosome, Nanovesicles, Macrophages, Drug Delivery, Cancer
Immunotherapy
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CHAPTER 1. INTRODUCTION

1.1 Cancer

Cancer is one of the leading causes of death globally, accounting for one out of
every six deaths!. Cancer kills by rapidly disseminating aberrant cells throughout the
surrounding tissue, including neurons and blood vessels, and interfering with their normal
function. The American Cancer Society estimates that the United States will have an
estimated 1.9 million new cancer cases and 600,000 cancer-related deaths in 2022. It is
anticipated that by 2040, due to population growth and aging, there will be 27.5 million
new cancer diagnoses and 16.3 million cancer deaths worldwide. The increasing
prevalence of risk factors, such as smoking, poor diet, physical inactivity, and fewer births,
will undoubtedly increase the future burden in economically transitioning nations. While
significant progress has been made in treating cancer with existing therapeutic techniques,
they are still unable to completely cure cancer. Therefore, there is an urgent necessity for
the development of unique therapeutic strategies to treat this deadly disease. Surgery,
radiotherapy, and chemotherapy are the most widely practiced forms of treatment for
cancer, however, they themselves have limitations. Tumor resection therapy, a technique
involving the surgical excision of the tumor and surrounding tissues®, is often
recommended cancer treatment strategy for the treatment of primary tumors in their early
stages, however, the overall success rate is still very low. A brief description of the benefits

and drawbacks of existing cancer therapies is as follows.

1.2 Therapeutic Approaches for Treating Cancer

1.2.1 Radiation Therapy

Radiation therapy continues to be an important part of cancer treatment, with nearly

half of all cancer patients getting radiation therapy over the course of their disease®. In



radiotherapy, highly energetic ionizing radiation are administered into the body in order
to damage cells' genetic material (deoxyribonucleic acid, DNA), preventing future cell
division and proliferation’. The drawback is radiation not only kills tumor cells, but also
harms healthy tissue in the body. While normal cells are more capable than malignant cells
in repairing DNA damage, some cells experience apoptosis as a consequence of the DNA
damage, whereas others die during the cell division process because of the improperly
repaired genetic damage® ’. Irradiation also triggers many cell signaling pathways, which
causes the release of too many immunostimulatory cytokines, thrombosis cascades, and
damage to the blood vessels®. These changes cause swelling, ischemia, redness of the skin,
high intracranial pressure in the central nervous system, and scarring of the lungs®!2.
Beside multiple complications stemming from irradiation, radiation is also responsible for
13,14

the development of secondary cancers

1.2.2  Chemotherapy

Chemotherapy began to acquire importance when evidence of micro metastases and
cancer recurrence after surgery and radiation treatment emerged'>. Chemotherapy involves
the systemic administration of high doses of anti-cancer drugs into the human body, aiming
to kill quickly growing cancer cells. The commonly used chemotherapeutics kill cancer
cells either by causing DNA damage or by affecting the cellular processes'®. When a drug
damages the DNA, several types of DNA repair mechanisms may become active depending
on the nature of the damage'”. Unfortunately, cells are unable to repair genetic damage in
an effective manner due to the presence of high doses of cytostatic agents'S. Other classes
of therapeutics impede cellular activities that are involved in replication. This prevents

further growth, which eventually results in the death of the cell'”. While chemotherapy has



somehow boosted the survival rates of cancer patients in both children and adults, systemic
administration of chemo-drugs into the human body has its inherent limitations: drugs
administered have poor selectivity leading to a greater incidence of relapse in tumors and
high drug-doses causing adverse effects to normal cells'® '°. The adverse side effects of
chemotherapeutic drugs are a direct reflection of how they work. Because these drugs
nonspecifically target DNA and cellular proteins in rapidly dividing cells, they elicit
adverse effects on cells present in the bone marrow, gastrointestinal (GI) tract, and hair
follicles. This can cause immunosuppression, Gl-related problems, infertility, liver and
kidney damage, cardiac failure, neurotoxicity, tumor relapse, and metastasis'® 2°23, In
addition to inflicting the aforementioned side effects, the chemotherapy-based approach
for treating cancer is undermined by the inherent drug-resisting properties of cancer cells.
Tumor cells that were originally inhibited by an anticancer therapeutics acquire resistance
throughout the course of treatment due to drug efflux, inactivation of drugs, drug target
1,24,25

modification, damaged DNA repair, and cell death suppression

1.2.3 Immunotherapy

Both radiotherapy and chemotherapy are found to weaken the immune system of
the body as evidenced from the side effects of harmful radiation and high doses of chemo-
drugs. In recent years a new approach of treating cancer is emerging called immunotherapy
in which cells of the innate and adaptive immune system are activated to eliminate tumors
from the body as well as prevent tumor relapse®®. Various categories of oncologic
immunotherapy approaches include the use of cancer vaccines, cell-derived monoclonal
antibodies (mAbs), chimeric antigen receptor (CAR) T-cell based therapies, cell signaling

proteins, oncolytic viral therapies, and immune checkpoint inhibitors?” 25,



One of the fundamental cancer characteristics is the ability to evade immune
response?’. The immune system's capacity to recognize antigens on cancer cells is
stimulated or restored by cancer vaccines®. An example of a therapeutic dendritic cell-
based vaccine with FDA clearance for the treatment of prostate cancer is sipuleucel-T>!,
The sipuleucel-T vaccine is made by using patients' own cells and, when administered in
the body, makes the immune system attack prostatic acid phosphatase, an enzyme that is
only found in prostate adenocarcinomas’?. Sipuleucel-T vaccine is generally well tolerated,
however patients taking part in clinical trials often report several adverse effects
including chills, headaches, flu-like symptoms, hypertension, strokes, and cardiac arrests*>
33

A monoclonal antibody-based immunotherapeutic strategy uses antibodies made in
the lab from cells that specifically target antigens on tumors and stops tumor growth by
impeding tumor cell survival cascades, stopping blood vessels from growing around tumor
tissue, and letting cancer cells avoid programmed cell death (PD) and circumvent immune
checkpoints?” 3* 3% Some monoclonal antibodies, like bevacizumab, blinatumomab, and
bretuximab, have been approved by the FDA to treat cancer’’. However, monoclonal
antibodies can cause a wide range of side effects, from mild headaches, diarrhea, temporary
itching, and dermatitis to potentially fatal side effects like anaphylaxis and heart
problems?® 37,

Chimeric antigen receptor (CAR) T-cell based immunotherapy involves the
administration of T-cells that have been genetically programmed to express CARs on the
T-cell membrane* 3%, Once these cells have been introduced into the patient, tumor-
specific identification will take place. Following this, T-cell memory will allow the T-cells
to multiply, destroying tumor cells while also conducting surveillance®. The CAR T-cell
based therapies, including tisagenlecleucel and axicabtagene, have been given the green

light by the FDA*’. However, after being treated with CAR T-cell therapy, some patients
4



develop mild symptoms such as fevers, fatigue, vomiting, headaches, arthralgias, rigors,
and myalgias*" *>. But some patients can experience deadly symptoms like low blood
pressure, fast heart rate, capillary leak syndrome, and multiple organ failure*.

Therapies based on immune checkpoint inhibitors (ICI) target immunoregulatory
mechanisms that certain malignancies use as a means of escaping immune surveillance**.
Immunologic checkpoints are a group of inhibitory mechanisms that are crucial in avoiding
an autoimmune response. However, a wide variety of tumor forms may use immune
checkpoint pathways to boost resistance against immune cells?’. In order for T cells to get
activated, there must first be an interaction between the receptor in the T-cell and the MHC
molecule on the macrophage, and then there must be a second signal generated by an
additional ligand-receptor interaction. The interaction of CD80 or CD86 on macrophages
or dendritic cells with CD28 molecules on T cells is one example of this kind of interaction.
Alternately, CD80 or CD86 is capable of binding to an inhibitory receptor, such as
cytotoxic lymphocyte antigen 4 (CTLA-4), expressed on immune cells or tumor cells*.
When this interaction takes place, the T-cell is prevented from being activated. Another
major immune checkpoint pathway is mediated by the programmed death protein-1 (PD-
1) expressed on T-cells and the programmed death ligand (PD-L1), mostly expressed on
antigen-presenting cells and also on many tumors, where it serves to dampen the T-cell
mediated immune response*. The FDA has approved a number of checkpoint inhibitor-
based immunotherapies for treating cancer. For example, atezolizumab, which targets PD-
L1, is used to treat metastatic non-small cell lung cancer and advanced urothelial
carcinoma; PD-L1 targeting avelumab is used to treat metastatic Merkel cell cancer;
CTLA-4 targeting ipilimumab is used to treat advanced renal cell cancer; and mismatch
repair deficient metastatic colorectal cancer®” *> 47, While checkpoint inhibitor-based
immunotherapy approaches have been used to treat a variety of cancers, patients often
experience multiple side effects after being administered with activated T-cells. Infusion

reaction fatigue, diarrhea, fever, myalgias, colitis, hepatitis, pruritus, pneumonia,

5



dermatitis, thyroidism, hyperglycemia, nephritis, hepatitis, and nephritis are some of the
most common side effects**-*°,

Even though immunotherapy-based approaches seem like good ways to get rid of
tumors in the body, there are still many problems with this technology that keeps cancer
from being completely cured. The difficulty in predicting therapeutic efficacy and patient
response to the treatment is one of the issues associated with cancer immunotherapy®"> 3.
Other difficulties include the requirement for unique biomarkers, the emergence of
resistance to existing therapies, the absence of clinical research designs that are streamlined
to assess efficacy, as well as the increased costs and side effects associated with these
treatments’! . These challenges demand the urgent necessity for innovative developments
in cancer immunotherapy that will help to fix a lot of these problems. Newer innovations
may include the development of more targeted treatments; personalized biomarker profiles;
combinatorial therapies to improve efficacy and get rid of side effects; immunotherapy

techniques that will reduce the number of people who get cancer; stop cancer from coming

back; and lower the cost of the drugs that treat cancer.

1.2.4 Innovative Cancer Therapies

In recent years, numerous research investigations have concentrated on discovering
innovative medicines to lessen the adverse effects of conventional therapies. The most
known innovative approaches for cancer treatment include the use of nanomedicine,
targeted therapy, gene therapy, thermal ablation of tumors and magnetic hyperthermia, and
radiomics and pathomics>®. Nanomedicine involves utilizing nanoparticles ranging from
endogenously released extracellular vesicles (EEVs) to synthetic liposomes and provides
a diverse platform of biocompatible drug delivery devices that can specifically administer
traditional chemotherapeutics in vivo, thereby enhancing their abundance surrounding

cancer tissues, and optimizing their controlled release’’. These nanomaterials can



specifically target the tumor site minimizing their effect to the normal cells and this
approach of treating cancer often known as targeted therapy>®. Similarly, genetic
approaches for treating cancer, including expression of apoptosis and tumor suppressing
genes, siRNAs mediated targeted gene silencing, are currently being evaluated in several
clinical trials throughout the world>*®!. In addition, aiming to discover an alternative to
more intrusive methods such as tumor surgery, precision medicines, including thermal
ablation and magnetic hyperthermia, that localize treatments to a specific tissue of interest,
have shown potential as an effective therapeutic strategy for the treatment of cancer® ¢
Furthermore, novel disciplines such as radiomics and pathomics are leading to the creation
of new methods for gathering massive quantities of data, developing novel therapy

64,65 "and predicting correct responses, clinical outcomes, and tumor relapse®®

techniques
67 Overall, these novel methodologies suggest that integrating several disciplines could
lead to the discovery of cancer treatments with the best clinical outcomes. Despite the fact
that a number of these ways for treating cancer have shown promise as potential
alternatives, recurrence and metastasis continue to pose obstacles for these methods.

Numerous of these limitations call for the immediate development of cutting-edge

therapeutic methods to treat cancer.

1.3 Tumor Microenvironment

The physiological make-up of the tumor plays a primary role in the response to
treatment. The notion of tumor microenvironment (TME) goes back to 1863, when
Virchow established the link between inflammation and cancer’® . The tumor
microenvironment (TME) not only consists of tumor cells but also endothelial cells,
immune cells including microglia, macrophages, and lymphocytes, signaling molecules
including cytokines and chemokines, and the extracellular matrix®® 7% 7!, The interaction

between tumor cells and its microenvironment often promotes the initiation and



development of malignant tumors 2. Cancer cells present in the TME release signaling
proteins that enhance blood vessel formation as well as immune evasion, whereas immune
cells present in the microenvironment can release signaling molecules that enhance tumor

metastasis’>”> (Figure 1.1).



Tumor Microenvironment

» Dendriticcell T lymphocyte

M2 TAMs Cancer cell

P - Myeloid-derived suppressor cell

Figure 1.1 Tumor microenvironment.

The tumor microenvironment is composed of cellular and non-cellular portions. Cancer
cells, endothelial cells, carcinoma-associated fibroblasts, and immune cells including
tumor associated macrophages (TAMs), dendritic cells, B-cells, and T-cells, among
others make up the cellular component. The extracellular matrix functions as a scaffold
and reflects the non-cellular constituents of the tumor microenvironment. Multiple
mechanisms, including the extracellular matrix, cell-cell interactions, and the secretion of
cytokines, chemokines, and extracellular vesicles, contribute to the interplay between the
various components of the tumor microenvironment. This image was created with

biorender.com.



1.3.1 Macrophage Polarization in the Tumor Microenvironment

Macrophages are the most common kind of immune cell seen in the tumor
microenvironment, and they play both pro- and anti-tumorigenic roles as shown in Figure
1.2. Macrophages have an important function in the progression, maintenance, and
clearance of cancer cells. Macrophages are able to adapt reversible physiological states in
response to environmental cues, which allows them to play a variety of roles in the tumor
microenvironment. In fact, they exhibit a continuum of functional states between a pro-
inflammatory, entitled as M1 functional state, and an anti-inflammatory state, classified as
M2. Macrophages that are either native to the tumor tissue or that have been attracted to
the tumor microenvironment are often described as tumor-associated macrophages
(TAMs)’®, Tumor-associated macrophages (TAMSs) are known to originate from either
circulating bone marrow-derived monocytes that change into TAMs after tissue infiltration
or from tissue-resident macrophages that develop from embryonic progenitors that are
implanted in resident tissues’” "®. TAMs make up the majority of the cells in a tumor's
microenvironment, and their functional states determine the progression or elimination of
tumor cells’®. The process of polarization of TAM:s is directly regulated by cancer cells
that are located inside the tumor microenvironment, and the phenotypic ratio undergoes
significant changes as the progression of cancer continues’”. In the beginning phases, the
ratio is more advantageous for M1 macrophages; but, when cancer cells begin to hijack
this process, the number of M2-like macrophages dramatically rises’ .

M1 macrophages, also known as classically activated macrophages or pro-
inflammatory macrophages, are characterized by the production of high levels of pro-
inflammatory and immunostimulatory cytokines including interleukin (IL)-12, and tumor

necrosis factor (TNF)-o. M1 macrophages exhibit antitumor activity and are able to
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scavenge and kill the phagocytosed tumor cells. M1-like macrophages are a key kind of
tumor-suppressing cell that first work inside the microenvironment of a tumor to inhibit
the proliferation of tumor cells’”®. M 1-like macrophages execute anti-tumoral properties by
attracting and activating CD8" T and natural killer cells to the tumor microenvironment
through antigen presentation and tumor associated release of chemokines including
CXCL9, CXCL10, and CXCL118"#2 Upon activation, CD8" T cells and natural killer cells
release large amounts of pro-inflammatory cytokines like IFN-y, GM-CSF, and TNF-a, as
well as chemokines like CCL4, CCLS5, and CCL23, which help bring in more immune cells
and activate anti-tumorigenic pathways’ ®. Phenotypically, M1 macrophages display
elevated amounts of co-stimulatory markers CD80 and CD86, major histocompatibility
complex class II (MHC 1I), and Thl cell-attracting chemokines CXCL9 and CXCL10%,
M1 cells also secrete inducible nitric oxide synthase (iNOS), interleukin-12, and
interleukin-1 that execute antitumoral functions®> *¢. The antitumor properties of the M1
phenotype are well known, and a higher M1/M2 TAM ratio has been linked to longer life
durations and the best clinical outcomes in several solid tumors, including but not limited
to breast, ovarian, lung, colorectal, gastric, liver, renal, and oral squamous cell carcinoma®>
87-91

As the tumor grows, cancerous cells may release M2-modulating cytokines and
growth factors, such as IL-10, CCL2, CCL3, CCL4, CCLS5, CCL7, CCL8, CXCL12,
vascular endothelial growth factor (VEGF), and platelet-derived growth factor (PDGF), to
draw more monocytes and M0 macrophages to the tumor microenvironment and turn them
into M2 phenotype® . M2 macrophages, also known as alternatively activated macrophages
or anti-inflammatory macrophages, release high levels of immunosuppressive cytokines
including IL-10, IL-13, and IL-4 and growth factors including vascular endothelial growth
factors (VEGFs). Phenotypically, M2 macrophages express higher levels of distinct
membrane markers including CD206, chemokine and chemokine receptors including

CCL17, CCL22 and CCL24. Most macrophages present in the tumor exhibit M2-like
11



functional states, and a higher M2/M1 ratio is linked to an adverse clinical outcome in
many types of cancer’?. M2 TAMs present in the tumor microenvironment have been
shown to have a direct connection to the development of tumors via the processes of
angiogenesis, enhanced metastasis, and immune evasion and therapy resistance’®?*. While
TAMs adopt tumor-supportive M2-phenotype, their phenotype is flexible. Therefore, given
the relevant conditions, macrophages can be reprogrammed with immunosuppressive

activity.
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Figure 1.2 Macrophage phenotype modulation in the tumor microenvironment.

Various cell signaling molecules released by cells present in the tumor microenvironment

can modulate macrophages towards either a pro- or anti-inflammatory phenotype. This

image was created with biorender.com.
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1.3.2 Role of M2 TAMs in Immune Suppression

M2-type macrophages dampen the immune response in the tumor
microenvironment by secreting immunosuppressive factors including IL-10, IL-13, TGF-
B, and human leukocyte antigen G (HLA-G)**. In addition, M2-type macrophages can
directly communicate with myeloid-derived suppressor cells (MDSC) and substantially
dampen anti-tumor T-cell responses’. M2 TAMs are also characterized by an increased
expression of immune-suppressing ligands, including programmed cell death ligand 1 (PD-
L1) and cytotoxic T-lymphocyte antigen 4 (CTLA4)*°. PD-L1 and CTLA4 are well-known
immune checkpoints for cytotoxic T-cells and are characterized by their ability to impair
the capacity of cytotoxic T-cells to kill cancerous cells present in the tumor
microenvironment®®®®. In investigations of individuals with hepatocellular carcinoma
(HCC), higher levels of PD-L1 expression by tumor-associated macrophages (TAMs) were
associated with worse clinical outcomes than those with lower PD-L1 expression®.
Recently, M2 TAMs were also found to express B7-H4, an immunosuppressive surface
ligand, and it has been shown that B7-H4" TAMs decrease CD4" T-cell proliferation and

IFN-production more than B7-H4~ TAMs, resulting in increased immunological evasion

and suppression by TAMs”’.

1.3.3 Role of M2 TAMs in Cancer proliferation, Angiogenesis, and Metastasis

Cancer is characterized by a number of distinct features, one of which is
uncontrolled growth. Tumor associated M2 macrophages are able to produce growth
factors including transforming growth factor beta (TGF-B) and epidermal growth factor
(EGF) that have the potential to have a direct impact on the proliferation of cancer cells'*

191 ‘These growth factors enhance tumor proliferation by activating signaling pathways that

prevent apoptosis, promote proliferation and invasion, and promote metastasis'®.
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Similarly, tumor associated macrophages contribute significantly to angiogenesis’®.
Angiogenesis is a vital process for the longevity of cancerous tissue since it provides
nutrition and oxygen for its continued development. TAMs have been identified in animal
models of ovarian, cervical, prostate, breast and cervical cancer as playing a crucial role
in tumor angiogenesis'?”. TAMs can detect hypoxia in tumors and stimulate matrix
metallopeptidase 9 (MMP9) expression at greater levels. This increased MMP9 promotes
the breakdown of extracellular matrix and the liberation of bioactive vascular endothelial
growth factor A (VEGFA) in the tumor microenvironment'”, Tumor associated
macrophage also contribute to the beginning of metastasis through the production of pro-
angiogenic cytokines and growth factors'® 1%, Studies conducted in vitro have shown a
relationship between the release of TNF-f3 by macrophages and an increase in the activity
of the PI3K and AKT signaling pathways, which in turn promotes cell migration and
invasion!®> 1% TGF-B is a tumor suppressing protein that impedes proliferation and
promotes apoptosis in the early stages of tumor growth!®’. However, as the tumor
progresses, tumor cells eventually overcome the inhibitory effects of TGF-B. TGF-B
then initiates the epithelial-mesenchymal transition (EMT), which promotes invasion and
metastasis'’. TGF-p is overexpressed in several malignancies and M2 TAMs and
this overexpression is linked to tumor growth, metastasis, angiogenesis, and a dismal

prognosis'®.

1.3.4 Role of M2 TAMs in Resistance to Cancer Therapies

M2 tumor associated macrophages play an important role in inflicting resistance to
multiple cancer therapies’® (Figure 1.3). It has been found that tumor associated M2
macrophages are more resistant to radiation therapy than pro-inflammatory M1
macrophages making it challenging to treat cancer'”. TAMs that have an M2-phenotype

also play a role in resistance to anti-angiogenic treatment by boosting the number of M2-
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like macrophages in the tumor microenvironment (TME) following treatment with anti-
angiogenic drugs!!. TAMs are subject to phenotypic alterations as a result of
chemotherapy’®. It was shown that the expression of genes associated with epithelial-to-
mesenchymal transition was elevated in macrophages that had been treated with cisplatin
and were cocultured with ovarian cancer cell lines'!!. Treatment of tumors in mice with
paclitaxel or carboplatin was negated by an enhanced secretion of IL-10 from tumor
associated macrophages, leading to a downregulation of IL-12 expression by dendritic
cells and a suppression of CD8" T-cell mediated anti-tumor activity''?. TAMs are also a
potential contributing factor in patients' resistance to immunotherapy that blocks immune
checkpoints. M2 tumor associated macrophages express ligand molecules including PD-
L1 or PD-L2 for check-point receptors, PD-L1/2 may hijack anti-checkpoint ligand

monoclonal antibodies, making them ineffective cancer treatment' !>,
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Figure 1.3 Tumor supportive role of M2 TAMs in the tumor microenvironment.

Different growth factors, cytokines, chemokines, or membrane proteins expressed by M2
TAMs in the tumor microenvironment help with angiogenesis, metastasis,
chemoresistance, and shutting down the immune system. This image was created with

biorender.com.
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1.3.5 TAMs-based Cancer Therapy

Because TAMs are predominantly present in the tumor microenvironment and
significantly contribute to immune suppression, tumor proliferation, angiogenesis, and
metastasis, researchers are focusing on the development of newer therapeutics that target
TAMs. Some of these treatments have been created with the intention of either inhibiting
the recruitment of new TAMSs, killing off existing TAMSs, or reprogramming TAMs such

107 Because colony-stimulating factor-1 (CSF-1) is one of

that they have an M1 phenotype
the well-known tumor-derived factors that leads to monocyte recruitment via CCL2/CCR2
interaction, CCR2 blocking medications can inhibit TAM recruitment''*. Some success has
been seen with CCR2 inhibitors or anti-CCL2 monoclonal antibodies in pre-clinical murine
breast cancer models!!'> 1'®. However, when anti-CCL2 therapy was stopped, mouse breast
cancer models showed a resurgence effect, which led to more circulating monocytes getting
into the tumor microenvironment and accelerated lung metastasis'!”.

Other sets of therapies aim to deplete = TAMs present in the tumor
microenvironment aiming to stop the activities of TAMs in tumor growth and therapy
resistance. The colony-stimulating factor-1 (CSF-1) and colony-stimulating factor-1
receptor (CSF-1R) interaction is an intriguing target for lowering the quantity of TAMs
since CSF-1 is essential for macrophage survival and proliferation'’’. In a preclinical
mouse model, the monoclonal antibody emactuzumab targets CSF-1R, lowering the
number of TAMs and boosting the CD8*/CD4" T-cell ratio in the TME!'8. The use of
small molecules such as PLX3397 that block CSF-1R boosted CD8" T-cell infiltration and
enhanced therapeutic response in many mouse tumor models''. While targeting the CSF-

1/CSF-1R route looks to be a promising strategy, studies have shown that long-term CSF-

IR inhibition might lead to PI3K pathway activation and therapeutic resistance over time®’.
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Another treatment paradigm that shows promise is a technique for reprogramming
tumor-supportive M2 macrophages to a tumor-killing M1 phenotype!?’. TAMs are the
most numerous immune cell type in the tumor microenvironment. The repolarization of
macrophages to an anticancer phenotype bears theoretical promise since a greater M1/M2
ratio in the tumor microenvironment corresponds with improved survival results in cancer

patients'?!

. Numerous approaches to repolarizing M2 TAMs have been investigated, all
with the intention of improving precise targeting and reducing the number of unintended

side effects.

1.3.6 Reprogramming TAMs for Cancer Immunotherapy

Accomplishing successful reprogramming of TAMs towards an M1 phenotype as
shown in Figure 1.4 could be a clinically effective strategy to quench the pro-tumor
activities and promote the anti-tumor immunity executed by macrophages present in the
tumor microenvironment’® 122, Existing strategies to selectively re-modulate macrophage
physiology include the use of small molecules, including toll-like receptor (TLR)

123

agonists = and tumor necrosis factor superfamily receptor (TNFSR) agonists. However,

such molecules modulate multiple cell types, thereby inducing systemic toxicity'?.
Besides, the use of small molecules for therapeutic applications is compromised because
of their rapid degeneration, inability to enhance anti-tumor functions in the recipient
macrophages, and increased toxicity if used for prolonged periods. Other alternative
approaches for macrophage reprogramming include the use of genetic materials, including
in vitro transcribed mRNA, siRNA delivered using nanoparticles!??. While such
therapeutic approaches show modest ability to reprogram M2 like TAMs to Ml
phenotypes, specificity remains challenge'??. Liposomes loaded with therapeutics have

been employed as nanocarriers as an alternative to small molecules and TLR-agonists;

nevertheless, liposomes display non-specific targeting and are susceptible to clearance by
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the immune system!'?*

. Additionally, endogenous extracellular vesicles (also known as
EEV5s) that are produced by immune cells have been employed as an alternate method to
convert TAMs into M1-like cells'?®. Exosomes, which are generated by M1 macrophages
as a result of normal physiological processes, have only recently been used in an effort to

reprogram M2-TAMs in the direction of an M1 phenotype!?

. Although exosomes have
innate targeting specificity and the capacity to change macrophage phenotype in the
microenvironment of a tumor, EEV-based treatments are restricted due to their poor
manufacturing yield and the difficulty of separating the components'?°. Nanovesicles
formed from immune cells provide a number of benefits, including a high yield, the
capability to target the cells from which they were created, and the capacity to reprogram

the polarization of immune cells'?’.
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Figure 1.4 Reprogramming TAMs for cancer immunotherapy.
Modulating tumor-supportive M2 TAMSs towards a tumor-killing M1 phenotype is one of

the many immunotherapy approaches for treating cancer. This image was created with

biorender.com.
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1.4 Drug Delivery Systems

Treatment of cancer by conventional methods, including chemotherapy or
immunotherapy, involves a systemic drug administration approach wherein drug molecules
not only interact with the targeted tumor cells or immune cells but also with all other cells
in the body. This strategy results in undesirable side effects, including the death of normal
cells or an undesired immunological response. An alternative to this form of therapeutic
administration is the delivery of therapeutic agents to the specific cells of interest.
Researchers have recently become very interested in discovering an ideal drug delivery
system that can be loaded with almost any type of drug molecule, is less immunogenic and
biocompatible, can reach the targeted site selectively, and can release the drug continuously
at the targeted site for a long time'?®. Synthetic drug delivery systems like nano-
formulations such as gold nanoparticles'?’, carbon nanotubes'*’, liposomes'*!, polymeric

nanoparticles'*? and dendrimers'3?

are often used for targeted delivery to the specific tissue
of interest. Similarly, endogenously released extracellular vesicles (EEVs) including
exosomes, and microvesicles offer multiple advantages for their use as a drug delivery

system. A brief description of the commonly used DDSs is as follows.

1.4.1 Liposomes

When it comes to targeted therapeutics delivery, liposomes are by far the most
prevalent and extensively researched drug delivery systems. Liposomes are synthetic
vesicles that have a spherical structure and can be manufactured using cholesterol and
phospholipids'**. Liposomes may vary in size from 30 nm to several micrometers',
Liposomes possess an aqueous center surrounded by one or more lipid bilayers as in Figure

L.5.
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Figure 1.5 Liposome for therapeutic delivery.

Liposomes are spherical vesicles made up of at least one lipid bilayer surrounded by an
aqueous core. Hydrophilic drug molecules can be trapped into the aqueous center, whereas
lipophilic molecules can be loaded in the lipid bilayer. This image was created with

biorender.com.
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Hydrophilic drug molecules can be trapped inside of the vesicles whereas lipophilic cargo
can be adsorbed onto the vesicle’s phospholipid bilayer!> 136, Liposomes have been

utilized to encapsulate and securely transfer a wide array of therapeutics including
antioxidants, cloned genes, recombinant proteins, and anticancer drugs, to the target
tissue'3> 137, Liposomes-based cancer therapeutics recently created a lot of excitement after

attaining FDA approval'®8

. While liposome-based therapeutics have been shown to be
beneficial for a variety of biomedical applications, their efficacy is compromised by several
biological obstacles, including clearance by immune cells present in the reticuloendothelial

system (RES)!¥.

1.4.2 Exosomes

To overcome the limitations of liposome-based drug delivery systems, recently
scientists have developed exosomes, extracellular vesicles secreted endogenously by most
eukaryotic cells involved in cell-cell communication, as therapeutic delivery systems.
Exosomes are nanosized lipid bilayer membrane bound vesicles generated naturally by
most eukaryotic cells'*. The size of the exosome ranges from 30-100 nm. Exosomes have
many advantages as a drug delivery system. Firstly, they contain different types of
membrane proteins, lipids, DNA, mRNA and miRNA specific to the cell from which they
were originated which helps not only in intercellular communication, but also carrying
biological information between such cells'*!"1** (Figure 1.6). The smaller size of exosomes
(50-100 nm) makes them stable in the blood for a prolonged period after administration
into the body. Furthermore, exosomes are highly biocompatible and less immunogenic thus
avoiding phagocytosis by macrophages'*® 144,

The process of exosome formation often begins when an endocytic vesicle is

produced from the inward budding of the small region of the plasma membrane of the cell

as shown in Figure 1.7. Next, during the process of maturation of the endocytic vesicle,
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tiny vesicles are formed within the lumen. Intraluminal vesicles contain biological cargo
associated with cells, such as proteins, membrane receptors, and genetic materials. The
endosomes that have developed fully and include intraluminal vesicles are referred to as
multivesicular bodies (MVBs). The MVBs either target the intraluminal vesicles to the
lysosomes to begin the process of destruction, or the MVBs travel to the cell surface and
fuse with the cell membrane, resulting in the release of these vesicles from the cell. The
intraluminal vesicles released by this process are called extracellular vesicles. Extracellular
vesicles whose diameter is below 100 nm are called exosomes.

Exosomes have many advantages as a drug delivery system. Due to significant
clinical breakthroughs made in recent years, immunotherapy for cancer has garnered an
unusual amount of interest. In the field of cancer immunotherapy, the use of endogenously
released extracellular vesicles (EEVs) has helped to alleviate some of the difficulties posed
by immunotherapy. Because of the multiple advantages they offer, EEVs have become one
of the natural biomaterials that are highly favored for use in immunological engineering
and therapeutic delivery. Herein , we provide a concise summary of the applications of the

most commonly used EEVs for the treatment of cancer.
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Figure 1.6 Exosome for drug delivery.

An exosome is an endogenously released extracellular vesicle that has a hydrophilic center
surrounded by a lipid bilayer. In the aqueous center, there are biological molecules like
proteins, MRNA, and miRNA. However, the outer lipid bilayer membrane expresses a

large number of plasma membrane proteins. This image was created with biorender.com.
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Figure 1.7 Possible mechanism of exosome release by eukaryotic cells.

The process of exosome formation starts at the cell membrane when cells internalize

membrane receptors by inward budding of the plasma membrane to form an endosome.

Early endosomes undergo maturation to form multivesicular bodies that contain

intraluminal vesicles. Multivesicular bodies, when fused with the plasma membrane,

release exosomes into the extracellular space. This image was created with biorender.com.
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1.4.2.1 Cancer Cell Released Exosomes

EEVs produced by tumor cells offer several useful characteristics for cancer
treatment, including prolonged circulation, targeting specificity, and antigen stimulation.
Tumor cell derived EEVs express the innate immunological checkpoint CD47, a negative
signal of phagocytosis'#’, and therefore can avoid being consumed by macrophages. This
helps them to persistently circulate in the body for a prolonged period of time!S. In
addition, EEVs from tumor cells house surface adhesion molecules including N-cadherin
and galectin-3, which allow these vesicles to specifically target the tumor tissue in vivo'*"
148 Furthermore, EEVs from tumor cells inherit tumor antigens and may therefore be
endowed with immunological adjuvants for the production of cancer therapeutics'#-!>!,
While use of EEVs offer several advantages, some of the tumor cell-expressed
immunosuppressive proteins, including as PD-L1, Galectin-9, and Siglec-15, may be

housed in these vesicles and limit the activity of tumor-infiltrating lymphocytes!32-154,

1.4.2.2 Immune Cell Released Exosomes

Bone marrow stem cells differentiate into immune cells, including lymphocytes (B
cells and T cells), antigen-presenting cells (macrophages and dendritic cells), neutrophils,
and natural killer (NK) cells'*>1%8, Extracellular vesicles, including exosomes released by
these immune cells, are known for executing multiple functions ranging from the activation
of innate as well as adaptive immunity to wound healing, cancer cell proliferation, and
metastasis'>% 10,

Mesenchymal stem cells (MSCs) are an important class of immune cells present in
the tumor microenvironment. It has been shown that MSC-secreted EVs, when delivered

in vivo, show immune tolerance, and could execute immunomodulatory functions by

transporting factors from the parent cell to the targeted cell'®’. Fattore et al. recently
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discovered that the EVs released from MSCs execute immunosuppressive functions on
regulatory T cells'®>. Lee et al. studied the role of MSC-derived EVs on breast cancer and
found that exosomes from mesenchymal stem cells reduce the expression of vascular
endothelial growth factor (VEGF) in breast cancer cells, which inhibits angiogenesis'®*.
Recently, it has been shown that through the activation of hepatocyte growth factor,
microvesicles that are generated from human Wharton's jelly mesenchymal stem cells are
able to increase the proliferation and aggressiveness of human renal carcinoma cells'®.
While MSC-derived EVs are safe and low-immunogenic drug delivery systems, depending
on the nature and stage of progression of the tumor, EVs from MSCs may either inhibit or
enhance tumor growth!%S,

Lymphocytes including T cells, and B cells execute the majority of adaptive
immune responses. While T lymphocytes contribute to cellular immunity, B cells

maintain humoral immunity'¢’

. Recently, Tung et al. isolated extracellular vesicles from
regulatory T-cells (Treg) and found that Treg-derived EVs modify the dendritic cell
function by miRNA transfer'®® In another study, Lu et al. isolated CD4" T cell-derived
extracellular vesicles from activated CD4" T cells and used those EVs for in vivo delivery
in mice'®. They found that mice treated with Treg vaccine had a strong humoral immune
response. In addition, they discovered that Treg EVs promote activation, proliferation, and
antibody production by B cells. These results indicated that EVs isolated from CD4" T
cells could be used as an immunomodulatory therapeutic platform to enhance humoral
immune responses'®. Zhang et al. found that CD19* EVs isolated from B cells could inhibit
CDS8" T cell-mediated immune responses, thereby reducing the efficacy of chemotherapy
used for tumor treatment' .

Recently, EVs isolated from antigen-presenting cells like dendritic cells and
macrophages have attracted huge interest in the scientific community for their potential use

in cancer immunotherapy. Dendritic cell (DC)-derived EVs were found to express major

histocompatibility complexes (MHC) class I and class Il molecules that could interact with
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proteins on activated T cells, stimulate anti-tumor immunity, and promote Thl cell

secretion of interferon (IFN-y)!7!-173

. The majority of EVs released by mature DCs
contained IFN-y, a proinflammatory cytokine that can elicit an anti-tumor immune
response' . EVs isolated from mouse bone marrow dendritic cells (BMDCs) have been
shown to activate CD8" T cells to inhibit tumor growth!”>. EVs made from BMDCs caused
B cells to develop strong antibody-specific immunity and provided long-term protection'”.
Cheng et al. recently showed that when mice were injected subcutaneously with exosomes
from pro-inflammatory (M1) macrophages, the exosomes had a strong affinity for lymph
nodes and were mostly taken up by the neighboring antigen-presenting cells. This caused
the release of multiple pro-inflammatory cytokines, indicating EVs from M1 macrophages
could be used in cancer vaccines as an immunopotentiator'’®. In another study Zhengtian
Li and colleagues revealed that miRNA-16-5p housed in the EVs from M1
macrophages improved the T cell-mediated immune response by reducing the expression
of PD-L1. This resulted in an inhibition of the development of gastric cancer both in vitro
and in vivo'”’.

During activation or apoptosis, platelets often release extracellular vesicles
(EVs)!7®. EVs from platelets are one of the most common types of EVs in the circulatory
system!”®. In recent years, researchers have shown interest in the development of
therapeutics using platelet-derived extracellular vesicles for cancer immunotherapy.
Recently, Wang et al. successfully delivered anti-PDL1 (programmed-death ligand
Imonoclonal antibody) engineered platelets to mice bearing partially removed primary
melanomas (B16-F10) or triple-negative breast carcinomas (4T1)'%". Platelet-derived
vesicles then release anti-PDL1, which targets circulating tumor cells and significantly
increases the overall survival of mice after surgery by lowering the risk of cancer relapse
and metastasis'®’.

Using extracellular vesicles from immune cells as a way to deliver drugs has many

benefits, such as a low risk of causing an immune response, the ability to present tumor

30



antigens, the ability to deliver endogenous cargo, and the ability to target tumor

146 However,

microenvironment in vivo, and ability to modulate the immune cells
challenges including high production costs, and cumbersome separation process demand
other convenient alternatives for cancer immunotherapy. Although EVs have been proved
to be an efficient drug delivery vehicles and are created in considerable quantities, the
industrial translation of natural EEVs is limited by their poor yield and high manufacturing

COStSl44’ 181.

1.4.3 Cell-Engineered Nanovesicles

While endogenously released extracellular vesicles (EVs) are widely used as
therapeutic delivery systems because of their immunological tolerance and natural
targeting capabilities, the heterogeneous composition, onerous purifying procedures,
ineffective medication loading, limited yield, and uncertain scalability of EVs pose
obstacles to their clinical translation'8* ¥, But the problems with EV-based therapies could
be overcome by using vesicles that are made by breaking up the cellular membranes'®?.
Artificially generated nanovesicles from cell membranes can overcome a variety of
challenges seen in vivo because they retain the inherent features of the parent cells. These
vesicles can be generated in high yields and retain the useful properties of endogenously
released EVs. In addition, the nanovesicles made from cell membranes can be easily loaded
with different cargo inside them or on the surfaces of therapeutically loaded nanovesicles.
Here, we discuss the advantages as well as challenges of using various cell membrane-

based drug delivery methods.
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1.4.3.1 Cancer Cell-Engineered Nanovesicles

Cancer cells are characterized by the presence of membrane-bound tumor antigens,
the ability to evade immune system clearance and the presence of homolytic cell adhesion
properties® ', Inspired by these unique properties, nanovesicles have been made by
disrupting cancer cells so that these nanovesicles can be used as a therapeutic platform for
cancer immunotherapy. In a recent study, Lin et al. generated curcumin-loaded
nanovesicles by serially extruding B16F10 melanoma cells through filters with cut-off
sizes of 10 um and 5 um'®2. They demonstrated these nanovesicles not only inhibit cancer
cell growth but also activate lymphocytes for anti-tumor immunity. Similarly, Kroll et al.
employed B16F10 cancer cell membranes to generate CpG-PLGA encapsulated
nanovesicles which when administered subcutaneously successfully activated DCs, which
in turn stimulated antigen-specific T cells!®. The cancer cell membrane-bound tumor
antigens MART1, TRP2, and GP100 were found to be present on the particles'. Using
cancer cell membrane-derived nanovesicles as a DDS has some benefits, like being able to
target a tumor in an animal's body selectively. However, their therapeutic use is limited by
the fact that when injected into the body, these vesicles may cause cancer cells to grow!*®-
188 Recently, vesicles made from the membranes of immune cells have been used instead
of vesicles made from cancer cells because they are safe, less likely to cause an immune

response, and can be used to target specific cells.

1.4.3.2 Immune Cell-Engineered Nanovesicles
As a result of the expression of immune-related receptors and immune-modulating

proteins that they contain, membranes generated nanovesicles from immune cells are

becoming an increasingly popular topic of study. Neutrophils, T cells, macrophages,
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dendritic cells (DC), and natural killer cells are among the immune cells that may be used
as a source of membrane for generating nanovesicles for drug delivery.
In a recent study, Gao et al. developed a nanovesicle-based drug delivery system

189 Using intravital

by employing nitrogen cavitation to quickly disrupt active neutrophils
imaging on living mouse cremaster venules, researchers determined that these vesicles
preferentially bind inflammatory vasculature because they contain intact integrin 2
targeting molecules. In addition, the administration of nanovesicles containing TPCA-1
(an NF-kB inhibitor) significantly reduced acute pulmonary inflammation in mice'®’. In
another study, Cao et al. developed neutrophil membrane-derived nanoparticles loaded

1'%, a natural anti-cancer drug. When given intravenously, the membrane-

with celastro
coated nanoparticles preferentially accumulated in the pancreatic tumor tissue and greatly
reduced the development of the tumor. This finally resulted in treated animals having a
survival rate that was almost three times higher than that of the control mice!®.

T-cell membrane-decorated nanoparticles are resistant to tumor-induced immune
suppression and can neutralize PD-L1 expression on tumors and TGF-B1 in the tumor
microenvironment!®!, Kang et al. recently made nanoparticles using T-cells and showed
that, unlike cytotoxic T-cells, these nanoparticles are resistant to the molecules that cancer
cells make that stop the immune system from working, such as transforming growth factor-
1 (TGF-B1) and programmed death-ligand 1 (PD-L1)!°!. In addition, these nanoparticles
exhibit enhanced immunotherapy efficacy by preferentially targeting the tumor site,
releasing therapeutics, and initiating apoptosis through Fas ligands. In a recent study,
chimeric antigen receptor-engineered T cells (CART-T cells) that make antibodies for

glypican-3 expressed in hepatocellular carcinomas were used to make nanovesicles with

the goal of improving nanovesicles' ability to target tumors'*2.
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Nanovesicles generated from antigen-presenting cells (APCs), including
macrophages and dendritic cells, have been found to mimic the properties of exosomes.
Zang et al. recently generated cell-derived nanovesicles by extruding U937 and RAW
264.7 immortalized macrophages, and they discovered that the therapeutic-loaded
nanovesicles travel specifically to tumor tissue and inhibit the development of tumors
without causing the deleterious effects that are seen with equivalent amounts of free

medication!**.
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Figure 1.8 Use of cell-engineered vesicles for macrophage reprogramming. This image was

created with biorender.com.
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1.5 Novel Approaches for Generating Cell Engineered Nanovesicles

Recently, artificially generated cell membrane derived nanovesicles have shown
potential for their use as drug delivery vehicles. These nanovesicles exhibit the positive
features of exosomes, including low immunogenicity and the ability to specifically target
the cell of origin. These vesicles can be generated with high yields; therefore they have the
potential to be utilized in personalized medicine. Multiple innovative techniques that can
load therapeutics more effectively, manufacture vesicles at high yields while maintaining
low costs, and have the needed high yields for commercial manufacturing have been

implemented for this purpose.

1.5.1 Extrusion

Extrusion is a technique often employed to generate artificial exosome-like
nanovesicles with a regulated size distribution'®* %, In this technique, cells are forced to
pass across the pores of definitive sizes present in the polycarbonate membrane (Figure
1.9). By serially extruding cells over the filters with decreasing pore sizes, it is possible to
transform cells into nanovesicles of uniform small size while preserving the distribution of
cell membrane-anchored proteins'*. For extrusion-based methods, nanovesicles are
typically manufactured utilizing a commercially available liposome extruder'®. Jang et al.
originally generated exosome-mimetic nano-sized vesicles by passing human myeloid
leukemia U937 cells and Raw 264.7 mouse macrophage cells across filters with decreasing
pore sizes of 10, 5, and 1 micron, and then subjecting the mixture to density gradient
ultracentrifugation (UC) at 100,000xg'*. Using this technique, they were able to obtain
nanovesicles that maintained the features of endogenously released exosomes for their

shape, size, protein markers, and anticancer activity after being loaded with
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chemotherapeutics'#. In addition, the same protocol for extrusion has been extensively
used to generate nanovesicles from a variety of cells for specific functions. For example,
nanovesicles made from embryonic stem cells can speed up the growth of new cells!®,
Nanovesicles made from NIH3T3 cells have been used to deliver siRNA effectively!®’, and
nanovesicles made from mesenchymal stem cells can be used as an effective drug delivery
system to treat breast cancer or spinal cord injuries!*®. In addition, Yang et al. found that
nanovesicles generated from epithelial MCF10A cells can deliver siRNA to MCF-7 breast
tumor cells and, therefore, execute anticancer functions and reduce the expression of CDK4
protein'®’. Tao et al. produced nanovesicles loaded with a high concentration of LncRNA-
H19 from human embryonic kidney (HEK) 293 cells and discovered that these
nanovesicles had a stronger potential to counteract the impact of hyperglycemia on cell
regeneration®?’.

For the production of nanovesicles, extrusion steps and the pore diameter of filters
may be adjusted. Choo et al. lowered the pore size of the membrane filter to 1 um, 400 nm,
and 200 nm and generated M1 macrophage-generated nanovesicles from RAW264.7 cells
that were treated with LPS201. Wu et al. recently used extrusion techniques to make
nanovesicles from brain-derived endothelial cells in high yields. They did this by
increasing the number of extrusion steps to 10 um, 5 pm, 1 pm, 400 nm, and 200
nm202. Even though the extruding method has been used a lot lately to make exosome-
like vesicles, the yield of the nanovesicles is often lower because samples are lost during
the process and the steps are less controlled because they are done by hand193. In addition,
with extrusion steps being carried out at room temperature, the stability of the biological

cargo, including membrane proteins, can be of concern.
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Figure 1.9 Generation of cell-derived nanovesicles by extrusion.
Cell-derived vesicles are generated when the cells in the solution are forced to move

through a series of polycarbonate filters with decreasing pore size. This image was created

with biorender.com.
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1.5.2 Filtration-based Method

The filtration-based method, like extrusion, can be used to generate nanovesicles
by using a series of membrane filters with varying pore sizes. Filtration-based approaches
for generating exosome-like nanovesicles are more precise and demand less labor than
those of the manual extrusion method!**. Jo et al. recently devised a mechanical system
that eliminates the need for ultracentrifugation, which is usually carried out for the

purification of nanovesicles?®.

Using this technique, large-scale production of
nanoparticles can be achieved by the application of centrifugation forces to pass the cells
through membrane pores (10 pm and 5 pm). Centrifugal force elongates cells, ruptures
them, and assembles the cellular fragments into nano-sized vesicles. This technology

yielded nanovesicles with an exosome-like morphology and a vesicle diameter?*®

. Using
this method, they also found that the nanovesicles made from mouse embryonic stem cells
could carry RNA to target cells and trigger cell signaling pathways®®*. By employing spin
cups equipped with two membrane filters (10 um and 8 pm), Goh et al. streamlined the
device and decreased the number of steps involved in vesicle production. Furthermore,
they used U937 cells to generate nanovesicles with a size distribution comparable to

exosomes'?®. However, the yield of the nanovesicles obtained from this process is quite

low.

1.5.3 Generating Vesicles with Sonication

Sonicators are often used to disrupt both bacterial as well as eukaryotic cells in
solution into nano-sized fragments. The membrane fragments would then instantaneously

rearrange to form nanospheres called nanovesicles. Nanovesicles thus generated maintain
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the topology of the cellular membranes while excluding the luminal components and
therefore mimic the properties of exosomes!®*. Go et al. used sonication to make
nanovesicles that were filled with dexamethasone?®. They found that the nanovesicles
were the same size and had the same physical properties as normal exosomes, but their
yield was 200 times higher. In addition, these nanovesicles are capable of successfully
delivering dexamethasone to endothelial cells to reduce the systemic inflammatory
response caused by the outer membrane vesicles of gram-negative bacteria’®. In another
study, He et al. used sonication process to produce ibuprofen-loaded liposomes (IBU-
Lip)**. Sonication methods have also been employed to load drugs in exosomes. Recently,
Myung et al. generated paclitaxel encapsulated exosomes by sonicating exosomes in the
solution containing paclitaxel*’®. The reformation of the membrane fragments resulting as
a consequence of sonication led to a significant increase in therapeutic loading efficiency

as well as sustained release of drug®®

. While sonication offers multiple advantages
including ability to generate nanovesicles as well as load therapeutic cargo, sonication-
based vesicle generation method is compromised by the excessive heat that results during

the fragmenting process.

1.5.4 Generating Vesicles with Nitrogen Cavitation

207

While nitrogen cavitation was used initially to homogenize cells*”’ and to disrupt

mammalian tissue’”®, in recent years this technique has been used for a plethora of

209,210 organelle preparation®!!, and vesicle

applications, including membrane preparation
generation?!® 212 Nitrogen cavitation-based vesicle generation involves the uniform
exposure of cells in solution to high-pressure N> in a prechilled nitrogen decompressor
(Figure 1.10), followed by the fast release of pressure, which results in the development of

gas bubbles that break the cellular membrane. These membrane fragments then

rearrange to produce spheres, called vesicles'®. Through a series of centrifugation steps,
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vesicles may be isolated from the cellular detritus®'?

. Nitrogen cavitation based-vesicle
generation technique offers multiple advantages over other mechanical disruption
techniques. First, cellular samples are maintained at a lower temperature during the vesicle
generation process as opposed to sonication or extrusion-based methods. This helps not
only to maintain the chemical composition of the cell medium but also the biological
integrity of the vesicles generated. Second, since nitrogen bubbles are created inside each
individual cell during decompression, the nitrogen cavitation process is less restricted by

cell size, sample size, and sample concentration?!?

. Nitrogen cavitation also provides more
reliable findings since the force exerted by the N> gas at higher pressure is evenly delivered
across the sample, which may be replicated with similar pressures?'®-2!4, Third, the solution
in which cells are suspended during cavitation is contained in the vesicles, which is one
benefit of this technique. Thus, medicines or other cargos can be efficiently captured in
vesicles during vesicle production®'?. Recently, Gao et al. used the nitrogen cavitation
technique to efficiently produce extracellular vesicles (EVs)-like nanovesicles from

neutrophils'®?

. A nitrogen cavitating vessel was filled with neutrophils in solution, which
were then subjected to nitrogen cavitation twice at 400 — 500 psi and 0 °C. The nitrogen
cavitation technique produces neutrophil derived nanovesicles that retain their targeting
molecules and can specifically target the inflamed vasculature. Additionally, a thorough
analysis of size, shape, and protein markers revealed that nitrogen cavitation-generated
nanovesicles are comparable to naturally occurring endogenously released extracellular
vesicles except that these nitrogen cavitation-based nanovesicles contain fewer genetic
materials. Also, piceatannol-loaded nanovesicles were generated using nitrogen cavitation
and showed that drug-filled nanovesicles could inhibit the NF-kB pathway activation in

endothelium'®?

. Overall, nitrogen cavitation is a unique method for effectively producing
exosome-like cell-derived nanovesicles for therapeutic applications, and this technique

might be extended to a broad spectrum of cell types for tailored nanomedicine.
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Figure 1.10 Nitrogen cavitation system for generating vesicles from mammalian cells.
Mammalian cells in solution were first kept in the nitrogen decompressor vessel and
nitrogen gas was introduced. Cells get ruptured and form spherical vesicles when the valve
is opened. This solution of vesicles was purified from the cell lysate by serial

centrifugation. This image was created with biorender.com.
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CHAPTER 2. MACROPHAGE-ENGINEERED VESICLES FOR THERAPEUTIC
DELIVERY AND BIDIRECTIONAL REPROGRAMMING OF IMMUNE CELL
POLARIZATION
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Snell, A. A.; Gensel, J.C.; Kolesar, J.; Richards, C. I. “Macrophage-Engineered Vesicles
for Therapeutic Delivery and Bidirectional Reprogramming of Immune Cell Polarization”.
ACS Omega 2021, 6, 3847-3857. Copyright © 2019 American Chemical Society
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2.1  Summary

Macrophages, one of the most important phagocytic cells of the immune system,
are highly plastic and are known to exhibit diverse roles under different pathological
conditions. The ability to re-polarize macrophages from pro-inflammatory (M1) to anti-
inflammatory (M2) or vice versa offers a promising therapeutic approach for treating
various diseases such as traumatic injury and cancer. Herein, it is demonstrated that
macrophage engineered vesicles (MEVs) generated by disruption of macrophage cellular
membranes can be used as nanocarriers capable of reprogramming macrophages and
microglia towards either pro- or anti-inflammatory phenotypes. MEVs can be produced at
high yields and easily loaded with diagnostic molecules or chemotherapeutics and
delivered to both macrophages and cancer cells in vitro and in vivo. Overall, MEVs show
promise as potential delivery vehicles for both therapeutics and their ability to controllably

modulate macrophage/microglia inflammatory phenotypes.
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Figure 2.1 Schematic illustrating the approach of generating vesicles.
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Fully differentiated unstimulated macrophages (MO0) are polarized into either pro-
inflammatory macrophages (M1) or anti-inflammatory macrophages (M2). Nitrogen
cavitation is then used to fragment the cellular membranes of these cells generating M1-
engineered vesicles (M1EVs) or M2-engineered vesicles (M2EVs). Vesicles are then
separated from cellular fragments by serial centrifugation. These vesicles are then

delivered to either unstimulated or polarized macrophage to shift the polarization toward

the polarization type of the MEVs.
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2.2 Background

Macrophages are an essential component of the innate immune system where they
play a diverse role. Macrophage function includes clearing waste material such as cellular
debris and participating in tissue repair and remodeling that occurs during wound
healing.?!> They also serve as a defense against bacterial infections and other pathogens
largely through phagocytosis.?!® 217 Additionally, they are integral to the initiation of an
adaptive immune response through their antigen presenting capabilities.?!® As a result of
this versatile role, macrophages exhibit a range of functional activities which are often
driven by stimuli in the surrounding environment.?!® Macrophages exist in a continuum of
polarization states between a pro-inflammatory phenotype, classified as M1, and an anti-
inflammatory phenotype, classified as M2.22° The polarization state is often mediated by
environmental signals such as cytokines, fatty acids, and components from microorganisms
such as lipopolysaccharides (LPS).?*! 222 Pro-inflammatory macrophages are characterized
by the production of nitric oxide and the release of high levels of inflammatory cytokines
including IL-12, TNF-o, and IL-1B.2!* Anti-inflammatory macrophages secrete cytokines
which can dampen the immune response such as IL-10 and IL-4.2%

The expression of specific macrophage cytokines is implicated in the progression
of several disease states. For example, recent studies have shown that macrophages are
involved in the progression of cancer, inflammatory diseases, and infectious diseases.??* In
the tumor microenvironment, macrophages exhibit an anti-inflammatory phenotype and
are known as alternatively activated or tumor-associated macrophages (TAMs).??> While
IFN-y and IL-12 release by pro-inflammatory macrophages have an anti-angiogenic effect
and can block the formation of the new blood vessels in the tumor microenvironment,

TAM s suppress production of these cytokines.?*5*° Factors released by cancer cells in the
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tumor microenvironment cause TAMs to become tumor supportive assisting in growth,
tissue remodeling, angiogenesis, and metastasis.??”> 2*! Tumor progression is further
supported by TAMs which produce reduced levels of the major histocompatibility complex
(MHC)-II which suppresses the anti-tumor adaptive immune response.>*>2*3 Macrophages
also play a critical role in the inflammatory response such as during spinal cord injury
(SCI).2* As the blood-brain barrier is compromised following SCI, peripheral
macrophages rapidly invade the spinal cord and contribute to both pathological and
reparative  processes.”> While pro-inflammatory macrophages contribute to
neurodegeneration and tissue loss after SCI, anti-inflammatory macrophages contribute to
tissue remodeling and axon regeneration.*>3® Control of macrophage phenotype through
the ability to shift therapeutically between pro-inflammatory and anti-inflammatory
polarizations has been proposed as a potential treatment for diseases such as some types of
cancer and traumatic injury.?* 2% Under different pathological conditions, macrophages
exhibit heterogeneity across a continuum of polarization states. The ability to repolarize
macrophages from one phenotype to another is a promising technique which might enable
alternative forms of treatment for several diseases. For example, repolarizing TAMs
towards a pro-inflammatory phenotype is an attractive means to sensitize cancer to
immunotherapy.?*!-2*? Similarly, repolarizing pro-inflammatory macrophages toward anti-
inflammatory phenotypes thereby reducing the potential neurotoxic effects of M1
macrophages could be a promising approach for treating SCI and stroke,??3 238 243

The expression of specific macrophage cytokines is implicated in the
progression. Studies have shown that endogenous extracellular vesicles (EEVs) such as
exosomes obtained from immune cells like macrophages and dendritic cells possess the
ability to repolarize TAMs to pro-inflammatory macrophages in the tumor
microenvironment.?® 2% 24 Degpite their promise in shifting macrophage phenotype as a
therapeutic approach, EEV based therapies are still challenged by low production yields

and difficulties in separating target vesicles from other similarly sized vesicles.'* Vesicles

47



artificially generated from cellular membranes have been found to mimic many of the
properties of EEVs, 128 144, 212, 242, 245247 Er example, recent studies demonstrated that
vesicles derived from cellular membranes of RAW264.7 cells can stimulate anti-
inflammatory macrophages toward a pro-inflammatory phenotype. Studies have also
shown that cell derived vesicles from tumor cells exhibit targeted delivery back to the cell
of origin.?!?

In the present study, we generated vesicles from mouse bone marrow derived
macrophages (BMDMs) and demonstrate that we can tune their capability to repolarize
macrophages toward either pro- or anti-inflammatory phenotypes. We also characterized
these macrophage engineered vesicles (MEVs) to show they are similar in size to EEVs

and exhibit cell targeting capability for delivery of therapeutics to both cancer cells and

macrophages.
2.3 Methods

Animals: We used 2-5 months old wild type C57BL/6 mice to extract bone marrow
cells. Animals were properly accommodated in IVC cages by providing enough food and
water. All experiments were performed following the guidelines of the National Institute
of Health and were approved by the Institutional Animal care and use committee at the
University of Kentucky.

Cell Culture: Bone marrow-derived macrophages (BMDMs) were isolated from
both tibias and femurs of wild type mice at 2-5 months of age as previously reported.?’- 243
Briefly, mice were first anesthetized and then killed by cervical dislocation. After removing
femurs and tibias from the carcass, the bone marrow was extracted by a 10 mL syringe
loaded with Roswell Park 1 Institute (RPMI) Medium into a 50 mL centrifuge tube. The
bone marrow in media was then triturated with 18-gauge needle until a single cell

suspension was obtained followed by centrifugation at 1,200xg for 5 minutes. The
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supernatant was carefully removed, and cells were resuspended in 4 mL of RBC lysis
buffer (0.15 M NH4Cl, 10 mM KHCOs3, and 0.1 mM Na4EDTA) followed by swirling by
hand for 3 minutes. 6 mL of RPMI media was then added followed by centrifugation at
1200xg for 5 minutes. The supernatant was aspirated off and the cells resuspended in
differentiation media (RPMI supplemented with 10% Fetal Bovine Serum (FBS), 1%
penicillin/streptomycin (PS), 1% HEPES, 0.001% B-mercaptoethanol, 1% Glutamine and
20% supernatant from sL.929 cells) and plated in T-175 cell culture flasks in differentiation
media. sL929 cell lines were maintained in RPMI media supplemented with 10% FBS, 1%
PS and 1% glutamine. The supernatant from sL.929 cells contains macrophage-colony
stimulating factor (MCSF) which is essential for differentiating bone marrow cells into
macrophages. Differentiation media was replaced on days 2, 4, and 6 and the cells were re-
plated on day 7 at a cell density of 1x10° cells/mL in re-plating media (Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% FBS, 1% Glutamine and 1%
PS). On day 8 cells were stimulated to M1 (LPS (20 ng/mL; Invivogen) + IFN-y (20 ng/mL;
eBioscience)) or M2 (IL-4 (20 ng/mL); eBioscience) macrophages, while the unstimulated
macrophages from day 7 were termed MO macrophages. For cytokine analysis, the
supernatant from stimulated cells, macrophage conditioned media (MCM), was collected
after 24 hours. Vesicles were added after 12 hours of stimulation and the supernatant was
collected after 24 hours of vesicle addition to M1 or M2 macrophages. The MCM obtained
was collected into eppendorf tubes and stored at -80 °C until the analysis was done.
Primary cultures of microglia were prepared from postnatal P2 to P4 pups from
C57BL/6 mice. Briefly, pups were decapitated, and brains were kept in petri dishes filled
with ice-cold Hank’s Balanced Salt Solution (Ca2+, Mg2+, NaHCO3, phenol red). Brains
were dissected, and the hippocampal region was extracted for microglia isolation and
culture. The tissues were then minced, and cell suspension was made. The cell suspension
was treated with 2.5% trypsin (Quality Biological), incubated and finally resuspended in

the astrocyte culture media containing DMEM with 10% FBS and 1 % PS. Cells were
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incubated at a density of 2 million on a poly-L-lysine coated T75 flask containing astrocyte
culture media. Cell culture media was changed every 3 days until the flask was confluent
with cells. Microglia were detached from astrocytes and oligodendrocytes by shaking the
flasks for 30 minutes at a speed of 180 rpm.

The mouse neuroblastoma cell line (also known as Neuro-2a or N2a) were
maintained in N2a cell culture medium composed of 44% DMEM, 45% OPTI-MEM
reduced-serum medium, 10% FBS and 1% PS. 40,000 N2a cells were plated in each well
of a 96-well plate in N2a media supplemented with 20 uM retinoic acid (Sigma-Aldrich)
and allowed to differentiate for 24 hours. Retinoic acid helped N2a cells to differentiate
into cells with neuron like properties.?** On day 1, the differentiation media was exchanged
for 100 pL of various macrophage conditioned media (MCM) in 20 uM retinoic acid and
two controls with and without 20 uM retinoic acid. Cells were further incubated for 48
hours, and the neurotoxicity of MCMs was evaluated using an alamar blue cell proliferation
assay.

Human lung cancer (A549) cells were maintained in A549 cell culture medium
composed of 89% DMEM, 10% FBS and 1% PS. 40,000 A549 cells were plated in each
well of a 96-well plate and left to incubate for 12 hours at 37 °C. After 12 hours, the old
growth media was removed carefully being sure not to disturb the cells and was exchanged
with A549 cell media containing cisplatin-loaded macrophage (M0, M1 and M?2)
engineered vesicles or empty (M0, M1 and M2) vesicles. After 24 hours of incubation at
37 °C, the media was aspirated off and 100 puL of optimem was added followed by 20 uL
of alamar blue for the cell viability assay.

Cell Viability Assay: For cytotoxicity assays, the cell media from each well of a 96-
well plate was exchanged for 100 pL of Optimem (Invitrogen) followed by the addition of
20 pL of alamar blue. Cells were then incubated for 35-45 minutes until a uniform purple
coloration was developed. The resulting fluorescence was measured using Tecan 96-well

plate reader equipped with an excitation filer set to 535 nm and the emission filter set to
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595 nm. All measurements were done in quintuplicates (5 different wells) and at least three
independent experiments were carried out.

MEVs Isolation: Completely differentiated macrophages from day 8 were used to
generate macrophage engineered vesicles. The macrophage cell media was aspirated off
from the flask containing macrophages and the cells were first washed with PBS. 3 mL of
PBS were further added to each flask, and cells were detached by scraping them followed
by resuspension in PBS. The cell suspension from all flasks was first collected into a 50
mL tube, and the total number of cells were counted using a hematocytometer. The cell
slurry collected in the previous step was then centrifuged at 1200 rpm at 4 °C for 5 minutes
and the obtained pellets resuspended in 10 mL PBS supplemented with protease inhibitor.
To fragment the cellular membrane and generate the vesicles, cells were then subjected to
a pressure of 300 psi for 5 minutes in a prechilled nitrogen gas decompressor (Parr
Instruments Company, IL, USA) on ice. The pressure was rapidly released to generate
fragmentation resulting in vesicles. The fragmented cell mixture including vesicles was
centrifuged at 4000xg for 10 minutes at 4 °C. The pellet obtained was discarded but the
supernatant centrifuged at 10,000xg for 20 minutes at 4 °C. The supernatant was again
subjected to ultracentrifugation at 100,000xg for 60 minutes at 4 °C to pellet the remaining
nanovesicles. The pellet was washed 5 times with PBS before being resuspended in 500
pL PBS buffer.

MEYV Characterization: MEVs were generated by nitrogen cavitation followed by
series of centrifugation steps as discussed above. Mean diameter, concentration, and zeta
potential of MEVs were determined via nanoparticle tracking analysis (NTA) using a
Nanosight 300 and a ZetaView PMX-120. Similarly, MEV stability was determined using
dynamic light scattering (DLS). A ZetaPALS potential Analyzer (Brookhaven
Instruments) was used to collect the DLS measurements.

MEYV Labeling: Cells were detached from the flask and counted and resuspended

in 9.9 mL of PBS. 100 uL of 100 mM fluorescein was added to the cell suspension so that
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the final concentration of fluorescein becomes 1 mM in the cell suspension. The cell
solution was fragmented using nitrogen cavitation and the vesicle pellet was obtained. The
pellet was then washed with PBS to remove any unincorporated fluorescein inside the
vesicle. Vesicles were then resuspended in 1 mL of PBS and transferred to a clean
ultracentrifuge (UCF) tube where the vesicle suspension was diluted to 4 mL in PBS. For
the complete removal of free dye, the diluted vesicle suspension was re-centrifuged at
100,000xg for 60 minutes at 4 °C. The supernatant from centrifugation was discarded and
the pellet was washed with 1 mL PBS buffer. 500 pL of PBS was added to the UCF tube
and the pellet was resuspended by pipetting several times. Dil was then added to the vesicle
resuspension such that the final concentration of the dye becomes 2 uM and left to incubate
for 30 minutes at 37 °C. Dil is a lipophilic dye which gets incorporated into the lipid bilayer
of the vesicle. The free dye molecules were separated from the fluorescently labeled
vesicles using a size exclusion spin column (PD MidiTrap column). The column was
equilibrated first by running 15 mL of PBS through the column and the column centrifuged
at 1000g for 2 minutes to remove any remaining PBS from the column. Then, 500 puL of
vesicle solution was added carefully onto the center of the column from the top and
centrifuged at 1000g for 2 minutes to obtain Dil labelled vesicles loaded with fluorescein.

MEVs Imaging: Dil or fluorescein-labeled vesicles were generated as discussed
previously and deposited onto a glass bottom dish before imaging them using fluorescence
microscopy. Dil-labeled vesicles were imaged using a 532 nm laser of 1.9 mW power with
a gain of 990 and an exposure time of 200 ms. Similarly, fluorescein-loaded vesicles were
imaged using a 488 nm laser of 0.8 mW power with a gain of 990 and an exposure time of
200 ms.

Confocal Imaging: A Nikon A1R laser scanning confocal microscope equipped
with a 60X oil objective was used for confocal imaging of macrophages that had taken up
dye labelled vesicles. Thus obtained images were analyzed with Nikon image processing

software>",
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MEVs Uptake: 100 million M1 and 110 million M2 macrophages were used to
prepare M1EVs and M2EVs respectively for the study of MEVs uptake by M1 or M2
macrophages. MEVs were generated and labelled with Dil as mentioned previously. From
total 500 pL of each vesicle suspension, 50 puL of Dil-labelled vesicles were then added
separately to each glass bottom dish containing 90,000 M1 or M2 macrophages. Imaging
was done at 0.5, 1, 1.5 and 2 hours using a fluorescence microscope equipped with a 20X
objective with an exposure time of 32 milliseconds. The macrophage media with
fluorescently labeled vesicles was first removed and the cells were washed twice with 1
mL L-15 prior to the addition of 1 mL L-15 to the cells for imaging.

Cisplatin-loaded MEVs: 100 million MO, M1 or M2 cells were used to generate
macrophage-derived, cisplatin-loaded vesicles and deliver them to A549 cells.
Macrophage media was first aspirated off and 3 mL of PBS was added to each flask prior
to scraping them. The cell solution was collected into a 50 mL centrifuge tube and the
number of cells was determined using a hematocytometer. The cell solution was pelleted
at 2000xg for 2 minutes at 4 °C. The supernatant was discarded, and cells were resuspended
in 8 mL of 8.33 mM cisplatin solution made in PBS with 1 tablet of protease inhibitor. The
cell solution was nitrogen cavitated using a pre-chilled nitrogen decompressor on ice at
300 psi for 5 minutes. The cell lysate obtained was centrifuged at 4000xg for 10 minutes
at 4 °C. The pellet thus obtained was discarded and the obtained supernatant was
centrifuged at 10,000xg for 20 minutes at 4 °C. The supernatant obtained was again
subjected to ultracentrifugation at 100,000xg for 60 minutes at 4 °C to collect the pellet
containing cisplatin-loaded nanovesicles. This final pellet was first washed with 1 ml of
PBS twice and resuspended in 750 uL of PBS. Empty vesicles were generated using the
same procedure discussed above but in the absence of cisplatin.

Cisplatin Concentration in MEVs: The concentration of cisplatin loaded in vesicles
was determined using ICP-OES.?!? Cisplatin loaded MEVs were first treated with 1%

Triton X-100 to dissolve the lipid bilayer followed by 70% nitric acid treatment to release
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platinum from cisplatin. The resulting solution was further incubated on a heat block at 60
°C for 2 hours followed by dilution to 5 mL such that final nitric acid concentration was
10% for analysis using ICP-OES. A standard curve using platinum standards in 10% nitric
acid solution was used to determine the concentration. Ytterbium was used as an internal
standard to compensate for the internal drift of the instrument. We have previously shown
that vesicles generated by nitrogen cavitation are stable with no apparent cisplatin leakage
for 72 hours.?'

Cytokine Analysis: MEVs were generated as described before. MIEVs were
generated from 100 million M1 macrophages and resuspended in 500 pL of PBS. The
number of vesicles present in the resuspension was determined using nanoparticle tracking
analysis. 5.49x10° M1EVs were added into each well of a 24-well plate containing 1
million MO and M2 macrophages in 950 pL of re-plating media. The plate was left to
incubate at 37 °C for 24 hours. After 24 hours of incubation, MCM was collected in an
Eppendorf tube (1mL) and later used for pro-inflammatory cytokine analysis. M2EVs were
generated as before using M2 macrophages. 7.6x10° M2EVs were added to each well
containing M0 and M1 macrophages. The plate was left to incubate at 37 °C for 24 hours
before collecting the media for cytokine analysis. We performed a mouse pro-
inflammatory seven-plex assay following the manufacturers protocol. Briefly, 25 pL of
calibrators and MCM were added to each wells of a capture antibodies precoated MSD
well plate. The plate was then allowed to incubate for an hour and detection antibody was
added into each well of the MSD. After vigorously shaking the plate for an hour it was then
washed with 0.5% tween PBS. Read buffer was finally added to each well and analyzed on
the MESO SECTOR imager from Meso Scale Discovery. Standard curves were obtained
by fitting the electrochemiluminescence signal from calibrators using Meso Scale Delivery
Workbench analysis software.

In vivo Delivery: A549 cells (1 x 10°) were injected subcutaneously into the

interscapular region of 6 week old athymic nude mice. The mice were monitored until
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palpable xenograft tumors developed greater than 200 mm>. M1EVs were generated using
100 million M1 macrophages by the procedure mentioned above. A NanoSight 300
multiple particle tracking system was used to determine the mean diameter and the
concentration of MEVs. M1EVs were then labelled with DiR near-infrared fluorescent dye.
Briefly, 1 uL of 1 mM DiR was added to the 199 pL of vesicle resuspension so that the
final concentration of the DiR in the vesicle resuspension was 5 uM. DiR labeled vesicles
were separated from free DiR using a size exclusion PD MidiTrap column equilibrated
with PBS. 100 puL of DiR labelled M1EVs were then injected into the lateral tail vein of
tumor-bearing mice. Isoflurane gas was used to anesthetize mice for imaging 72 hours post-
injection using an IVIS Spectrum In Vivo Imaging System (PerkinElmer) controlled with
Livinglmage software (PerkinElmer). Epifluorescence images were acquired using 710 nm
excitation and 760 nm emission filters, f/stop number 4 and binning factor 4, with a 35
second exposure.

Statistical Analysis: Statistical analyses were performed using Origin 2018. All
data were expressed as mean = SEM. At least three independent biological replicate
experiments were performed for each condition (n > 3). Two sample t-test or ANOVA
with Post Hoc Tukey’s HSD test were done when appropriate and results were considered

statistically significant at p-value less than or equal to 0.01.

2.4 Results and Discussions

2.4.1 Characterization of Macrophage Engineered Vesicles (MEVs)

Macrophage engineered vesicles (MEVs) are generated through mechanical
disruption of the cell membrane into nanosized fragments which reform into vesicles. Here
we used a prechilled nitrogen decompressor and maintained bone marrow derived
macrophages at a pressure of 300 psi for at least 5 minutes. The sudden release of pressure

causes the cell membrane to fragment, and because the phospholipids composing the
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membrane are amphipathic, the hydrophobic effect drives these fragments to
spontaneously form vesicles in aqueous solutions. These vesicles are separated from
cellular debris by a series of centrifugation and ultracentrifugation steps as depicted in
Figure 2.1. Vesicles are generated in the presence of the solution in which the cells were
initially suspended leading to the encapsulation of any hydrophilic therapeutic or other
cargo present in the aqueous solution during vesicle generation. Figure 2.2A shows a
fluorescence image of MEVs generated by nitrogen cavitation in the presence of a
fluorescein containing solution. Fluorescein is a fluorescent dye that is soluble in an
aqueous medium and is entrapped within the vesicles during their formation. Green
punctate regions in the fluorescence image indicate the presence of fluorescein inside the
vesicles and the successful loading of cargo during vesicles generation. Similarly, MEVs
can be labeled with a lipophilic dye such as Dil. The fluorescence image in Figure 2.2B
shows red punctate regions corresponding to Dil incorporation into the vesicle membrane.

To determine the yield of MEVs during nitrogen cavitation, we performed multiple
particle tracking to extract both the size distribution of vesicles and their concentration.
Particle tracking (NanoSight 300) determines particle size based on diffusion rates and the
concentration by counting the number of particles in a defined volume. Vesicles generated
from approximately 100 million M1 bone marrow-derived macrophages in culture using
nitrogen cavitation yielded 5.5%10'° vesicles (M1EVs). Similarly, 100 million M2
macrophages yielded 6.9x10'? vesicles (M2EVs). The size distribution of MEVs generated
by nitrogen cavitation at 300 psi is primarily between 100-200 nm which is similar to that
of exosomes.?! 2> The mean diameter of M1EVs was found to be 144.6 nm (Figure 2.2C)
and that of M2EVs was found to be 137.8 nm. (Figure 2.2D). We further measured the zeta
potential of MEVs suspended in PBS buffer and found that M1EVs had a zeta potential
value of -104+2 mV and M2EVs had a zeta potential of -844+2 mV. A large negative value
for the zeta potential indicates the stability of MEVs in aqueous solution.!* 23255 These

initial characterization studies show that vesicles from BMDMs can be generated with
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similar size as exosomes. Additionally, we were able to produce a large number of vesicles
from a relatively small volume of tissue culture without the need to wait for long periods
of time for the production of EEVs through normal physiological processes.

We next tested the stability of MEVs over time to determine their potential
suitability as a drug delivery vehicle where they would be required to circulate within the
human body for a period of time before delivery of cargo to a specific site. We tested the
stability of MEVs generated by nitrogen cavitation by incubating them in solution for three
consecutive days. We monitored vesicle size over time to determine the extent of
aggregation. The size of MEVs remained relatively constant for the first two days
signifying the stability of MEVs over that interval. After 48 hours, the stability gradually
decreased as shown by the increase in the size of the vesicles (Figure 2.2E). Thus, in
addition to their high yields, MEVs are also stable for times compatible with the likely

circulation time needed for therapeutic delivery.

57



a
n
o

Mean Diameter = 144.6 nm
Zeta Potential =-104 2 mV

0.8
0.6
0.4

Relative Concentratio

o o
n

.0
0 100 200 300 400 500

100 pm Diameter (nm)

n
o -
(o] o
1 L

Mean Diameter =137.8 nm
Zeta Potential =-84£2 mV

e o
~ o
1 Y

50

S
N
N

Relative Concentratio!
Effective Diameter (nm)

o

.04 0
0 100 200 300 400 500 0 1 2 3
Diameter (nm) Time (Days)

Figure 2.2 Macrophage-engineered vesicle (MEV) characterization.

(A) Fluorescence image of macrophage engineered vesicles (MEVS) loaded with a
fluorescent dye (fluorescein) during vesicle generation illustrating the principle of
encapsulation of cargo by MEVs. (B) Fluorescence image of MEVs labeled with lipophilic
dye, Dil. (C) Size distribution of pro-inflammatory macrophage-engineered vesicles
(M1EVs) measured by nanoparticle tracking analysis. (D) Size distribution of anti-
inflammatory macrophage-engineered vesicles (M2EVs). The effective diameter of the
vesicles generated by nitrogen cavitation was between 100-200 nm. (E) The effective
diameter of M1 vesicles in PBS for 3 days measured using dynamic light scattering. (F) A
3D confocal image of an M2 macrophage after delivery of fluorescein (interior)-loaded
M1EVs labeled with Dil (lipid bilayer) showing clear uptake of vesicles on the surface and

inside by macrophages.
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2.4.2 MEV Delivery to Macrophages.

Previous studies have shown that vesicles generated from cellular membranes can
be used as efficient therapeutic delivery vehicles to deliver cargo to the interior of the
cell.2!? In order to investigate the ability of MEVs to deliver cargo into the interior of
macrophages, we first generated MEVs from BMDMs stimulated to be M1 (INF-y + LPS)
and loaded with fluorescein. The M1EVs were labeled concomitantly with the lipophilic
dialkylcarbocyanine fluorescent dye, Dil, which embeds into the lipid bilayer of the
vesicles. Both fluorescent labels were separated from unloaded dye using a size exclusion
column. We then incubated BMDMs stimulated with IL-4, to generate M2 cells, with the
MI1EVs. After incubation with these M2 macrophages, we observed bright fluorescence
after 2 hours when imaged with confocal microscopy both under 488 nm (Fluorescein) and
532 nm (Dil) excitation. M1EVs were evident inside of M2 macrophages as shown from
the fluorescence puncta both inside and on the membrane of macrophages (Figure 2.2F).
At two hours after incubation, most vesicles remain intact and isolated on the membrane
as well as inside of the cell.

After confirming the delivery of M1EVs onto M2 macrophages, we next performed
a set of experiments to determine if vesicles generated from M1 and M2 BMDM:s possess
different macrophage targeting capabilities. We generated Dil-labeled vesicles from an
equal number of M1 or M2 macrophages. We then determined the efficiency of delivery
to M1 and M2 macrophages by measuring the fluorescence signal at various time points

over 2 hours. We added M1EVs and M2EVs separately to M1 or M2-stimulated BMDMs.
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Figure 2.3 Macrophage targeting specificity.

(A-D) Widefield fluorescence images of M2 Macrophages showing the time dependent
uptake of Dil-labeled M1EVs by M2 macrophages, scale bar = 30 pm. (E) Comparison of
M1EVs delivered to M1 macrophages (black) versus M1EVs delivered to M2 macrophages
(red). (F) Comparison of M2EVs delivered to M1 macrophages (black) versus M2EVs
delivered to M2 macrophages (red). (G) Comparison of M2 Macrophages with M1EV
delivery (green), M2 macrophages incubated with dynasore (80 uM) for 30 minutes prior
to M1EVs addition (gold), and M2 macrophages with M1EV delivery in the presence of
DMSO (delivery vehicle) (red). Each datapoint is the average of five independent replicates
(n = 5). Norm. ID is the mean integrated density of the image normalized to the mean
integrated density value of M2 Macrophages before adding vesicles. The data are presented
as the mean * standard error of mean (SEM). **p < 0.01 indicates a significant difference

in the vesicle uptake by macrophages at respective time points.
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Vesicles were then rinsed from the cells, and the cells were subsequently imaged
using wide-field microscopy. We found time dependent uptake of MEVs by macrophages
(Figure 2.3A-D). While both M1EVs and M2EVs were efficiently delivered to M1 and M2
macrophages, M2 macrophages showed a higher uptake of both MIEVs and M2EVs
compared to M1 macrophages (Figure 2.3E-F).

Dynamin activity is an integral component of both endocytosis and
phagocytosis.?>® 257 Dynasore, a dynamin inhibitor, has been widely used to study the
process of internalization of exosomes from the surface of macrophage.>*® 2°% 2% Recent
studies showed that the knockdown of dynamin 2 almost completely inhibited the uptake
of exosomes by RAW264.7 macrophage like cells.?®® Since MEVs mimic exosomes, we
next investigated whether they exhibited a similar mechanism of vesicle internalization by
macrophages. We compared the uptake of fluorescently labeled M1EVs by M2 BMDMs
in the presence and absence of dynasore. Dynasore (80 uM) was added to cultured
macrophages 20 minutes prior to the addition of labeled vesicles. M2 macrophages were
left to incubate with M1EVs for 2 hours and subsequently imaged by wide-field
microscopy. We found that dynasore had no effect on the cell viability and macrophages
looked morphologically similar with and without treatment. We calculated the integrated
density of the fluorescence signal to compare the uptake of M1EVs by M2 macrophages.
We found that the dynasore resulted in 64% reduction in uptake of vesicles relative to the
control (Figure 2.3G). We performed similar vesicle uptake control experiments in the
presence of the vehicle, DMSO, at equal concentration. We found that there was no
significant effect of DMSO on the M1EV uptake process by M2 macrophages relative to
the control with no DMSO or dynasore. Macrophages are well established phagocytotic
cells. The loss of cellular uptake with dynamin inhibition coupled with the observation of
intact vesicles inside macrophages indicates that macrophages are likely internalizing
vesicles via phagocytosis. These results demonstrate that MEVs exhibit similar properties

as exosomes and are able to target macrophages.
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2.4.3 MEVs Reprogram Macrophage Phenotype.

Previous studies have shown that exosomes generated from M1 or M2 macrophages
can be used to differentiate naive macrophages into corresponding pro- or anti-
inflammatory phenotypes.'?> 26! After confirming that MEVs can be delivered to
macrophages, we tested their ability to differentiate naive (M0) macrophages. M1EVs were
generated using nitrogen cavitation from cultured M1 macrophages and then delivered to
MO macrophages to compare cytokine production from MO macrophages, MI
macrophages, and MO macrophages incubated with M1EVs. Macrophage-conditioned
media (MCM) was extracted from the cell culture of each sample. We performed a Meso-
Scale Delivery Sevenplex ELISA assay that simultaneously tested for seven mouse pro-
inflammatory cytokines (IFN-y, IL-10, IL-12p70, IL-1B, IL-6, KC/GRO and TNF-a) in the
cell culture supernatant. We observed clear pro-inflammatory markers from MI
macrophages and virtually no measurable levels for most of the cytokines in the MO culture
(Figure 3A). We also found that M1EVs can reprogram M0 macrophages toward an M1
phenotype as evidenced by the increased production of each of the pro-inflammatory
cytokines (n = 3/group) from undetectable to 6+6% (IFN-y), 45+2% (IL-10), 29+1% (IL-
12p70), 81£63% (IL-1B), 12+5% (IL-6), 36£13% (KC/GRO) and 20+8% (TNF-a) of the
average concentration seen for M1 macrophages (Figure 2.4A). These results verified that
MIEVs can stimulate MO BMDMs toward a pro-inflammatory phenotype. We did not
observe a shift toward a pro-inflammatory phenotype when M2MEVS were added to MO
macrophages. Our results reinforce the claim that MEVs exhibit similar properties as
exosomes and can be used to polarize naive macrophages.

We next performed a set of experiments to determine the effect of vesicle delivery
on macrophages that have already been polarized toward a specific phenotype. We
examined the ability of pro-inflammatory vesicles to influence anti-inflammatory

macrophages as well as the ability of anti-inflammatory vesicles to influence pro-
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Figure 2.4 Reprogramming macrophage polarization with MEVs.

(A) Measurement of the proinflammatory cytokines and nitric oxide (NO) released by MO,
M1, and M2 macrophages compared to the production of cytokines released after M1EV
delivery to M2 and MO macrophages. Both MO and M2 macrophages are polarized towards
an M1 phenotype upon interaction with M1EVs in vitro. (B) Quantification of pro-
inflammatory cytokines and NO expression by M0 and M1 macrophages when incubated
with M2EVs for 24 hours in vitro. Pro-inflammatory cytokines released by M1 macrophage
are significantly reduced upon interaction with M2EVs which shows M2EVs are capable
of re-programming M1 macrophage towards an M2 phenotype. Each data point is the

average of at least 3 experiments (n=3). The data are presented as the mean £ SEM.
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inflammatory macrophages. To test the capability of MEVs to reprogram already
polarized macrophages, we treated cultured M2 BMDMs with M1EVs and compared the
cytokine production from M1 macrophages, M2 macrophages, and M2 macrophages
exposed to M1EVs. For M2 macrophages that had been treated with M1EVs, we found
significant increase in the production of cytokines (n = 3/group)from undetectable to
10£1% (IFN-y), 91+20% (IL-10), 37+12% (IL-12p70), 77+30% (IL-1pB), 44+20% (IL-6),
85+£27% (KC/GRO) and 55+£18% (TNF-a) of the average concentration seen for Ml
macrophages (Figure 2.4A). We further performed a Griess assay to assess the nitric oxide
(NO) presence in MCM collected from M1, M2 and M2 macrophages that were incubated
with M1EVs. We found a significant increase in the production of nitric oxide from
negligible initial amounts in M2 to 41+0.4% of the average concentration seen for M1
macrophages when M2 macrophages were treated with M1EVs. Comparing M2 vs. M0
macrophages treated with M1EVs, M1EVs were able to induce a greater increase in pro-
inflammatory indicators in M2 macrophages. Control studies showed that MEVs
themselves only have marginal amounts of cytokines and that would not be responsible for
the amounts seen after the shift (Table 3.1). These results indicate that M1EVs can
repolarize M2 bone marrow-derived macrophages toward a pro-inflammatory M1
phenotype as evidenced by the increase in inflammatory cytokine production.

We also added M2 vesicles to cultured MO macrophages and compared the cytokine
production from M1 macrophages, M0 macrophages and M0 macrophages incubated with
M2EVs (Figure 2.4B). We found that upon incubation of M0 macrophages with M2EVs,
MO macrophages did not produce most of the proinflammatory cytokines indicating
M2EVs do not induce most of the proinflammatory properties in target MO macrophages
(Figure 3B). This indicates that the delivery of vesicles themselves are not simply
generating a proinflammatory response that was seen only with M1EV delivery. We further
compared the cytokine production from M1 macrophages, M2 macrophages and M1

macrophages incubated with M2EVs. We observed clear pro-inflammatory markers from
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M1-macrophages but virtually no levels for most of the pro-inflammatory cytokines in the
M2 culture. We further observed a clear decrease in the levels of all the pro-inflammatory
markers for M1 macrophages that were incubated with M2EVs (Figure 2.4B). M2EVs
significantly attenuated cytokine released by M1 macrophages by 99% (IFN-y), 85% (IL-
10), 74% (IL-12p70), 9% (IL-1B), 72% (IL-6), 78% (KC/GRO) and 96% (TNF-a) of the
average concentration seen for M1 macrophages (Figure 3B, S5). We also observed a
significant reduction (49%) in NO production by M1 macrophages that were incubated
with M2EVs compared to the average concentration seen for M1 macrophages. This
indicates that M2EVs can reprogram M1 macrophages away from a proinflammatory
phenotype. This has important implications on the use of MEVs to reprogram macrophage
phenotype as part of a therapeutic approach. The phenotype used to generate MEVs
appears to dictate their ability to reprogram both naive and already polarized macrophages
toward a desired phenotype. The ability to alter macrophage inflammatory properties could
be an important therapeutic tool to reprogram anti-inflammatory macrophages to a

proinflammatory phenotype.
2.4.4 Repolarization of Microglia

Microglia are immune cells present in the central nervous system.?®? Like macrophages,
microglia are also polarized to M1 and M2 phenotypes and play pro- and anti-inflammatory
roles, respectively.?® To determine if macrophage derived vesicles are able to reprogram
microglia phenotypes, we delivered vesicles derived from macrophages to primary
microglia cells in culture. We induced M2 microglia polarization using IL-4. M1EVs
generated from bone marrow derived M1 (LPS + INF-y) macrophages were then added to
cultured M2 microglia to compare the cytokine production from M1 microglia, M2

microglia, and M2 microglia incubated with M1EVs. We observed clear pro-inflammatory
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markers from M1 microglia and virtually no measurable levels for most of the cytokines
in the M2 microglia culture. We also observed an increase in the levels of all the pro-
inflammatory markers for M2 microglia that were incubated with M1EVs (Figure 2.5). The
ability of M1EVs to reprogram M2-polarized microglia toward a proinflammatory (M1)
phenotype in a controlled fashion suggests that we can reprogram both macrophage and
microglia inflammatory properties by the delivery of vesicles that are targeted to specific
cell types. Furthermore, similar to macrophage exosomes, MEVs can deliver
corresponding signals to unstimulated macrophages and differentiate them into specific
phenotypes. This has implications for therapeutic approaches where the goal is to either
initiate or suppress a proinflammatory response.

The ability of MEVs to reprogram immune cells is likely due to membrane bound proteins
on the surface of the vesicle. As they are derived from parent immune cells, MEVs carry a
wide range of transmembrane proteins, membrane bound cytokines, and other cell
signaling endogenous ligands. These proteins can interact with membrane receptors on the

target cell initiating signaling cascades that lead to repolarization.
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Figure 2.5 Quantification of cytokine released by microglia.

Cytokine released by M1 microglia, M2 microglia and M2 microglia that were incubated

with M1EVs. Each data point is the average of at least 3 experiments. The data are

presented as the mean + SEM. One-Way ANOVA was done to test the statistical

significance of the result.
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2.4.5 Macrophage Induced Neurotoxicity

Classically activated M1 macrophages, stimulated with LPS + IFN-y, are
neurotoxic and contribute to neuronal degeneration by releasing high levels of specific pro-
inflammatory cytokines and oxidative metabolites such as nitric oxides.??* 2% Pro-
inflammatory cytokines such as TNF-a, IFN-y, IL-12 and IL-6 have been found to involved
in neuronal death.?®>-267 Alternatively activated, M2 macrophages do not induce cell death
but rather help the repair process by releasing growth factors and anti-inflammatory
cytokines.?*® 237 Recent studies showed that azithromycin (AZM), a frequently used
macrolide antibiotic, also possesses the ability to reduce macrophage-mediated
neurotoxicity by altering macrophage phenotype from pro-inflammatory to anti-
inflammatory.?** 2% We sought to determine if MEV induced reprogramming of M1
macrophages toward an M2 phenotype could moderate neurotoxicity in a similar fashion
to AZM.?>* We used LPS + IFN-y to stimulate an M1 macrophage phenotype and IL-4 to
stimulate an M2 phenotype. We generated vesicles from M2 macrophages and then
exposed M1 macrophages to M2 MEVs which reduces the production of pro-inflammatory
cytokines (Figure 2.6B). We collected supernatant from M1 macrophages and Ml
macrophages that had been exposed to M2EVs for 24 hours. Media from both conditions
were used to separately treat differentiated Neuro-2A (N2a) cells. N2a cells are a mouse
neural crest-derived cell line which possess the ability to differentiate into cells with neuron
like characteristics. We found that media from M1 macrophage resulted in a 40% reduction
in neuron viability relative to the control media (Figure 2.6A) (n = 5/group). We further
found that media collected from M1 macrophages that had been exposed to M2EVs for 24
hours resulted in no significant reduction in neuron viability relative to the control (Figure
2.6A). This is likely due to the significant reduction of proinflammatory cytokines by M1
macrophages upon incubation with M2EVs (comparable to AZM treated M1 cells, Figure

2.6B) and the corresponding increase in neuron viability suggest that proinflammatory
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Figure 2.6 Macrophage mediated neurotoxicity.

(A) The effect of macrophage-conditioned media on the viability of differentiated N2a cells
was determined using a cell viability assay for control cells with growth media (pink), for
supernatant from M1 macrophage culture (green), and for supernatant from M1
macrophage culture after treatment with M2EVs (blue). (B) Comparative study of the
ability of M2EVs and azithromycin (AZM) in solution (10 uM) to reprogram M1
macrophages towards an M2 phenotype. Each data point is the average of five independent
replicates (n = 5). **p < 0.01 indicates results are statistically significant. The data are

presented as the mean + standard error of mean (SEM).
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cytokines released by M1 macrophages play a major role on the cytotoxicity of N2a
cells. These results also indicate that reprogramming M1 macrophages toward an anti-
inflammatory phenotype using M2EVs is comparable to an immunomodulatory
pharmacological agent and reduces the cytotoxicity normally observed with pro-

inflammatory macrophages.

2.4.6 MEVs for Therapeutic Delivery

Previous studies have shown that vesicles generated from A549 (lung carcinoma)
cells can target as well as deliver chemotherapeutics to the same cell type from which they
were generated. 22 There is some concern about the use of cancer cell derived vesicles for
drug delivery because of the potential for these vesicles to be cleared by the body’s immune
system and that these vesicles might increase the metastatic potential. We tested MEVs to
determine if they had similar targeting and therapeutic delivery features as was previously
observed for cancer cell vesicles. MEVs lack any cancer characteristics and would not
increase the metastatic potential. We first performed an experiment to determine the
targeting ability of MEVs for A549 cells. We generated vesicles from macrophages and
labeled them with Dil. We then determined the efficiency of delivery of MEVs by
measuring the fluorescence signal at time points over 4 hours. We observed an increase in
the fluorescence intensity over time resulting from an uptake of MEVs by the A549 cells.
The uptake of MEVs by A549 cells suggests that MEVs can serve as a potential drug

delivery vehicle in the delivery of chemotherapeutics (Figure 2.7A).
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- MEVs onto A549 cells

Figure 2.7 Targeting of MEVs onto A549 cells.

(A) Increasing fluorescence intensity of A549 cells over time dure to the uptake of
fluorescently labeled MEVs. (B) Bright field image of A549 cells. (C) Fluorescence image
of A549 cells that had taken up Dil-labeled MEVs. Each datapoint is the average of five
independent replicates. Norm. ID is the mean integrated density of the image normalized
to the mean integrated density value of A549 cells prior to vesicles addition. The data are

presented as the mean £ SEM (n=5).
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We next determined if MEVs could be loaded with cisplatin and delivered to cancer
cells while maintaining the efficacy of the therapeutic. We also compared the specificity
of cisplatin-delivery onto A549 cells using MOEVs, M1EVs and M2EVs (Figure 2.8A).
We found that empty MOEVs and M2EVs had no significant effect on A549 cell
proliferation. However, M1EVs resulted in 10% A549 cell death in 24 hours. We further
generated cisplatin loaded-MOEVs (Cs-MOEVs), -M1EVs (Cs-M1EVs) and -M2EVs (Cs-
M2EVs) from an equal number of M0, M1 and M2 macrophages. Previous studies have
shown that vesicles generated using nitrogen cavitation can efficiently encapsulate
chemotherapeutics and are stable for 2 days.?!? Therapeutic loaded MEVs were then
delivered to cancer cells to determine cytotoxicity. Cisplatin-loaded MO and M2 vesicles
resulted in 45% and 40% cell death, respectively, at 24 hours. However, cisplatin loaded
M1 vesicles resulted in a 60% A549 cell death in 24 hours (Figure 2.8A). This is a clear
indication that cisplatin loaded M1 MEVS are more efficient in killing cancer cells

compared to cisplatin loaded MO and cisplatin loaded M2 macrophages.

72



Cisplatin Loaded )
A Vesicles Empty Vesicles

— 1 —1

B

120+

»
g . * %
2100
S 80
2 o ——
= 60 e
G
> 40
<
2 20-
°
0 \l T T T
&O Q“o Q% 46"
& & W&
F F I

Figure 2.8 MEVs as biological nanocarriers.

(A) Comparison of targeting specificity of cisplatin-loaded MO, M1 and M2-engineered
vesicles to A549 cells. Each data point is the average of five independent replicates (n =
5). Anova with Post Hoc Tukey’s HSD was used to test the significance of the results. **p
< 0.01 indicates results are statistically significant. The data are presented as the mean +
SEM. (B) Mice bearing A549 xenografts were injected with DiR labelled M1EVs,

demonstrating M1EVs can reach the tumor of the mice.
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2.4.7 Invivo Delivery of MEVs to Tumor Xenografts

To determine if MEVs exhibited similar targeting features in vivo as we observed
in cell culture, we generated vesicles from M1 macrophages and labeled them with a
membrane dye, DiR. Free dye was separated from MEVs using PD Miniprep columns. We
found that M1EVs targeted tumor xenografts (subcutaneous injection A549 cells)
implanted in immune-compromised athymic nude (nu/nu) mice. After the tumor xenograft
reached at least 100 mm3, we injected 2x10'° vesicles through the tail vein of each of the
three different mice. We used an IVIS whole animal imager for in vivo imaging. Imaging
was done at 48 hours and 72 hours post-injection of labeled vesicles. DiR alone when
injected into the mice as a control showed nonspecific accumulation. We observed clear
delivery of the labeled vesicles to the tumor xenograft at 72 hours post-injection of labeled
vesicles (Figure 2.8B). These results verify that M1EVs can specifically target tumor tissue

1n vivo.

2.5 Conclusions

In conclusion, BMDMs can be used to engineer nanosized vesicles with high yield
using nitrogen cavitation. These vesicles can be loaded with various cargo during their
generation and can be used as drug delivery vehicles both in vitro as well as in vivo. In
addition, MEVs when interacting with the macrophage itself, possess the ability to
reprogram macrophages and microglia into specific inflammatory phenotypes that dictate
macrophage function (e.g. neurotoxicity, tumor migration). This shows the potential for

MEVs as a novel and versatile therapeutic to target and reprogram macrophages.
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CHAPTER 3. PROGRAMMING CELL-ENGINEERED VESICLES FOR ENHANCED
IMMUNOMODULATORY PROPERTIES

3.1  Summary

Tumor-associated macrophages are the predominant immune cells present in the
tumor microenvironment, and mostly exhibit a pro-tumoral M2-like phenotype. However,
macrophage biology is reversible, so they can also acquire an anti-tumoral M1-like
phenotype. A promising therapeutic strategy for treating cancer may be achieved by
modulating macrophages from an M2-to an M1-like phenotype. Here, we to generated
programmed nanovesicles as an immunomodulatory therapeutic platform that has the
greatest capability to re-polarize M2 macrophages to an M1-like phenotype. Programmed
nanovesicles engineered from cellular membranes to have specific immunomodulatory
properties including the capability to bidirectionally modulate immune cell polarization.
These programmed nanovesicles decorated with specific membrane-bound ligands can be
targeted toward specific cell types. Utilizing macrophage derived vesicles can be
engineered to enhance immune cell reprogramming of proinflammatory and anti-

inflammatory immune cells.

3.2 Background

26, 269’ and

Vesicle based nanoparticles including exosomes'?’, microvesicles
liposomes'3? have been leveraged as potential therapeutic tools for cancer treatment due to
their ability to specifically target the tumor environment and their ability to elicit a tumor
specific immune response. Exosomes are nano-sized (diameter 40-150 nm) extracellular

270,271 and contain

vesicles (EVs) released by the cells though normal physiological process
a wide range of biological cargo including proteins and RNA which can be used to
communicate information to target cells.?’>?’* Exosome targeting specificity can be
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harnessed to controllably deliver therapeutics in vivo. In addition, exosomes released by
the antigen presenting cells (APCs) including dendritic cells and macrophages can also
activate the immune system.?% 125 Despite these promising characteristics, low production
yields and difficulty in separating exosomes from biological solutions still pose barriers for

their use in clinical applications.!# 27

Liposomes, synthetically generated nano-sized
vesicles, have been used as an alternative to exosomes in therapeutic delivery.?’® While
liposome can be produced in large quantities, they lack the inherent biocompatibility seen
with endogenous exosomes and are prone to immune clearance when delivered in vivo.'**
Recently, cell-derived vesicles (CDVs) obtained by fragmenting cellular membranes have
been found to mimic many of the positive attributes of exosomes and have shown promise
as therapeutic delivery platforms because they can be produced in high yield, exhibit
targeting specificity and low immunogenicity when delivered in vivo.!44 212247

Vesicles derived from antigen presenting cells offer additional potential avenues
for therapeutics because of their ability to serve as immunomodulatory platforms. !> 26!
Macrophages are the most abundant immune effector cells present in the tumor
microenvironment and exhibit a continuum of functional states between a pro-
inflammatory (M1) and an anti-inflammatory state (M2).2”” M1 macrophages are known
to have anti-tumoral properties by engulfing and destroying the phagocytosed tumor cells
and stimulating helper T-cell type 1 (Thl) response while M2 macrophages stimulate
tumor angiogenesis and inhibit the anti-tumor immune response mediated by T-cells.?** 2?7
Along with small molecule immunomodulators'?® and extracellular vesicles'?, cell derived
vesicles'?” from M1 macrophages have been shown to alter the polarization of tumor
associated macrophages which play a role in the chemotherapy resistance and promote
metastasis. While these therapeutic approaches show promise, they suffer from unique
challenges. The efficacy of small molecules based therapeutics is limited by their rapid

degradation and inability to preferentially target TAMs in vivo. While EVs are biostable,

exhibit targeting specificity, and can modulate macrophage phenotype in the tumor
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microenvironment, EV-based therapies are challenged by their low production yield. Cell-
derived vesicles based therapies overcome several challenges that limit other nanoscale
therapeutics, but CDVs would be more effective with more specific targeting and higher
efficacy in repolarizing anti-inflammatory macrophages to a proinflammatory phenotype.

One approach for increasing the macrophage targeting or reprogramming
capability of drug delivery systems, including cell derived vesicles, is to functionalize their
surface with specific moieties that would endow them with enhanced immunomodulatory
and macrophage targeting capabilities. A similar approach has been utilized for synthetic
therapeutic-loaded lipid-polymer based nanoparticles which were engineered with DSPE-
PEG-mannose and monophosphoryl lipid A (MPLA) to simultaneously improve their
antigen presenting cell targeting and ability to execute enhanced immune responses?’®,
Similarly, TLR7/8 agonists presenting nanoparticles have been generated using
poly(ethylene glycol)-poly(lactic acid) (PEG-PLA) to enhance immunomodulatory
properties of nanoparticles’”®. Here, we developed programmed cell derived nanovesicles
generated from multiple cell types including macrophages through the targeted over-
expression of specific ligands to achieve greater efficacy in reprogramming anti-
inflammatory macrophages towards a proinflammatory phenotype. Overall, programmed
nanovesicles based therapeutics show promise for enhanced ability to modulate immune

cell inflammatory phenotype.

3.3 Methods

Animals: 2-5 month-old wild-type C57/BL6 mice were used to extract bone
marrow cells. Animals were properly housed in IVC by providing sufficient food and
water. We performed all experiments following the guidelines from National Institute of
Health that were approved by the Institutional Animal Care and Use Committee at the

University of Kentucky
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Cell Culture: Bone marrow-derived macrophages (BMDMs) were obtained from
2-5 month old mice according to previously published method'?” with minor modifications.
In brief, femurs and tibias were flushed with (Dulbecco’s Modified Eagle’s Medium
(DMEM). Thus obtained solution was then centrifuged to collect the cell pellet which was
resuspended in RBC-lysis buffer (0.15 M NH4Cl, 10 mM KHCOs3, and 0.1 mM Na4EDTA)
to lyse the erythrocytes present in the cell pellet. Cells were resuspended in the standard
medium (RPMI1640 supplemented with 10% fetal bovine serum (FBS), 5% penicillin/
streptomycin (PS), 1% glutamine, 1% HEPES(4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid ), 0.001% p-mercaptoethanol and 20% supernatant from
sL929 cells), transferred into 75-cm? culture flasks, and allowed to grow for 2 days.
Standard medium was then replaced every two days until day 7. Cells were re-plated on
day 7 at a cell density of 1x10° cells/mL in re-plating media (Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% FBS, 1% Glutamine and 1% PS) and on day 8
cells were stimulated to M1 (LPS (20 ng/mL; Invivogen) + IFN-y (20 ng/mL; eBioscience))
or M2 (IL-4 (20 ng/mL); eBioscience) macrophages.

Vesicles Isolation: Mouse bone marrow derived pro-inflammatory macrophage
engineered vesicles (MEVs) were generated according to the previously published
method!?” 212, Briefly, fully differentiated pro-inflammatory (M1) macrophages were used
to generate MEVs. Cells were first washed with PBS and resuspended in a PBS solution
supplemented with one protease inhibitor tablet per 10 ml of buffer. The cell slurry was
then transferred into a pre-chilled nitrogen cavitation vessel (Parr Instruments Company,
IL, USA) on ice and subjected to a nitrogen gas pressure of 300 psi for 5 minutes. The
pressure was rapidly released, resulting in the fragmentation of the cells and the subsequent
generation of vesicles. The cell lysate obtained from nitrogen cavitation was centrifuged at
4000xg for 10 minutes at 4 °C. The pellet thus obtained was discarded and the supernatant
was again centrifuged at 10,000xg for 20 minutes at 4 °C. The supernatant obtained was

again ultracentrifuged at 100,000xg for 60 minutes at 4 °C to collect the pellet containing
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nanovesicles. The pellets obtained after ultracentrifugation were washed with PBS before
resuspending them in PBS.

Nanoparticle tracking analysis: MEVs size and concentration of the samples were
obtained via nanoparticle tracking analysis (NTA) using NanoSight NS300 equipped with
NTA analytical software and a 488 nm laser. Briefly, MEVs samples were diluted 1000
times in ultrapure water and five 30 seconds videos were recorded for analysis. Software
settings for analysis were kept constant for every measurement for any specific sample.

Western blotting: Vesicle pellets and cells were first lysed separately in the RIPA
buffer (150-mM NaCl; 1% Triton X-100; 0.5% sodium deoxycholate; 0.1% SDS; 50-mM
Tris pH 8.0; 1x protease inhibitor cocktail (Roche)). Protein concentration was measured
using UV/VIS Spectrophotometer. 30 ug of the respective protein samples were resolved
on 12% lab-made polyacrylamide gels, then transferred onto a nitrocellulose membrane.
Equal amount of protein from various samples was loaded per lane for comparison studies.
The membrane was then blocked for 1 hour and then incubated for 2 hours with primary
antibodies in non-reducing environment at room temperature with constant shaking. After
washing and removal of the primary antibody, HRP-conjugated secondary antibody was
added and incubated for 1 hour at room temperature with constant shaking. Then, the
membranes were washed again, and bands were visualized by chemiluminescent detection
(Clarity,Bio-Rad) using Chemi-Doc system (Bio-Rad).

Cytokine Quantification: Macrophages were cultured at a density of 50,000 in 96
well plates and then stimulated to M1 or M2 phenotypes with LPS (20 ng/mL; Invivogen)
+ IFN- (20 ng/mL; eBioscience) and (IL-4 (20 ng/mL; eBioscience), respectively. For
cytokine analysis, the supernatant from stimulated cells or the cells treated with MEVs,
macrophage conditioned media (MCM), was collected after 24 hours. Vesicles were added
after 24 hours of stimulation and the supernatant was collected after 24 hours of vesicle
addition. MCM was collected and kept at -80 °C until it was analyzed. We performed a

mouse seven-plex pro-inflammatory cytokine assay from Meso Scale Discovery (MSD)
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following the manufacturer's protocol. We used this assay to measure the presence of seven
mouse pro-inflammatory cytokines (IFN-y, IL-10, IL-12p70, IL-1p, IL-6, KC/GRO, and
TNF-a) at the same time. Briefly, 50 uL of calibrators and MCM were dispensed into each
well of a pro-inflammatory cytokine capture antibody-precoated MSD well plate and left
to incubate for 2 hours with continuous shaking (10,000 rpm) at room temperature. The
plate was then washed three times with wash buffer and 25 pL of detection antibody
solution was added into each well. After 2 hours of incubation, the plate was washed again
and 150 pL of the read buffer was added to each well. The MSD plate was finally analyzed
for the pro-inflammatory cytokines on the MESO SECTOR imager from Meso Scale
Delivery. A standard curve was obtained using Meso Scale Discovery Workbench analysis
software. All samples were run in triplicates using a mouse seven-spot well plate to
measure the pro-inflammatory cytokines present in the cell culture supernatant. We used
vesicle suspensions in PBS to measure the proinflammatory cytokines present in the
vesicle suspension. In some experiments, the same protocol as previously discussed was
used to measure the concentration of TNF-a in the MCM using a single spot well plate.
Chemokine Quantification: Chemokines present on the MEV's were detected using
Mouse Chemokine Array C1 (Ray Biotech, Code AAM-CHE-1-2 ) and semi-quantified
following the manufacturer’s protocol. Briefly, chemokines were first extracted from
MEVs and M2 macrophages, a control, using cell lysis buffer as provided by the
manufacturer. The protein concentration in M1EVs and M2 samples was measured using
a UV/VIS Spectrophotometer(Thermo Scientific). For proteomic analysis, first the
antibody arrays were incubated in 2 mL of blocking buffer for half an hour with constant
shaking at room temperature. After half an hour, the blocking buffer was aspirated off and
about 500 pg of the protein samples were loaded into each well of an incubation array and
left to incubate for 3 hours at room temperature. Following several washes, a biotinylated
antibody cocktail was added to each well and incubated for 2 hours at room temperature.

The biotinylated antibody cocktail was then aspirated off, followed by multiple washings.
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After this, 1x HRP-Streptavidin was added to each well and incubated for 2 hours at room
temperature. After multiple washings, 500 pL of detection buffer mixture was added onto
each membrane and visualized by chemiluminescent detection (Clarity,Bio-Rad) using the
Chemi-Doc system (Bio-Rad). The immunoblot images were analyzed using Imagel
software.

Ligand Incorporation into MEVs: MEVs were generated from 150 million M1
macrophages and resuspended in a 500 pL solution containing ligands (Pam3CSK4,
rhodamine-labeled Pam3CSK4 or CpG-ODN) at I mg/mL. The ligand-MEYV solution was
then sonicated using a Model Qsonica Q125 sonicator with a 0.125" tip with the following
settings: 20% amplitude, 20 cycles of 30 seconds on/off for 10 minutes. The MEV-ligand
solution was allowed to cool down on ice for two minutes between each cycle. After
completion of the sonication cycle, the ligand-MEV solution was left to incubate on ice for
60 minutes to allow the recovery of the MEV-membrane. Thus obtained ligand-decorated
MEVs containing solution was diluted to 4 mL in PBS and subjected to ultracentrifugation
at 100,000xg for 60 minutes at 4 °C to collect the pellet containing ligand-decorated MEVs.
This final pellet was first washed with 1 mL of PBS twice and resuspended in 500 uL of
regular macrophage media. The number of MEVs present in the resuspension was
determined using NTA. 1 x 10" MEVs were then added into each well of a 96-well plate
containing 50,000 M2 macrophages in 100 pL of replating media. The plate was left to
incubate at 37 °C for 24 hours. After 24 hours, MCMs were collected and used for pro-
inflammatory cytokine analysis.

RelA translocation assay: We used a nuclear translocation assay to determine
MEV-mediated NF-kB pathway activation by comparing the amount of p65 subunit (RelA)
translocated into the nucleus. M1 macrophages, M2 macrophages and MEV-treated M2
macrophages were counted and fractionated into nuclear and the cytoplasmic fractions

using the NF-kB Assay Kit (FIVEphoton Biochemicals, San Diego, CA) following the
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manufacturers protocol. Supernatants containing the nuclear and the cytoplasmic fractions
were collected, and p65 was quantified in each by western blot.

Confocal Imaging: A Nikon A1R laser scanning confocal microscope equipped
with 10X, 20X, and 60X objectives were used for confocal imaging of the cells that had
been programmed to overexpress specific ligands on their surface. The obtained images
were analyzed with Nikon image processing software.

Transfection: HEK cells were transfected using Lipofectamine 2000 reagent
(Invitrogen) using the manufacturers protocol. We used 2-5 month old wild-type C57BL/6
mice to isolate bone marrow monocytes. Monocytes were then differentiated into
macrophages. On day five, macrophages were transfected with a plasmid. Macrophages
were transfected using the jetPEI-Macrophage in vitro DNA transfection reagent following
manufacturers protocol. Transfection efficiency was compared by confocal imaging and
western blotting. Thus programmed M1 macrophages were used to generate programmed
nanovesicles.

Statistical Analysis: Statistical analyses were carried out using Origin. Data was
reported as the mean + standard deviation of the mean (SEM). At least three separate
experiments were conducted for each condition (n = 3). A one-way ANOVA was done to
determine statistical significance. The results are considered statistically significant if the

p-value is less than or equal to 0.01.
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3.4 Results and Discussions

3.4.1 MEV Characterization

We utilized pro-inflammatory (M1) bone marrow derived macrophages (BMDMs)
to generate macrophage engineered vesicles (MEVs) through the disruption of the cell
membrane with nitrogen cavitation. In this technique cells suspended in solution are kept
in a prechilled nitrogen decompressor with a pressure of 300 psi for five minutes. When
the pressure is rapidly released, nitrogen gas bubbles are formed that disrupt the
macrophage membrane into nano-sized fragments. These fragments now have their
hydrophobic ends exposed in the aqueous solution resulting in them rearranging to form
vesicles?®®. To characterize MEVs concentration and the size distribution, we used
nanoparticle tracking analysis (NTA) which allows us to measure both the size distribution
and the concentration of the vesicles in solution. We found that 100 million M1 BMDMs
generated approximately 2 x 10 > MEVs. The size distribution of the MEVs obtained from
nanoparticle tracking analysis is primarily between 50-200 nm (Figure 3.1a), which is
similar to the range reported for exosomes. The mean diameter of MEVs obtained from
NTA was 127 nm. To determine the stability of MEVs, we next measured the surface
charge of the MEVs using a Malvern Zetasizer. The zeta potential of MEVs was -5.2 mV.
This is similar to values seen for endogenously released vesicles such as exosomes which
have been reported to have a zeta potential between -5 mV to — 20 mV. We next utilized
SDS-PAGE gel electrophoresis to determine the proteins present on the surface of MEVs
in comparison to the parent M1 macrophage. We observed similar protein bands from
MEVs and M1 macrophages indicating that vesicle formation retains most of the same
proteins present on the cell surface (Figure 3.1b). Exosomal marker proteins such as
tetraspanins (CD9 and CD63), integrins (CD81, CD82), chaperones (HSP60, HSP70),
immunoglobulins (ICAM-1, VCAMI1) and major histocompatibility complex class I

(MHC-I) and II (MHC-II) have been shown to be present on M1 exosomes and have been
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implicated in adhesion, signaling and activation when exosomes are delivered to target
macrophages. We performed western blotting for several of these exosomal marker
proteins including CD9, CD54, CD63, CD81, CD106 and found that the majority of these
proteins including CD54 (ICAM-1), CD63, MHCII, CD11b, CDS81 are present in MEV's
(Figure 3.1c). However, we found that other exosomal marker proteins including CD9,
CD106 were absent in MEVs. Similar to protein extracts taken from MEVs, western
blotting analysis demonstrated that CD9 and CD106 were absent in protein samples taken
from M1 BMDMs. Tetraspanins including CD9, and CD63 are integral membrane
proteins, embedded within the cellular membranes and have been shown to play a vital role
in the fusion of exosomes with target cells. Similarly, intercellular cell adhesion molecule-
1 (ICAM-1) is a transmembrane glycoprotein which has been shown to mediate cell-cell
interaction and outside-in cell signaling during an immune response. The presence of a
majority of the same surface markers in MEVS indicates that vesicles engineered through

nitrogen cavitation likely have similar properties to exosomes.
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Figure 3.1 Macrophage Engineered Vesicles (MEVs) Characterization.

(a) Size distribution of MEVs obtained from Nanoparticle Tracking Analysis (NTA). (b)
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis of the
protein content of MEVs compared to M1 macrophages. (c) Validation of exosome marker
proteins in MEVs. Equal amounts of total proteins extracted from MEVs, M1 macrophages
and M2 macrophages were immunoblotted for CD106, CD54, CD63, CD9, CD81, MHCII

and CD11b. (d) Wide-field fluorescence image of MEVs labelled with a lipophilic dye Dil.
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We next performed a set of experiment to see if MEVs could successfully be
delivered to M2 BMDMs similar to what has been shown for exosomes'?> 26!, We first
labeled MEVs with Dil, a lipophilic, non-toxic, fluorescent label that embeds into the
membrane of the vesicles. We confirmed the labeling of these vesicles by exposing the
labeled vesicles to green excitation light and observing them with fluorescence
microscopy. The red punctuates regions as seen in the Figure 3.1d indicates the successful
labeling of vesicles with Dil. We used these labeled vesicles in time lapse imaging
experiments at recording vesicle delivery at multiple time points for 2 hours by incubating
1 x 10? labeled vesicles with 30,000 M2 BMDMs. MEV uptake was tracked through the
measurement of the fluorescence intensity of the labeled vesicles in the otherwise
unlabeled cells. Images were taken at 10-minute time intervals for 2 hours. We observed a
gradual uptake of MEVs by M2 BMDMs (Figure 3.2) over time as indicated by the
increase in fluorescence intensity. These preliminary characterization results suggest that
nitrogen cavitation generated MEVs have similar size, zeta potential, surface markers as

exosomes and these vesicles are efficiently taken up by M2 BMDMs.
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T =100 min

Figure 3.2 Series of images showing Dil-labeled MEVs uptake by M2 BMDMs.
Vesicles were added after first time point in real time and images were taken for 2 hours in
every 10 minutes. 40x air objective was used with 561 laser. Vesicles were labelled by Dil

dye.
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3.4.2 MEV-mediated Phenotypic Reprogramming of M2-BMDMs

We next confirmed the ability of pro-inflammatory (M1) macrophage engineered
vesicles (MEVs) to reprogram anti-inflammatory (M2) bone marrow derived macrophages
(BMDMs) towards a proinflammatory phenotype using a series of cell membrane
modifications. We first validated a shift in macrophage phenotype using
immunocytochemistry analysis to measure the expression of iNOS, a pro-inflammatory
macrophage marker, in M2 BMDMs while they were incubated with different
concentrations of MEVs. We incubated 50,000 M2 BMDMs with an increasing
concentration of MEVs ranging from 107 to 10! for 12 hours at 37 °C . We observed a
clear increase in iNOS for M2 BMDMs upon incubation with increasing concentration of
MEVs (Figure 3.3a-¢). At a concentration of 10!! vesicles, we observed a robust expression
of iNOS (Figure 3.3e). These results demonstrate that M2 BMDMs can be reprogrammed
through MEV exposure shifting polarization toward a pro-inflammatory phenotype as
evidenced by the expression of M1 macrophage markers. We performed additional
immunocytochemistry analysis to understand the effect of MEV-driven M2 to M1-like
polarization on CD206, a M2 macrophage marker, expression. We observed a gradual
decrease in CD206 expression (Figure 3.3a-f). Overall, these results indicate that at a
suitable concentration, MEVs can reprogram M2 BMDMs toward an M1-like phenotype
as evidenced by the expression of pro-inflammatory macrophage markers with the
simultaneous decrease in M2 macrophage markers.

We also performed a time dependent repolarization assay for M2 macrophages
incubated with MEVs and simultaneously assessed seven different pro-inflammatory
cytokines (IFN-y, IL-10, IL-12p70, IL-1, IL-6, KC/GRO, and TNF-a) released by MEV-

treated M2 BMDMs. We added 1x10!! vesicles to 50,000 macrophages in culture and
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analyzed cytokine release by MEV-treated M2 macrophages after 0.5, 1, 1.5, 2, 3, 6, 12,
24 hours of incubation. Compared to the low level of pro-inflammatory cytokines released
by unmodified M2 BMDMs, we observed an increase in cytokine levels as early as 2 hours
of incubation. As the incubation time progresses, we observe an increase in cytokine
release by MEV-treated M2 BMDMs. Pro-inflammatory cytokine release into the
supernatant plateaued after 12 hours of incubation of M2 BMDMs with MEVs (Figure
3.3g-h). We did not see differences in the cytokine release by MEV-treated M2 BMDMs
between 12 hours and 24 hours of incubation time. These results indicate that MEV-
mediated M2 to M1 repolarization depends both on the concentration of MEVs and the

incubation period.
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Figure 3.3 Reprogramming macrophage polarization by MEVs.

(a-f) Immunostaining of INOS (M1 macrophage marker) and CD206 (M2 macrophage
marker) in M2 macrophages after incubation with 108, 10° 10 and10'! MEVs for 24
hours. Each data point is the average of at least 5 experiments (n=5). The data are presented
as the mean £ SEM. (g, h) Measurement of the proinflammatory cytokines including IFN-
v, 1L-10, IL-12p60, IL-1B, IL-6, KC/GRO, and TNF-a released by M2 macrophages after
incubating them with 1 x 10! MEVs in a time dependent manner. Each data point is the

average of at least 3 experiments (n=3). The data are presented as the mean £ SEM.
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3.4.3 Role of MEV-anchored Endogenous Ligands on M2 to M1 Macrophage
Modulation.

We hypothesized that proteins anchored within the membrane of MEVs control
targeting, cellular uptake, and drive changes in macrophage phenotype. Because MEVs are
generated from parent pro-inflammatory macrophages and maintain proteins resident on
the surface of M1 macrophages (Figure 3.1b), MEVs may carry a wide range of membrane
bound cytokines, chemokines, transmembrane proteins, and other cell signaling
endogenous ligands that belong to the parent macrophage. These proteins present may
interact with the surface proteins on the recipient anti-inflammatory (M2) macrophages
initiating signaling cascades that lead to their repolarization towards M1 phenotype. We
first performed a set of studies to validate that membrane proteins played a role in MEV
induced macrophage repolarization. It is possible that cytokines, cell associated signaling
proteins, anchored in the plasma membrane of the cell could be responsible for macrophage
reprogramming. For example, pro-inflammatory cytokines including TNF-a, [FN-y, IL-12
produced by classically activated macrophages can stimulate macrophage polarization
towards an M1 phenotype. We examined vesicle solutions for seven pro-inflammatory
cytokines including IFN-y, IL-10, IL-12p70, IL-1B, IL-6, KC/GRO, and TNF-a to
determine if residual cytokines contributed to mechanism of MEVs-mediated M2 to M1
repolarization. To analyze the cytokines entrapped in the interior of MEVs, we freeze-
fractured MEVs to rupture them and released the entrapped cargo from inside of the
vesicles. Cytokine assays showed that MEVs contain low levels of pro-inflammatory
cytokines in the interior of the vesicles and virtually no cytokines in the vesicle solution
(Table 3.1). We further investigated if the amount of cytokines present in the vesicle
suspension is sufficient to reprogram M2 towards M1 macrophages. We performed an IFN-

v dose response with M2 macrophage and assessed TNF-a released by M2 macrophages
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into the supernatant after treatment (Figure 3.4a). Results showed that the small amount of
cytokines present in MEVs (~40 pg/mL) was not capable of altering M2 macrophage
phenotype and had a negligible contribution to mediating M2 to M1 repolarization (Figure

3.4b).
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Table 3.1 Cytokine quantification in vesicles.

MEV were freeze-ruptured (FR-MEV) in liquid nitrogen to assess cytokines present inside

of the MEVs.
Cytokines MEYV (pg/mL) FR-MEV (pg/mL)
IFN-y 3+0.5 4+0.2
IL-10 16+1 17+4
IL-12p70 12+1 1143
IL-1B 4+1 4+1
IL-6 28+6 23+6
KC/GRO 3+0.2 3+0.2
TNF-a 13£1.6 13+2.9
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Figure 3.4 Cytokine content of MEVs.

(@) A dose response study showing the pro-inflammatory cytokine-TNF-a released by M2
macrophages after incubation with different concentration of IFN-y for 24 hours. (b)
Quantification of pro-inflammatory cytokine-TNF-a released by M2 macrophages after
incubation with 40 pg/mL IFN-y which is representative of the cytokine present on 1 x 101
MEVs , 1 x 10 MEVs and M1 polarizing stimulants (LPS (20 ng/mL) + IFN-y (20
ng/mL)) for 24 hours. Supernatants were assayed in triplicate using a mouse TNF-a V-

PLEX cytokine assay kit from Meso Scale Discovery.
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We next investigated the importance of ligand-receptor interactions on the uptake
of MEVs by M2 macrophages and MEV-mediated M2 to M1 macrophage repolarization.
For this, we carried out proteolytic digestion of the membrane proteins embedded in the
membrane of MEVs using proteinase-K (0.5 mg/mL). Proteinase-K is a broad-spectrum
proteolytic enzyme which is commonly used to digest proteins present in the biological
sample. We performed western blotting analysis to confirm the elimination of membrane
anchored proteins present in the MEVs after proteinase-k digestion. We compared the
expression of Na'K" ATPase (a plasma membrane marker), calnexin (an endoplasmic
reticulum marker), CD54 (a transmembrane glycoprotein), and CD63 (a transmembrane
protein) in M1 macrophages (control), MEVs, and proteinase-K-treated MEVs. We found
that proteinase-K treatment of MEVs resulted in nearly the complete digestion of most of
the membrane proteins that we analyzed (Figure 3.5a). We performed a set of experiments
to compare the delivery of purified proteinase-K treated MEVs (pkt-MEVs) and regular
untreated MEVs to target M2 macrophages. MEVs were labeled with the lipophilic
fluorescent dye, Dil, and further purified from free dye before incubation with M2
macrophages. Equal numbers of Dil-labeled pkt-MEVs and Dil labeled MEV's were left to
incubate with separate M2 macrophage cultures for 0.5, 1, 1.5 and 2 hours. We used wide-
field microscopy to compare the uptake of fluorescently labeled pkt-MEVs by M2
BMDMs. We found that the proteinase-K treatment of MEVs resulted in a 20% reduction
in uptake of MEVs by M2 macrophages (Figure 3.5b-d). Even after the digestion of
membrane proteins present on MEVs, the limited loss of cellular uptake of pkt-MEVs
compared to untreated MEVs indicates that the uptake of MEVs by M2 macrophages is
not limited to ligand receptor interaction but likely driven by the inherent phagocytosis
ability of M2 BMDMs.

We next tested the ability of proteinase K treated MEVs (pkt-MEVs) to reprogram
M2 macrophages towards an M1 phenotype. We incubated M2 macrophages with different

concentration of pkt-MEVs and assessed the release of the pro-inflammatory cytokine
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TNF-a secreted by M2 macrophages compared to TNF-a secreted by M2 macrophages that
had been incubated with the corresponding concentration of regular MEVs. We found that
eliminating the proteins on the surface of MEVs using proteinase-K (pkt-MEVs) resulted
in a near complete loss in the ability of MEVs to re-polarize M2 BMDMs towards an M1
phenotype. This suggests that interactions between the membrane proteins present on
MEVs, and the surface proteins present on M2 macrophages is the primary driver of MEV

induced macrophage repolarization.
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Figure 3.5 Proteolytic digestion of membrane proteins present on MEVSs eliminates the
reprogramming capability.

(a) Western blotting to compare the presence of membrane-anchored proteins in MEVs
treated with and without proteinase-K. (b) Widefield fluorescence images of Dil labeled
proteinase-K treated MEVs (pkt-MEVs) and untreated MEVs delivered to M2
macrophages after 1.5 hours show the reduction in uptake of proteinase-K treated MEVs.
(c, d) Comparison of delivery of fluorescent labeled MEVs (red) and fluorescent labeled
pkt-MEVs (black) to M2 macrophages. (¢) TNF-a is released by M2 macrophages in a
dose-dependent manner after 24 hours of interaction with increasing concentrations of
MEV or pkt-MEVs. The data is presented as the mean = SEM. *P < 0.01 indicates that the

results are statistically significant.
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3.4.4 Programming Nanovesicles with Endogenous Ligands for Enhanced Macrophage
Repolarization

A large number of protein classes have been shown to modulate immune cell
polarization. We tested MEVs for the presence of four classes of proteins, including ligands
for TNF superfamily receptors, chemokines, tetraspanins, and heat shock proteins known
to modulate immune cell polarization, and then used representative proteins from these
groups to engineer MEVS to determine if they improved reprogramming capability.

The interaction of endogenous ligands for TNF receptor superfamilies (TNFRSF)
and the corresponding receptor in macrophages is known to activate the NF-kB pathway
and initiate the immune cell's pro-inflammatory response’®!. Herein, we first performed
western blotting to identify several ligands, including TNF-a, CD40L, CD137L, CD178L,
OX40L, and CD254 that could be expressed in MEVs. Western blotting results indicated
the expression of some of these ligands, including CD137L, OX40L, and CD254 on MEVs
(Figure 3.6a). Since TNF-a is a pro-inflammatory cytokine that is anchored in the plasma
membrane and is well known for its robust ability to activate immune cells upon interaction

282’ we

with its corresponding receptors TNFR1 and TNFR2 present on the immune cells
then overexpressed TNF-a on the cell membrane and developed TNF-a overexpressing
programmed nanovesicles aiming to improve the efficacy of nanovesicles to modulate
macrophage polarization. In order to program cells by over-expressing TNF-a on their
membrane, we first transfected HEK cells, then proceed to mouse bone marrow-derived
macrophages. We used GFP tagged mouse TNF-o plasmid for transfection. TNF-a
expressing HEK cells were used to generate programmed HEK cell derived nanovesicles
P(TNF)-HNVs. We polarized TNF-a expressing BMDMs to M1 phenotype using LPS +
IFN-y and used those cells for generating programmed macrophage engineered vesicles

(P(TNF)-MEVs). We confirmed TNF-a overexpression on the cells using confocal

microscopy which showed clear GFP fluorescence on the surface of these programmed
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cells (Figure 3.6b,d). We then compared the macrophage repolarization efficacy of
programmed nanovesicles including P(TNF)-HNVs and P(TNF)-MEVs relative to their
respective controls, using equal concentrations of vesicles in the experimental and control
groups. The repolarization efficacy of the programmed nanovesicles was evaluated based
on the cytokine production of nanovesicle-treated M2 BMDMs. We found that incubating
M2 BMDMs with programmed HEK cell derived nanovesicles P(TNF)-HNVs resulted in
significantly higher levels of pro-inflammatory cytokines such as IL-12p70, IL-6, IL-10,
KC/GRO, and TNF-a (Figure 3.6¢). However, unmodified HEK cell-derived vesicles do
not elicit any proinflammatory cytokine production in M2 BMDMs. Similarly, we found
that M2 macrophages treated with programmed MEVs P(TNF)-MEVs produce
significantly higher levels of pro-inflammatory cytokines such as I1-12, IL-6, KC/GRO,
and TNF-o when compared to M2 macrophages treated with unmodified MEVs (Figure
4e). We found that vesicle solution contained minimal levels of TNF-a (~20 pg/mL)
indicating their negligible contribution to the cytokine concentration seen after macrophage
reprogramming. These results indicate that, under similar conditions, programmed
nanovesicles exhibit greater immunomodulatory properties compared to unmodified cell-
derived vesicles illustrating the capability to program functionality into MEVs via protein
expression. These studies suggest that NF-kB may be one of the possible signaling
pathways driving MEV-mediated M2 to M1 repolarization. Nuclear factor-kB (NF-kB) is
one of the main transcription factors of M1 macrophages and regulates the expression of
genes that control factors such as inflamation®®®. Activation of NF-kB is characterized by
the nuclear translocation of the p65 component of the NF-kB complex?**. To determine if
MEYV delivery to M2 BMDMs activated the NF-kB signaling pathway, we incubated M2
Macrophages with MEVs for 6 hours, then fractionated the cells into cytoplasmic and
nuclear fractions to study the effects of MEV delivery on the translocation of p65 subunits
to the nucleus. We performed western blotting analysis to compare the p65 content in

MEV-treated M2 BMDMs using untreated M1 and M2-BMDMs as controls. Western
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blotting analysis indicated a significant translocation of p65 from the cytoplasm to the
nucleus indicating the NF-kB pathway is activated when MEVs interact with M2 BMDMs
(Figure 3.7)
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Figure 3.6 TNF-a programmed nanovesicles cause M2 macrophages to repolarize more
towards the M1 phenotype.

(a) Western blot analysis showing differences in expression of TNF-a, CD40-L, CD40,
CD137L, CD178, OX40L, and CD254 taking Na*K* ATPase as a loading control. (b)
Fluorescence image of HEK cells transfected with a mouse GFP-tagged TNF-a plasmid.
(c) Cytokines released by M2 macrophages after incubation with TNF-o programmed
HEK-cell derived nanovesicles (P(TNF)-HNVs) and HNVs. (d) A fluorescence image of
macrophages transfected with a mouse GFP-tagged TNF-a plasmid. () Comparison of
cytokines released by M2 macrophages incubated with P(TNF)-MEVs and regular M1
macrophage-derived vesicles (MEVs). (d) Programmed MEVs exhibit a higher
repolarization efficiency compared to regular MEVs. The data is presented as the mean +

SEM. *p < 0.01 indicates that the results are statistically significant.
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We next sought to improve the capability of nanovesicles to modulate macrophage
polarization by generating programmed nanovesicles that overexpress specific membrane-
bound chemokines. Chemokines are chemotactic cytokines produced by various cells
including macrophages®®> 2%, While chemokines are mostly known for their role in
monocyte recruitment/migration, they can promote macrophage differentiation as well as
polarization®6!: 287- 288 For example, C-C motif chemokine ligand 5 (CCL5) have been
shown to activate M1 polarization and inhibit M2 polarization?®’. We first analyzed MEV's
for the presence of 25 different macrophage-associated chemokines. Only nine chemokines
including C-C motif chemokine ligand 5 (CCLS5), C-X-C motif chemokine ligand 9
(CXCL9), macrophage inflammatory protein 1-y (MIP1-y), C-C motif chemokine ligand 1
(CCL1), macrophage inflammatory protein-2 (MIP-2), C-C motif chemokine ligand 27
(CCL27), C-X-C motif chemokine ligand 16 (CXCL16), C-C motif chemokine ligand 2
(CCL2), and monocyte chemotactic protein 5 (MCP-5) were found to be present on MEVs.
We next compared the level of these observed chemokines for MEVs compared to M2
macrophages. We found that several M1-polarizing chemokines including CCL2%% 2%,
CCL5%, and CXCL9%! were present at significantly higher levels in MEVs compared to
M2 macrophages (Figure 3.8a,b). Because CCLS5 is known for polarizing macrophages to
the M1 phenotype, we next generated programmed CCL-5 overexpressing HEK cell
derived nanovesicles (P(CCLS5)-HNVs) and compared the macrophage repolarization
efficacy of (P(CCL5)-HNVs) with the regular HEK cell derived nanovesicles. HEK
nanovesicles themselves do not polarize M2 macrophages. Therefore, by overexpressing
CCLS5 on HEK nanovesicles, we can determine the role of CCLS5 present in macrophage
modulation. We confirmed CCL5 expression in programmed HEK cells as well as
programmed nanovesicles by western blotting (Figure 3.8c). While HEK cells did not
express mouse CCLS5 prior to transfection, programmed HEK cells and programmed
nanovesicles showed a clear band for CCLS, confirming CCL5 expression in both

programmed cells and programmed nanovesicles. In order to compare the repolarization
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efficacy of programmed vesicles relative to regular HEK vesicles, we added 4X10? vesicles
to 50,000 M2 macrophages in culture, incubated for 24 hours, and tested the cell culture
supernatants for pro-inflammatory cytokines. We found that M2 macrophages that were
left to incubate with CCL5-programmed HEK cell-derived nanovesicles (P(CCL5)-HNVs)
produced roughly three times more KC/GRO compared to M2 macrophages that were
incubated with regular HEK cell-derived nanovesicles (Figure 3.8d). However, we did not
observe significant difference in the production of other cytokines by M2 macrophages.
We found similar results when we incubated M2 BMDMs with CCL5-programmed
nanovesicles generated using M1 macrophages. These results indicate that, under similar
in vitro conditions, CCL-5 programmed nanovesicles can cause higher KC/GRO
production by M2 macrophages. However, CCL5-programmed nanovesicles do not

increase other pro-inflammatory cytokine production by M2 BMDMs.
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(a) Chemokine expression image of the chemokine antibody array for MEVs and M2

macrophages. Dark spots in the images indicate the presence of the specific chemokine.

(b) Comparison of mean pixel integrated density measurements between chemokines

present on MEVs and M2 macrophages. (c) Western blotting shows that programmed HEK

cells express more CCL5 than regular HEK cells. Accordingly, vesicles generated from

programmed HEK cells express a greater CCL5 concentration. (d) CCL5-programmed

vesicles derived from HEK stimulate M2 BMDMs to produce more KC/GRO. Each data

point is the average of at least 3 experiments (n = 3). The data is presented as the mean *

SEM. *p < 0.01 indicates that the results are statistically significant.

105



We have established that MEVs express various exosomal marker proteins,
including CD54 (ICAM-1), CD63, MHCII, CD11b, and CD81 (Figure 3.1c). Recent
studies have shown that ICAM-1 prevents M2 polarization and inhibits tumor
metastasis?®2. Therefore, we generated programmed nanovesicles that overexpress CD54
to assess their efficacy in macrophage phenotype modulation. For this, we first transfected
M1 macrophages with a mammalian expressing mouse ICAM-1 plasmid, then polarized
them to an M1 phenotype and used those macrophages to generate programmed
macrophage engineered vesicles (P(CD54)-MEVs). We performed western blotting
analysis to obtain the relative expression level of ICAMI both in programmed
macrophages as well as programmed MEVs relative to control. Western blotting analysis
demonstrates that programmed cells and programmed nanovesicles express about 10 fold
higher concentration of ICAMI relative to their respective controls (Figure 3.9). We next
compared the macrophage repolarization efficacy of (P(CD54)-MEVs) with regular MEVs
by delivering an increasing concentration of each type of MEV onto M2 macrophages and
quantifying the cytokine released by MEV-treated M2 BMDMS. We found that M2
BMDMs incubated with programmed MEVs (P(CD54)-MEVs) produced higher levels of
pro-inflammatory cytokines compared to M2 BMDMs incubated with the same number of
regular MEVs (Figure 3.10). When we analyzed the cytokine release by M2 BMDMs
incubated with the specific concentration of MEVs (4 x 10%), we found that M2
macrophages incubated with programmed MEVs produced roughly three times more
KC/GRO, two times more IL-6 and IL-18, and 25% more IL-12p70 and TNF-a compared
to M2 macrophages that were incubated with non-programmed MEVs (Figure 3.9¢c). As a
control study, we generated CD54-overexpressing programmed nanovesicles using CD54-
transfected HEK cells and then delivered these nanovesicles to M2 BMDMs in culture. We
found similar results when we incubated M2 BMDMs with vesicles derived from HEK

cells (Figure 3.9d). These results further support the idea that endogenous proteins can be
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overexpressed in programmed nanovesicles to yield greater immunomodulatory properties

compared to unmodified cell-derived vesicles.
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Figure 3.9 ICAM-1 programmed nanovesicles mediated M2 to M1 macrophage
reprogramming.

(a) Western blotting showing CD54 transfected programmed M1 macrophages (P(CD54)-
M1) express more CD54 than non-transfected M1 macrophages. Similarly, vesicles
derived from programmed macrophages (P(CD54)-MEVs) have a higher concentration of
ICAM-1. (b) Relative fold of CD54 expression in M1 macrophages, programmed M1
macrophages, MEVs, and P(CD54)-MEVs. CD54 expressions are normalized to Na*K*
ATPase, a plasma membrane marker. (¢, d) CD54-programmed vesicles exhibit higher
repolarization efficiency compared to regular nanovesicles. The data is presented as the

mean + SEM. *p < 0.01 indicates that the results are statistically significant.
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an increasing concentration of MEVs or CD54-programmed MEVs.
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3.4.5 Programming MEVs with Exogenous Ligands for Enhanced Macrophage
Modulation

The incorporation of specific non-endogenous ligands into MEVs could yield
improved levels of M2 macrophage reprogramming capability as these ligands have the
potential to directly interact with receptors present on M2 macrophages and initiate
downstream signaling cascades. Here in, we demonstrate that decoration of TLR agonist
on the surface of MEVs enhance their capability to modulate TAMs toward M1 phenotype.
We first generated macrophage engineered vesicles from mouse pro-inflammatory M1
macrophages (MEVs) and then Pam3CSK4, a toll like receptor 2(TLR2)/TLR1 ligand, was
grafted onto the lipid bilayer membrane of the vesicles by sonication. We used Rhodamine-
labeled Pam3CSK4 to confirm the successful decoration of Pam3CSK4 on the surface of
vesicles. Green punctate regions in figure 3.11b, a widefield fluorescence image of MEVs
that had been programmed with Rhodamine-labeled Pam3CSK4, showed the successful
decoration of Pam3CSK4 on the surface of MEVs. We used nanoparticle tracking analysis
to compare the size of these vesicles and found that Pam3CSK4 grafted vesicles (pam-
MEVs) were slightly larger (146 nm) as compared to MEVs (127 nm) (Figure 3.11a). We
found that the zeta potential of pam-MEVs was -16.8 mV indicating improved stability in
aqueous solution. To compare the capability of MEVs and pam-MEVs to reprogram M2
macrophages, we incubated M2 BMDMs separately with an equal number of MEVs or
pam-MEVs and compared their cytokine production. While M2 macrophages show no
detectable proinflammatory cytokines, those incubated with pam-MEVs showed
substantial levels across most cytokines. Comparing cytokine levels we typically observe
for M1 polarized macrophages, we saw that pam-MEV treatment shifted M2 macrophages

to 2042% (IFN-y), 64+20% (IL-10), 50+4% (IL-12p70), 35+7% (IL-1p), 20+2% (IL-6),
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100£7% (KC/GRO) and 36+3% (TNF-a) of the average concentration seen for M1
macrophages (Figure). Similarly, M2 macrophages incubated with standard MEVs,
exhibited values of 17+£1% (IFN-y), 51+11% (IL-10), 28+6% (IL-12p70), 20+8% (IL-1p),
12+1% (IL-6), 79£16% (KC/GRO) and 7+1% (TNF-a) of the average concentration seen
for M1 macrophages (Figure 3.11c). From these results, we found pam-MEVs treated M2
macrophages were more efficient at reprogramming M2 macrophages toward a

proinflammatory phenotype than unmodified MEVs.
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Figure 3.11 Programming MEVs with TLR-ligands for enhanced M2 macrophage
reprogramming towards an M1 phenotype.

(a) Size distribution graph for MEVs, CpG oligonucleotide incorporated MEVs (cpg-
MEVs), and Pam3CSK4 decorated MEVs (pam-MEVSs). The mean diameter of MEVs
(black), cpg-MEVs (red), and pam-MEVs (blue) is 127 nm, 135 nm, and 146 nm,
respectively. (b) Fluorescence image of rhodamine labeled Pam3CSK4 decorated MEVs.
(c) Comparison of the repolarization efficiency of pam-MEVs compared to regular MEVSs.
(d) Comparison of the repolarization efficiency of cpg-MEVs compared to regular MEVSs.

The data is presented as the mean + SEM.
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We also generated programmed nanovesicles by incorporating small molecule
agonists on the vesicle surface. Cytosine-phosphorothioate-guanine oligodeoxynucleotides
(CpG-ODN), a synthetic oligonucleotide, has sequence patterns that resemble bacterial
DNA and has been found to activate antigen presenting cells (APCs) such as macrophages
and dendritic cells?**. CpG-ODN is recognized by the Toll-like receptor 9 (TLR-9) present
in APCs**2% CpG-ODN interaction with TLR-9 initiates signaling pathways that causes
the APC to secrete several pro-inflammatory cytokines including IFN-y, IL-12, TNF-a*,
Recent studies have shown that stimulation of macrophages with ODN1826, a Class B
CpG oligonucleotide, increases their phagocytotic and anti-tumor activity'?*. CpG-ODN
treated macrophages produced high levels of pro-inflammatory cytokines compared to
other immune-stimulant agonists upon interaction with macrophage'?*>. While CpG-ODN
is a well-known immunostimulatory agonist, its efficacy is limited by its rapid degradation
and inability to effectively be delivered to the intracellular compartment of APCs*7. We
incorporated ODN1826, a synthetic class B CpG oligonucleotide lipopeptides, into the
membrane bilayer of the MEVs. To compare the capability of MEVs and cpg-MEVs to
reprogram already polarized macrophages, we separately incubated M2 BMDMs with
equal number of MEVs or cpg-MEVs and compared cytokine production. cpg-MEVs
induced the production of cytokines to levels of 26+3% (IFN-y), 58+11% (IL-10), 46+1%
(IL-12p70), 41£3% (IL-1B), 38+3% (IL-6), 75£18% (KC/GRO), and 43+2% (TNF-a) of
the average concentration seen for M1 macrophages (Figure 3.11d). This was an
improvement over the polarization induced by unmodified MEVS of 7%, 1%, 18%, 10%,
26%, 18%, 26% more efficient in the production of IFN-y, IL-10, IL-12p70, IL-1p, IL-6,
KC/GRO and TNF-a, respectively. These results suggest MEV efficacy can be enhanced

by incorporating polarization inducing ligands into the surface of the vesicle.
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3.5 Conclusions

In conclusion, BMDMs can be used to generate exosome mimicking vesicles with
high yield using nitrogen cavitation. Interactions of endogenous ligands present on the
membrane bilayer of a vesicle with their corresponding receptors present on the target
macrophage cause anti-inflammatory macrophages to repolarize towards a pro-
inflammatory phenotype. Cell-engineered nanovesicles can be programmed to overexpress
specific ligands on their surface that improve targeting and repolarization efficacy.
Programmed nanovesicles, when interacting with the M2 macrophages can elicit enhanced
immunomodulatory properties compared to non-programmed vesicles. This shows that
programmed M1 macrophage-engineered nanovesicles can be used as a potential
therapeutic platform to achieve enhanced re-polarization of tumor-supportive M2

macrophages towards a tumor-killing M1 phenotype.
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CHAPTER 4. CELL-DERIVED VESICLES FOR IN VITRO AND IN VIVO
TARGETED THERAPEUTIC DELIVERY

4.1 Chapter Summary

Engineering a therapeutic delivery system that would successfully transport
therapeutics to the interior of the cell has always been a challenging project. Recent studies
have focused on developing exosomes or liposome-based therapeutic delivery systems to
deliver therapeutic cargo to the cell of interest!>® 143:24%2%8 'Exosomes are lipid bilayer-
enclosed compartments released by various eukaryotic cells?®!: 2, These nanosized (50-
100 nm) particles have been utilized as intercellular communicators, drug delivery vehicles
and immune stimulators'’”-3%-3%! 'Exosomes are highly biocompatible, less immunogenic,
smaller in size, and exhibit cell targeting specificity !4 15%201.245.2%8 \While exosome-based
drug delivery system offers multiple advantages for their use in therapeutic delivery, use
of exosomes is always a challenge for clinical applications because of their low production
yield and cumbersome separation steps'** %2, Liposomes are synthetic lipid bilayer

135,303 " While liposomes can be

vesicles often used as an alternative to exosomes
synthesized with smaller sizes, high yields, and the ability to be functionalized with surface
moieties, these nanoparticles are prone to immune clearance when administered into the
body!?*. Here, we overcome the limitations of naturally produced exosomes as well as
synthetic liposomes by generating cell-engineered vesicles (CEVs) artificially via
disruption of the cellular membrane by nitrogen cavitation. CEVs can be generated at high
yields and exhibit similar properties to exosomes. In this chapter, we also demonstrate that
cell-engineered vesicles produced artificially by fragmenting cellular membranes can be
effectively loaded with a wvariety of cargo, including fluorescent markers,

chemotherapeutics, or any sort of cargo like proteins or genetic materials that can then be

transported to the interior of the cell of interest. Cellular CEVs display cell targeting
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specificity as well as the capability to carry both lipophilic as well as hydrophilic cargo
into the interior of the cell. In vitro, we found that CEVs generated from cancer cells can
reprogram immune cell phenotype when delivered in vitro. Furthermore,
chemotherapeutic-loaded CEVs successfully deliver cancer therapeutics and exhibit
greater cancer cell inhibition compared to the free drug in solution. Incorporating cancer
cell targeting moieties into the vesicle membrane provided improved delivery and uptake
of therapeutic loaded nanovesicles leading to greater efficacy. We also performed in vivo
targeting and delivery in an animal utilizing fluorescently tagged nanovesicles to target
tumor xenografts. Cell-engineered vesicles can be produced in large quantities and readily
loaded with a multitude of payloads. Because of their propensity to selectively target the
parent cell type, these vesicles may be useful for delivering therapeutics as well as other

cargo both in vitro and in vivo.

4.2 Background

For the discovery of novel treatments and the comprehension of biological function,
the efficient transport of cargos such as fluorescent probes, gene products, medications,
and proteins to the inside of the cell is highly important’**"7, Despite developments in

308

fields like gene transfer’™®, targeted therapies, endogenous vesicle-based delivery

139, 309 310

methods , and the use of peptides’”, one of the key obstacles to the development of
treatments is the effective transport of cargo through the cell membrane. Endocytic routes
are the most popular means of entering the cell's interior. While this offers a somewhat
effective way to breach the cell membrane, it also causes the cargo to get trapped in
endosomal vesicles. The payload must then evade from these vesicles, reducing the
effectiveness of medicines as well as their potential®!!. This makes cargo delivery more

difficult for both in vivo and cell culture-based applications. Ideal drug delivery systems
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would enable cargo to be transported directly into the interior of the cell and protect the
cargo from endocytic degradation.

Phospholipid bilayer-based vesicles have shown potential as therapeutic delivery
vehicles able to enclose the payload and convey it to the inside of target cells3! 313,
Synthetic vesicles, like liposomes made of phospholipid membranes, are extremely simple
to load and have the potential to be used as intracellular delivery systems both in vitro and
in vivo!3>13%314 The inability of liposomes to carry drugs in vivo without being recognized
by the immune system, however, limits their use. Naturally produced cellular vesicles are
an appealing substitute. Exosomes, for instance, have drawn a lot of interest as therapeutic
delivery systems to deliver cargo to the cell of interest since they are nonimmunogenic and
only target certain cell types'#* 242 313:315 "While cell specificity solves a significant issue
with focused therapeutic administration, the use of exosomes as therapeutic delivery
systems is limited by their inadequate synthesis. Exosomes have been used for the in vitro
delivery of medicines and for the delivery of genes despite these drawbacks®'®318,
Recently, vesicles produced from cell organelle membranes were employed as exosome
mimics and such vesicles preserved some of the targeting characteristics of exosomes'**
196,319,320

When developing intracellular delivery vectors, it is necessary to take several
important considerations into account. The loading of the cargo has to be quick and simple,
and the drug delivery system should be able to accommodate a diverse variety of different
types of cargo. In this work, we generate cell-engineered vesicles (CEVs) that exhibit cell
targeting specificity. We use these vesicles as general cell-delivery vehicles that can deliver
their cargoes to the interior of the cells both in vitro and in vivo. We also developed
therapeutic-loaded nanovesicles programmed with surface components designed to
enhance their therapeutic delivery efficacy to cancer cells. Nanovesicles that are decorated

with specific membrane-bound ligands are efficiently taken up by the target cell. We found

that folate decorated therapeutics loaded nanovesicles exhibit increased cancer cell killing
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ability compared to regular therapeutics loaded vesicles or the therapeutics in the solution.
Overall, cell-engineered nanovesicles-based therapeutics show promise for both enhanced

therapeutic delivery and the ability to reprogram immune cell polarization.

4.3 Methods

Generation of Empty Vesicles: Empty vesicles were generated from cells following

212 Briefly, cell media was aspirated off from the flask

the protocol as reported previously
containing cells. 3 mL of PBS was then added to each flask, and cells were detached by
scraping them and resuspended in PBS. The cell suspension from each flask was first
collected into a 50 mL tube, and the total number of cells were then counted using a
hematocytometer. The cell slurry collected in the previous step was then centrifuged at
1200 rpm at 4 °C for 5 minutes, and the obtained pellets were resuspended in 10 mL sucrose
buffer solution (SBS) supplemented with protease inhibitor (10 mM HEPES, 250 mM
sucrose, pH adjusted to 7.4 and one protease inhibitor mini tablet per 10 mL buffer). To
fragment the cellular membrane and generate vesicles, cells were then subjected to a
pressure of 300 psi for 5 minutes in a prechilled nitrogen gas decompressor (Parr
Instruments Company, IL, USA) on ice. The fragmented cell mixture including vesicles
was centrifuged at 4000xg for 10 minutes at 4 °C. Pellets obtained were discarded but the
obtained supernatant centrifuged at 10,000xg for 20 minutes at 4 °C. The supernatant was
then subjected to ultracentrifugation at 100,000xg for 65 minutes at 4 °C to collect the
pellet containing nanovesicles. The pellet was then washed 5 times with PBS before
resuspending them in 500 uL PBS.

Determination of Vesicle Size: To determine the effective diameter of vesicles, the
vesicle suspension described above was diluted 1:4 in PBS. Approximately 3 mL of the

diluted vesicle suspension was transferred into a cuvette and analyzed using dynamic light

scattering (DLS).

118



Generation of Cisplatin-Loaded Vesicles: 60 million human lung cancer cells
(A549 cells) were collected to generate A549-engineered vesicles for delivery. A549 cells
were scraped from the culture into 20 mL of SBS. The cell slurry was then collected into a
50 mL conical tube and centrifuged at 2000 rpm for 2 minutes at 25 °C. The SBS obtained
after centrifugation was aspirated off, and the pellet was resuspended in 8 mL of 8.33mM
cisplatin in SBS. The cell solution was then subjected to fragmentation by nitrogen
cavitation at 300 psi at 4 °C for 5 minutes. The cell slurry obtained after nitrogen cavitation
was centrifuged at 4000xg for 10 minutes at 4 °C. The pellet resulting after centrifugation
was discarded, while the supernatant was transferred to a 25 mL ultracentrifuge (UCF) tube
and further centrifuged at 10,000xg for 20 minutes at 4 °C. The supernatant from the UCF
tube was then transferred to a new 25 mL UCF tube and centrifuged at 100,000xg for 60
minutes at 4 °C. The pellet in the UCF tube was carefully washed with 500 uL. SBS and
the residual solution pipetted out and discarded. 750 uL. of PBS was added to the UCF tube
and the pellet resuspended via pipetting. Empty A549-engineered vesicles were generated
in the exact same way except in the absence of cisplatin.

30,000 A549 cells were plated in each well of a 96-well cell culture plate and
allowed to incubate for 24 hours in 200 pL of HEK media (Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% FBS, 1% Glutamine and 1% PS) at 37 °C. After
24 hours of incubation, the growth media was replaced with 250 pL of fresh HEK media,
empty vesicles in 250 pL of HEK media, HEK media containing 4.17 mM cisplatin,
cisplatin loaded vesicles in HEK media. A549 cells were further incubated under these
conditions for 24 hours, 48 hours and 72 hours wherein at each respective timepoint, the
old media was aspirated off and 100 puL of optimem was added followed by 20 uL of alamar
blue. The plate was further left to incubate for 45 minutes until uniform purple coloration
was observed. This plate was then read using a FlexStation plate reader.

Determination of Cisplatin Concentration in Vesicles: Cisplatin concentration in

vesicles was determined by first obtaining the concentration of platinum (Pt) present in
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solution. At first 100, 10, 1, 0.1, and 0.01 ppm platinum standard solutions were prepared
in 1% HNOs3 solution and were used to generate the standard curve using inductively
coupled plasma optical emission spectroscopy (ICP-OES, Varian Vista Pro). Cisplatin-
encapsulated vesicles were generated as discussed above in the presence of 8.33 mM
cisplatin in SBS. The vesicle suspension was treated with (1%) Triton X-100 and
concentrated HNO; to disrupt the vesicles’ membranes and liberate the platinum
encapsulated therein. This solution was further diluted and injected with 1% Yttrium in 1%
HNOs. The resulting emission and standard curve were used for determining the
concentration of Pt in solution. The concentration of cisplatin was then determined from
platinum concentration using a mole ratio.

Labeling Vesicles with Dil: To label vesicles, Dil was added to the vesicle
resuspension such that the final concentration of the dye becomes 2 uM and left to incubate
for 30 minutes at 37 °C. Dil is a lipophilic dye which becomes incorporated into the lipid
bilayer of the vesicle. The free dye molecules were separated from the fluorescently labeled
vesicles using a size exclusion spin column (PD MidiTrap). Briefly, the column was
equilibrated by running 15 mL of PBS through the column followed by the column
undergoing centrifugation at 1000xg for 2 minutes to flush any PBS remaining in the
column. Then, 500 pL of vesicle solution was added dropwise on the center of the column
from the top and centrifuged at 1000xg for 2 minutes. In doing so, free dye is trapped inside
the column and only vesicles loaded with Dil are eluted.

Cell Targeting Specificity. HEK293T vesicles onto HEK293T and A549 cells: 64
million human embryonic kidney (HEK293T) cells were used to generate HEK293T-
engineered vesicles for delivery. Cells were scraped from culture using a cell scraper in 20
mL of SBS. The cell solution obtained after scraping was collected into a 50 mL conical
tube and pelleted at 2000 rpm at 25 °C for 2 minutes. In doing so all the cells present in
solution after centrifugation settle down in the bottom of the tube. The supernatant was

then carefully aspirated off such that the final volume of SBS was 10 mL. The solution was
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pipetted up and down multiple times in order to homogenously distribute cells in solution.
The cell solution thus obtained was fragmented using nitrogen cavitation at 300 psi at 4 °C
for 5 minutes. The resulting cell slurry was centrifuged at 4000xg for 10 minutes at 4 °C.
The pellet was discarded, and the supernatant obtained from centrifugation was transferred
to a 25 mL UCF tube for 10,000xg centrifugation for 20 minutes at 4 °C. The pellet
obtained after this step was discarded and the supernatant from the UCF tube was then
transferred to a new 25 mL UCF tube and centrifuged at 100,000xg for 60 minutes at 4 °C.
The pellet collected inside of the UCF tube was washed multiple times with SBS before
resuspending it in 100 uL of SBS. 2 uLL of 1 mM Dil in 100% DMSO solution was added
to the vesicle resuspension and allowed to incubate for 30 minutes at 37 °C which allowed
CEVs to be labeled with Dil. Free dye which is still present in the vesicle resuspension
after incubation was purified using a PD MidiTrap size exclusion column. 50 pL of purified
vesicles were added to each glass bottom dish containing 90,000 HEK or A549 cells plated
24 hours prior. 54 million RAW264.7 (RAW) cells were used to generate RAW-engineered
vesicles following the same procedure as above and were added to RAW and A549 cells
as above.
The same protocol was followed as above for HCT116-engineered vesicles onto HCT116
cells and RAW-engineered vesicles onto HCT116 cells. 70.4 million HCT116 cells and
56.8 million RAW cells were used to generate vesicles. HCT116 cells being cancer cells
divide at a faster rate than other noncancerous cells like RAW. Therefore only 50,000
HCT116 cells were plated onto glass bottom dishes compared to 90,000 RAW cells.
Folate-decorated MEVs: Bone marrow-derived macrophages (BMDMs) were
obtained from 8-12 week old mice as discussed previously. Cells were resuspended in the
standard medium (RPMI1640 supplemented with 10% fetal bovine serum (FBS), 5%
penicillin/ streptomycin (PS), 1% glutamine, 1% HEPES(4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid ), 0.001% p-mercaptoethanol and 20% supernatant from

sL929 cells), transferred into 75-cm? culture flasks, and allowed to grow for 2 days.
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Starting on day 3, standard medium supplemented with 0.1% DSPE-PEG-Folate was then
replaced every two days until day 7. Cells were re-plated on day 7 at a cell density of 1x10°
cellsymL in re-plating media (Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% FBS, 1% Glutamine and 1% PS). BMDMs were then stimulated
to become M1 macrophages using LPS (20 ng/mL; Invivogen) and IFN-y (20 ng/mL;
eBioscience). Folate-decorated MEVs were generated using the nitrogen cavitation
technique as discussed previously.

The decoration of folate ligands on the membrane of the M1 BMDMs was
confirmed using the immunofluorescence technique. Briefly, folate decorated M1 BMDMs
cultured in glass bottom dishes were first incubated with the folate primary antibody at 37
°C for 90 minutes. Cells were then washed with PBS three times and then incubated with
the secondary antibody (goat anti-mouse IgG Alexa Fluor 488) at 37 °C for 90 minutes. A
Nikon A1R laser scanning confocal microscope was used for fluorescence imaging of
folate decorated-antibody treated-M1 macrophages. Folate-decorated MEVs were
generated using folate-decorated M1 BMDMs as discussed previously. In order to confirm
the presence of folate on the surface of MEVs, folate decorated MEVs were first
resuspended in PBS and then allowed to incubate for 90 minutes at 37 °C with folate
primary antibody. Primary antibody-treated folate MEVs were then incubated for 90
minutes at 37 °C with secondary antibody (goat anti mouse IgG Alexa Fluor 488). A
fluorescence microscope was then used to confirm the presence of folate ligands on MEVs.

Cisplatin-loaded folate-decorated MEVs were generated using 100 million folate-
decorated M1 BMDMs. Briefly, folate decorated M1 BMDMs were first resuspended in 8
mL of 8.33 mM cisplatin solution made in PBS supplemented with a protease inhibitor. To
fragment the cells and generate cisplatin loaded folate decorated vesicles, the cell
suspension was transferred to a prechilled nitrogen decompressor on ice and nitrogen
cavitated at 300 psi for 5 min. The cell lysate obtained was then subjected to a series of

centrifugation steps and purification steps as discussed previously to obtain pure folate
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decorated cisplatin loaded MEVs. Inductively coupled plasma-optical emission
spectrometry (ICPOES) was used to determine the concentration of cisplatin loaded in
MEVs or folate-MEVs as discussed previously. First, we treated cisplatin-loaded MEVs
with 1% Triton X-100 to dissolve the lipid bilayer, followed by a 70 % nitric acid treatment
to release platinum from cisplatin. The resulting solution was further heated at 60 °C for 2
hours before diluting the nitric acid solution to 10 %. A standard curve using platinum
standards in a 10% nitric acid solution was used to determine the platinum concentration.

In Vivo Xenograft: In order to validate the in vivo delivery of various CEVs into
the tumor, immune-compromised nude mice were subcutaneously injected with A549
cancer cells (NSCLC, immortalized) in the right shoulder and monitored for 4-5 weeks
until significant growth of the tumor was observed. CEVs were prepared using cultured
A549, HEK and RAW cells following the procedure discussed earlier. These vesicles were
then labeled with DiR, a lipophilic dye with an excitation maxima at 750 nm that can
penetrate deep into the tissue rendering it suitable for in vivo imaging. Labeled vesicles
were then administered to the mice intravenously and imaged after 24, 48 and 72 hours.
Mice were anesthetized using isoflurane prior to imaging. An IVIS Spectrum In Vivo
Imaging system was used to measure epifluorescence. The Fluorescence signal intensity

was quantified using Living Image software (PerkinElmer).

4.4 Results and Discussions

4.4.1 Characterization of Cell-Engineered vesicles

We generated cell-engineered vesicles (CEVs) by subjecting eukaryotic cells in
solution to high-pressure N> during nitrogen cavitation. The quick release of pressure
causes the creation of gas bubbles that shatter the cellular membranes. Membrane
fragments then reassemble to create vesicles. We performed a succession of centrifugation

steps to isolate vesicles from the residual cell debris. Figure 4.1 depicts a schematic of the
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vesicle formation and isolation procedure. The solution used to resuspend cells is
encapsulated in the vesicles during cavitation, which is a benefit of this method. Thus,
therapeutic, or other cargos are efficiently captured in the vesicles during vesicle
production. Figure 4.2A depicts an image of vesicles generated by nitrogen cavitation from
HEK cells in the presence of fluorescein, a fluorescent dye. The fluorescence image reveals
punctate regions, indicating that the fluorophore is encapsulated within the vesicles. By
encapsulating the cargo in a phospholipid bilayer, the payload is protected from untimely
degradation. To demonstrate the adaptability of this method, we conducted a series of
experiments using vesicles from human embryonic kidney cells (HEK), human colorectal
cancer (HCT 116), human lung cancer (A549), bone marrow-derived macrophages

(BMDMs) and macrophage-like cell lines (RAW 264.7).
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Figure 4.1 Schematic illustrating our approach of cell-engineered vesicle generation,

loading, and isolation.

Cultured cells are nitrogen cavitated with cargo in free solution, then serially centrifuged

to produce pure vesicles. Vesicles carry hydrophilic payloads enclosed during cavitation

or lipophilic cargo anchored in the membrane of vesicles.
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The biggest challenge of extracellular vesicles for their use in clinical applications
is their low production yield. To assess the vesicle yield from nitrogen cavitation, we
conducted fluorescence correlation spectroscopy (FCS). Vesicles were produced by
nitrogen cavitation from roughly 40 million A549 cells in vitro. After isolating the vesicles,
they were tagged with a lipophilic dialkylcarbocyanine fluorophore (Dil) that is
nonfluorescent in aqueous solution but glows brilliantly when bound to a lipid bilayer. FCS
detects changes in fluorescence as vesicles move across the focal volume. From the
autocorrelation curve, both the diffusion time and the average number of molecules may
be determined (Figure 4.2B). We used tetra speck beads to calibrate the FCS focal volume,
and we found that nitrogen cavitation generated 1.3x10!! vesicles from 40 million cells.
Thus, we were able to produce a high number of vesicles from a small number of cells.

We also performed nanoparticle tracking analysis (NTA) to determine the size
distribution and concentration of cell-engineered vesicles. We found that the mean
diameter of CEVs generated by nitrogen cavitation is between 50-100 nm, which is similar
to the size distribution that is reported in the literature for endogenously released exosomes
(100 to 150 nm). We also assessed the stability of CEVs by measuring their surface charge
(zeta potential) while they were suspended in a PBS buffer. Vesicle preparations showed a
-2.5 mV surface charge, indicating their stability in the solution. To understand the effect
of pressure applied during nitrogen cavitation on the size distribution of the vesicles, we
generated vesicles at varying nitrogen cavitation pressures of 250, 300, 600, and 900 psi.
We obtained the smallest sized vesicles at 300 psi. In addition to producing vesicles that
are similar in size to exosomes, the nitrogen cavitation process also maintains low heat and
preserves both the sample and the cellular proteins from degradation. In this technique of
vesicle generation all cells in solution are subjected to the same pressure, leading to rather

homogenous vesicle formation.
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Figure 4.2 Cell-engineered vesicle characterization.
(A) Wide-field fluorescence image of fluorescein loaded CEVS. (B) Fluorescence
correlation spectroscopy correlogram for determining the concentration of vesicles. (C)

Size distribution of CEVs obtained from nanoparticle tracking analysis (NTA).
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4.4.2 Targeting Specificity of CEVs Across Various Cell Types

Previous studies have shown that exosomes and vesicles derived from tumor cells
preferentially target cells from which they were regenerated. In order to study the ability
of CEVs to target the same cell from which they were regenerated, multiple experiments
were carried out in which engineered vesicles generated from a specific cell type were
delivered to the cell from which it originated versus other cell types. First, engineered
vesicles were generated from cultured HEK cells and labeled with Dil. We then determined
the efficiency of delivery to both HEK and A549 cells by measuring the fluorescence signal
at various time points. We found that after 2 hours of interaction of the same number of
HEK-engineered vesicles with HEK and A549 cells, HEK cells were found to have 10-
fold increase in fluorescence compared to A549 cells (Figure 4.3A). Next, we used cultured
RAW cells to generate RAW CEVs by nitrogen cavitation and found that RAW CEVs
were delivered eight times more readily to RAW cells in comparison to A549 cells (Figure
4.3B). These results further demonstrate that CEVs exhibit cell targeting specificity like
exosomes.

We further performed an experiment to compare the delivery of different vesicles
to the same cell type. For this we generated Dil-labeled CEVs from both HCT as well as
RAW cells and delivered them to HCT cells, measuring the fluorescence signal over time.
In this study HCT CEVs too were preferentially taken up by HCT cells. The interesting
result is that although HCT-engineered vesicles were more efficient at delivering cargo to
HCT cells as compared to RAW vesicles, RAW CEVs still exhibited targeting properties
for HCT cells (Figure 4.3C). Based on these results we were able to show that CEVs, like
exosomes, have an affinity to deliver their cargo preferentially to those cells from which
they originated. Wide field imaging shows the greater uptake of RAW-engineered vesicles

by RAW cells and relatively low uptake by A549 cells (Figure 4.3D-E), illustrating greater
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specificity for delivery to RAW cells. Although cancer CEVs specifically target cells from
which they were originated, there is some a discrepancy among scientists as to the use of
CEVs in clinical application due to the potential threat of these vesicles increasing the
metastatic potential in vivo. On the other hand, we proposed that RAW CEVs, having only
a 3-fold decrease in targeting A549 cells compared to RAW cells, can be used as a general

drug delivery vehicle to deliver cargo to cancer cells.

129



- HEK vesicle delivery

——HEK Cells
1 ——A549 Cells

Norm. ID

w
3

Norm. ID

w
o

N
o
L

104

1——A549 cells

RAW vesicledelivery C 5.

——RAW Cells

0 1 2 3
Time (Hours)

0 1 2

Time (Hours)

E

Figure 4.3 Cell targeting specificity of cell-engineered vesicles.

| ——HCT Vesicles

Delivery to HCT Cells

—— RAW Vesicles

Time (Hours)

(A) Comparison of HEK vesicles delivered to HEK cells (black) versus HEK vesicles

delivered to A549 cells (red). (B) Comparison of RAW vesicles delivered to RAW cells

(black) versus RAW vesicles delivered to A549 cells (red). (C) Comparison of HCT

vesicles delivered to HCT cells (black) versus RAW vesicles delivered to HCT cells (red).

(D) Widefield fluorescence image of Dil labeled RAW vesicles delivered to RAW cells

after 2.5 hours showing clear loading. (E) Widefield fluorescence image of Dil-labeled

RAW vesicles delivered to A549 cells after 2.5 hours showing limited cellular uptake.

Norm ID is the integrated density of the image normalized to the time O value. Each data

point is the average of 5 experiments. A student’s t-test was used to determine significance

between end points. Each end point was significant with a p value <.001.
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4.4.3 In Vitro Delivery of Hydrophilic Cargo

Previous studies have used exosomes to deliver cargo to the recipient cells.
However, poor yield and difficulty in loading therapeutics into the exosome are some of
the challenges associated with their use in clinical applications. To illustrate the
adaptability of our vesicle-based delivery system, we generated vesicles that encapsulated
fluorescein, a green-emitting fluorophore, in order to observe the transport of cargo to the
interior of the cell. DiD, a lipophilic dye, was then used to label the membranes of these
fluorescein-loaded vesicles. This enabled us to observe vesicle contents being delivered to
the cytoplasm and the vesicle membrane being integrated with the membrane of the
recipient cells. We incubated HEK cells with fluorescein-loaded DiD-labeled vesicles for
45 minutes to allow cells to take up these vesicles. Vesicles still present in the media
solution were removed by rinsing the cells, and confocal imaging was conducted. We
observed a clear fluorescence that spread throughout the cytosol, indicating vesicles
successfully delivered the hydrophilic cargo, fluorescein, to the interior of the cell (Figure
4.4). Also, we saw DiD fluorescence in some parts of the cell membrane, which shows that
vesicles first fuse with the cell membrane and then release their contents into the cell. These
results demonstrate that CEVs can be used to successfully deliver cargo to the interior of

the cell.
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Figure 4.4 Confocal image of HEK cells showing vesicle mediated cargo delivery.
Cell-engineered vesicles were loaded with fluorescein (inside) and then labeled with DiD
(lipid bilayer) prior to incubating them with HEK cells. After vesicle uptake, the interior

of the cell is packed with fluorescein.
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4.44 Immunomodulatory Properties of A549 cell generated CEVs

Recent studies have utilized exosomes released from cancer cells or immune cells
to reprogram the immune cell phenotype of the recipient cell. Lower yield, and
cumbersome isolation steps pose a barrier for their clinical translation. Here, we performed
a series of experiments to see if cell-engineered vesicles generated from human lung cancer
(A549) can trigger immune cell activation when they interact with the immune cells. In
order to study the ability of engineered vesicles to flip the phenotype of macrophages we
performed a series of experiments in vitro. At first, we induced M1 bone marrow-derived
macrophage polarization via stimulation with a lipopolysaccharide (LPS) and an interferon
gamma (IFN-y). Similarly, we induced M2 macrophage polarization using I1L-4. A549
CEVs were generated using nitrogen cavitation from cultured A549 cells. We added A549
CEVs (A549EVs) to cultured, unstimulated MO macrophages, pro-inflammatory M1
macrophages and anti-inflammatory M2 macrophages and left to incubate for 24 hours at
37 °C. At first, we compared the cytokine production from MO macrophages, M1
macrophages and M2 macrophages incubated with AS549EVs (Figure 4.5A). The
supernatant was collected from the cell culture of each sample and proinflammatory
cytokines were analyzed using an MSD assay of the cell culture supernatant. We observed
proinflammatory cytokine expression by M1 macrophages whereas almost zero expression
of such markers was seen for MO macrophages. We also observed a clear increase in the
levels all the pro-inflammatory markers for MO macrophages that had been incubated with
A549EVs (Figure 4.5B). These result show that AS49EVs can stimulate MO macrophage
towards M1 macrophages. In similar studies we have found that A549EVs somehow
suppress the pro-inflammatory property of M1 macrophages but repolarize M2

macrophages towards a pro-inflammatory phenotype (Figure 4.5C).

133



I w1
. B mo
_ 184
5 [__]A549EV ON MO
g 17 4
-
[4B]
g 16 ”
(@]
o
E 1
o
=
W
IFN-y IL-10 IL-12p70 IL-1f  IL-6 KC/GRO TNF-a
B - C
- 161 B mo - [ m2 I
o [_]JA549EV ON M1 & 20 ] A549EV ON MZ[
E -—
S 1.2 . s E
c .
@ 3
g O
0.8 4 cC
8 8 1.0
£ 04/ € os.
(@] o
= P
0.0 0.0

IFN-y  IL-10 IL-12p70 IL-1f  IL-6 KC/GRO TNF-a "Ny IL-10 IL12p70 L1 L6 KG/GRO TNF-a

Figure 4.5 Polarization of M0, M1 and M2 macrophages in vitro by AS49EVs.

(A) Polarization of MO macrophages towards M1 macrophages in vitro when left to
incubate with AS49EVs. (B) Quantification of pro-inflammatory cytokine expression by
M1 macrophages when left to incubate the with AS49EVs in vitro. (C) Polarization of M2
macrophages towards M1 macrophages in vitro when treated with A549EVs. Each graph
represents an MSD assay evaluation of macrophage-conditioned media for pro-
inflammatory markers IFN-y, IL-10, IL-12p70, IL-1B, IL-6, and KC/GRO, typical
cytokines release by M1 macrophages. Each data point is the average of at least 3

experiments.
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4.4.5 CEV-mediated Chemotherapeutic Delivery to Cancer Cells

In the face of the growing danger posed by tumors, it has always been a difficult
task to develop a versatile DDS that can be used for effective therapeutic delivery to cancer
cells. In particular, it has been difficult to develop a DDS that demonstrates enhanced
cancer cell targeting capability. Many different DDS platforms, including polymer
assembly, inorganic materials composites, liposomes, and hydrogels, have been used for
therapeutic delivery onto cancer cells over the last few decades. While these DDS have
paved the way for the further development of novel DDS, their inherent flaws, including
intricate functionalization techniques, a need to improve their stability in vivo, and possible
metal toxicity, limit their use in clinical applications. Because of this, there is a pressing
need to develop new DDS with superior biocompatibility and ease of incorporation of cell-
targeting and therapeutic components. In addition, these new DDS should be generated
using simple and bio-friendly preparation techniques. While endogenously produced
exosomes have been increasingly employed as innovative DDS for tumor diagnostics and
treatment, exosomes are produced in low quantities, involve cumbersome purification
steps, and difficult to functionalize with cell targeting moieties. To overcome these
limitations, we developed therapeutic-loaded CEVs and exploited them for cisplatin
delivery into cancer cells. Cell-engineered vesicles can be generated with high yields and
can be easily loaded with therapeutics during nitrogen cavitation.

We performed a series of experiments to evaluate the efficacy of chemotherapeutic-
loaded CEVs delivery to cancer cells. First, cisplatin loaded A549 engineered vesicles were
generated in the presence of 8.33 mM cisplatin in sucrose buffer solution (SBS). We
measured the concentration of cisplatin-encapsulated inside of the vesicles using ICP-OES
We found that 1x10'! CEVs can encapsulate 3 ug of cisplatin. We further investigated the
stability of such cisplatin-loaded vesicles by measuring the cisplatin leaking into the

solution for 3 consecutive days and found that vesicles are stable at 37 °C for two days as
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we found no apparent leakage of cisplatin from these vesicles for 48 hours. As a control
study we first treated A549 cells with empty A549 CEVs and compared the viability of
A549 cells in absence and presence of vesicles. We found the presence of empty vesicles
does not alter the viability of A549 cells (Figure 4.6). In addition to this, we further
compared the effect of free cisplatin and cisplatin-loaded vesicles to A549 cells. The
concentration of cisplatin delivered through vesicles was maintained the same as cisplatin
in free solution. At 24 hours we found that cisplatin-loaded engineered vesicles were able
to cause 70% cell death while free cisplatin caused no apparent cell death. Similarly, at 48
hours cisplatin loaded CEVs resulted in 90% cell death whereas free cisplatin caused only
15 % cell death. This low concentration of free cisplatin resulted in no apparent cell death
at 24 hours, while cisplatin-loaded vesicles resulted in 70% cell death. By the 48-hour time
point, loaded cell-derived vesicles resulted in 90% cell death, while free cisplatin resulted
in 15% cell death. At 72 hours cisplatin-loaded vesicles maintained 90% cell death while
free cisplatin caused 50% cell death. These results clearly showed that cisplatin loaded
CEVs were much more effective in causing cell death at very low concentration compared

to free cisplatin by delivering their cargo effectively inside of the cell.
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Figure 4.6 Efficacy of cisplatin loaded vesicles.

Comparison of cell growth at time 0, 24 hours, 48 hours, and 72 hours for A549 cells with
no treatment (black), treated with empty vesicles (gray), with carboplatin loaded vesicles
(purple), and free cisplatin in solution (pink). Empty vesicles have no effect on cell growth
while both free cisplatin and loaded vesicles show similar efficacy in killing A549 cells.
Each data point is the average of 5 experiments. A student’s t-test was used to determine

significance. * Indicates a p value <.001.
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In order to improve the targeting efficiency as well as cancer killing ability of
therapeutic-loaded CEVs we generated folate ligands decorated engineered vesicles. Folate
ligands can interact with folate receptors that are ubiquitously present in cancer cells.
Folate receptor (FR) is a membrane glycoprotein that is highly expressed in tumor cells
including ovarian, lung, brain, and breast cancers*?!3?*, Folate ligands are often
incorporated onto the surface of drug delivery systems such as liposomes and micro
vesicles to enhance their targeting to cancer cells. Recently, Zhu et al. incorporated folate
into the phospholipid membrane of micro vesicles (size 792nm) generated from CAL27,
an oral adenosquamous carcinoma cell line, and showed improved targeting toward breast
cancer.?®® Although, the engineering of micro vesicles and lipid based particles seems
promising, they still suffer from challenges such as lower yields, bigger size, and an
inability to evade immune clearance when delivered in vivo. We generated folate decorated
macrophage engineered vesicles (MEVSs) vesicles to determine the effect on targeting lung
cancer(A549) cells.

Folate ligands were allowed to incorporate onto the macrophage membrane
through a phospholipid substitution technique as described previously®?. We found that
when macrophages are allowed to proliferate in standard media supplemented with 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-(folate(polyethylene glycol)-2000)
ammonium salt (DSPE-PEG-Folate), DSPE-PEG-Folate is incorporated into the
macrophage membrane during cell division. We confirmed folate decoration on
macrophage using fluorescence microscopy. Fluorescence images of folate-decorated
macrophages are displayed in Figure 4.7A. We next polarized folate decorated BMDMs to
an M1 phenotype and generated folate decorated MEVs (folate-MEVSs). The presence of
folate ligands on MEVs was confirmed using fluorescence microscopy (Figure 4.7C). We
used Nanoparticle Tracking Analysis (NTA) and Dynamic Light Scattering (DLS) to
measure the size, particle number, and the zeta potential of the MEVSs. Folate decorated

MEVs have a diameter of 100-200 nm with a zeta potential of -17.2 mV. We next
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performed a set of experiments to determine if folate-MEVs exhibit greater cancer cell
targeting properties compared to the regular MEVs. We generated folate decorated MEVs
and regular MEVs and then labeled them with a lipophilic dye, Dil. We added 1 x 10! Dil
labeled folate-MEVs or Dil labeled MEVs to 30,000 A549 cells in culture and incubated
them at 37 °C. We then determined the efficacy of delivery of Dil labeled vesicles to the
A549 cells by measuring the increase fluorescence intensity at time points over 2.5 hours.
Folate decorated MEVs exhibit almost 20% higher targeting ability to A549 cells compared
to non-decorated MEVs (Figure 4.8A-C). We further generated cisplatin loaded MEVs and
cisplatin loaded folate decorated MEVs and compared the half-maximal inhibitory
concentration (ICso) values of cisplatin in media, cisplatin loaded vesicles, and cisplatin
loaded folate decorated vesicles. The 1Cso values of cisplatin loaded MEVs (ICso = 4.3 uM
) was 40 % less than cisplatin in media (ICso = 7.2 uM ) (Figure 4.8D-E). Cisplatin loaded
folate decorated MEVs (ICso= 3.2 uM) have an 1C50 value 20 % less than cisplatin loaded
MEVs (Figure 4.8E-F). These results show that folate decoration of MEVs not only

improves the targeting ability to the cancer cells but also increases the therapeutic efficacy.

Figure 4.7 Programming BMDMs and MEVs with folate ligands.
(A) Fluorescence image of BMDMs expressing folate ligands. (B) BMDMs control. (C)

MEVs generated using folate decorated BMDMs express folate ligands on their surface.
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Figure 4.8 Programming MEVs with folate ligands for A549 cell targeting.

(A-B) Fluorescence image showing folate decorated MEVs are taken up more efficiently
compared to regular MEVs. (C) Quantification of uptake of MEVs and folate-MEVs by
A549 cell. (D,E,F) IC50 values for cisplatin-media solution, cisplatin loaded MEVs, and

folate decorated cisplatin loaded MEVs onto A549 cells.
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4.4.6 In Vivo Targeting and Delivery of Vesicles

Our previous experiments demonstrate that cell-engineered vesicles mimic
exosomes and can deliver cargo to the targeted cell in vitro. An ideal drug delivery vehicle
should be biocompatible, less immunogenic, stable over a prolonged period while
circulating in the blood, safe, and able to deliver therapeutics in vivo. We next performed
a series of experiments to assess the utility of cell-engineered vesicles in delivering cargo
to a specific tissue in a live animal. First, we implanted a xenograft containing A549
carcinoma cells into an immune-compromised nude mouse by subcutaneous injection of
A549 cells. When the tumor had reached a sufficient size, we created cell-engineered
vesicles and conducted a positive control experiment. In this work, DiR-labeled cell-
engineered vesicles were injected directly into the tumor xenograft. The animal was
scanned using in vivo imaging equipment, and successive imaging sessions were compared
to investigate the uptake and distribution of DiR-labeled CEVs into the tumor xenograft.
Next , we administered a solution containing DiR dye molecules through the tail vein of
another animal with a xenograft and discovered no detectable dyes in the tumor. Finally,
we generated CEVs from A549 cells, labeled them with DiR, and then performed tail vein
injection of CEVs into the mouse carrying a xenograft. Images of the mouse demonstrated
that vesicles do reach the tumor. These results confirmed our idea that cell-derived vesicles
produced by nitrogen cavitation may be used to selectively deliver drugs to malignancies.

After confirming the utility of CEVs in delivering cargo to the tumor xenograft,
we next performed a series of similar experiments using CEVs from multiple cell lines and
checked whether CEVs exhibit tumor xenograft targeting specificity in vivo. We generated
vesicles from human embryonic kidney cells (HEK), human lung cancer (A549), and
labeled them separately with a membrane dye, DiR. Dye-labeled vesicles were purified
from free dye using PD midi-prep size exclusion columns. We found that DiR alone when

injected into the mice as a control showed nonspecific accumulation whereas HEK-
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engineered vesicles accumulated in the area of bladder and were not able to reach the
tumor (Figure 4.9A&B). However, A549 cell-engineered vesicles were able to specifically
target the A549 tumor xenograft inside a live animal (Figure 4.9C). These results
demonstrate that cell engineered vesicles exhibit tumor cell targeting specificity in vivo.
While A549 CEVs are able to specifically target a tumor inside the body of an
animal, use of these vesicles in clinical application is concerning due to the fact that these
vesicles may carry genetic materials belonging to the parent cells, which when

186-188 instead of curing

administered into the body, may induce the proliferation of cancer
cancer. An alternative to using cancer cell-engineered vesicles could be to use vesicles
from macrophages. Immune cells such as macrophages are widespread in the tumor
microenvironment . Because CEVs exhibit targeting specificity, we expect that CEVs
generated using macrophage-like cell lines (RAW 264.7) could specifically target tumor
tissue. We next generated vesicles from RAW 264.7 cells and labeled them with DiR.
When these vesicles were administered into the mice with tumor xenograft through the tail
vein, we found that RAW cell-engineered vesicles were able to specifically target the A549
tumor xenograft inside a live animal (Figure 4.9D). These results demonstrate that cell

engineered vesicles form macrophages offer better alternatives to CEVs from cancer cells

to deliver cargo specifically to the tumor tissue.
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Figure 4.9 CEVs can reach the tumor xenograft in ice.

Mice bearing A549 xenografts on the right shoulder (dashed blue ovals) were injected with
(A). dye (DiR) alone (B). dye labeled vesicles derived from HEK cells (C). dye labeled
vesicles derived from A549 cells, and (D). dye labeled vesicles derived from RAW264.7

cells demonstrating RAW vesicles specifically targeted the A549 xenograft.
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45 Conclusion

Existing therapeutic delivery strategies often involve systemic therapeutic
administration into the human body. This results in the interaction of drugs with both
benign as well as malignant cells, which leads to unwanted side effects. While exosome or
liposome-based therapeutic delivery systems have shown promise for their use in targeted
therapeutic delivery, low production yields and high isolation costs associated with
exosomes and immune clearance for liposomes have been challenges for their use in
clinical applications.

Here, we developed novel cell-engineered vesicles (CEVs) from multiple cell types
using the nitrogen cavitation technique. CEVs were generated with high yields and mimic
the useful properties of exosomes. The size distribution of vesicles generated using
nitrogen cavitation is similar to the size distribution reported for exosomes and liposomes.
Similar to exosomes, CEVs exhibit a negative zeta potential value and are stable over a
prolonged period of time. These vesicles can be loaded with virtually any cargo and can be
specifically delivered to the cell of interest both in vitro and in vivo. Because vesicles can
be generated under minimal temperature conditions, CEVs maintain the stability of
biological as well as therapeutic cargo. Overall, CEVs can be generated with high yield,
easily loaded with therapeutics, and can specifically target tumor tissue in vivo. All these
useful features of CEVs allow us to use them as a novel drug delivery vehicle that could
selectively transport drug molecules to the cell of interest both in vitro and in vivo.

Effective delivery of chemotherapeutics to cancer cells is one of the main
challenges of the existing drug delivery system. Chemotherapeutics-loaded cell-engineered
vesicles aid in overcoming this challenge by efficiently delivering therapeutics to the

recipient cell. Cancer therapeutic-loaded CEVs kill cancer cells at low drug doses
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compared to free drugs in solution. In addition, CEVs can be programmed to express cell-
targeting ligands on their surface, which enables improved cancer cell targeting ability.
Furthermore, the cancer cell killing effect can be increased by using therapeutic-loaded
programmed-CEVs compared to regular therapeutic-loaded cell engineered vesicles.
Besides delivering both lipophilic as well as hydrophilic cargo successfully under in vitro
conditions, we next used CEVs for targeting tumor tissue in the animal. Dye-labeled CEVs
generated from both cancer cells and macrophages, when administered through the tail vain
injection, localize specifically to the tumor tissue into animals that had tumors grafted onto
them. Immune These preliminary results demonstrate the utility of CEVs in delivering
cargo efficiently to the tumor site in an animal. Overall CEVs can be used as drug delivery
systems both in vitro and in vivo.

Recently, we have focused on utilizing chemotherapeutic-loaded CEVs for treating
ovarian and osteosarcoma tumor xenografts in mice. In the near future, we plan to expand
our research by isolating cancer cells from a patient and growing those cells in vitro. We
plan to use some of the cultured cells for developing tumor xenografts in mice and use the
remainder for generating therapeutic-loaded CEVs for delivering them back to the tumor
xenograft. We will compare the efficacy of such vesicles in treating cancer compared to
the drug in solution. We hope CEVs will demonstrate greater therapeutic efficacy in vivo
and eliminate the off-target effect brought about by systemic administration of

chemotherapy.
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CHAPTER 5. CONCLUSIONS AND FUTURE DIRECTIONS

One of the main objectives of my graduate research was to develop potential
immunomodulatory and therapeutic delivery nanocarriers that could controllably modulate
immune cell phenotype and deliver therapeutic cargo to the interior of the cell. Immune
cells like macrophages, dendritic cells, and microglia, among others, can show a continuum
of polarization states that range from pro-inflammatory to anti-inflammatory’. The
presence of a particular phenotype is linked to the advancement of numerous disease
conditions'?’. For example, depending on the phenotype that macrophages exhibit in the
tissue microenvironment, macrophages can either contribute to the development or
suppression of cancer, inflammatory conditions, and infectious diseases!?: 224 227- 268,
Various factors, including cytokines, chemokines, and immune checkpoints expressed by
cancer cells in the tumor microenvironment, cause tumor associated macrophages to
exhibit an anti-inflammatory (M2) phenotype’® 77 8. M2 macrophages then produce
various cytokines, chemokines, and growth factors that contribute to angiogenesis, tissue
remodeling, chemoresistance, and metastasis’’. In addition, M2-TAMs express immune
checkpoints like PD-L1 and PD-L2 that inhibit the adaptive immune response against

tumors326-328

. Additionally, macrophages play a significant part in the inflammatory
response, such as that which occurs after a spinal cord injury (SCI)***. Following a spinal
cord injury, the blood-brain barrier is disrupted, which allows for the fast invasion of
peripheral macrophages into the spinal cord**>. These macrophages participate in both
pathogenic and reparative processes’*. Pro-inflammatory macrophages are to blame for
neurodegeneration and tissue loss after an SCI. On the other hand, anti-inflammatory

macrophages are responsible for tissue reorganization and axon regeneration?>3 237. 238, 264,



The ability to therapeutically modulate macrophage phenotypes between M1 and
M2 polarizations is one of the prospective treatments that has the potential to treat a number
of diseases, including traumatic injury, wound healing, and cancer®’- 131239241, 242,261 ‘pop
instance, repolarizing M1 macrophages toward M2 phenotypes and thereby lowering the
potential neurotoxic effects of M1 macrophages could be an effective method for treating
stroke and spinal cord injuries (SCI)*?* 3. In a similar way, repolarizing M2 tumor-
associated macrophages (M2-TAMs) toward an M1 phenotype that promotes inflammation
is an appealing way to make cancer more susceptible to chemo-immunotherapy'?> 2%,
Recently, researchers have focused on developing therapeutics to specifically modulate the

physiology of macrophages®*> 329331,

Previous approaches that involve systemic
administration of several receptor agonists for immune cell modulation are recognized by
various immune cell types, resulting in systemic toxicity'?> 2’% 332 In addition, the
utilization of small molecules in therapeutic applications is undermined by their quick
degeneration, failure to boost anti-tumor actions in recipient macrophages, and increasing
toxicity when utilized for extended durations®’®.

Nanomedicine provides a diverse platform of biocompatible and biodegradable
technologies that are capable of delivering traditional therapeutic medicines in vivo,
optimizing their release profiles while simultaneously boosting their bioavailability and
concentration surrounding the target tissue’’. For example, liposomes loaded with
therapeutics have been employed as nanocarriers as an alternative to systemic
administration of small molecules and TLR-agonists’® 332, Nevertheless, liposomes
display non-specific targeting and are susceptible to clearance by the immune system'**,
An ideal drug carrier should be able to evade phagocytosis and destruction by the body's
immune system, selectively reach the targeted tissue of the body, and infiltrate the cellular
system to distribute the cargo for a sustained length of time!**. As an alternative to

liposomes, endogenously released exosomes from immune cells have been used. Exosomes

can specifically target distal tissue and program immune cell modulation®°* 33, They have
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most of the qualities of an ideal nanocarrier and have shown potential promise as a
therapeutic platform against several diseases, including cancer. Exosomes released by M1
macrophages can specifically target distal tumor tissue and program M2 macrophages
towards an M1 phenotype'? 24> 331 Similarly, exosomes isolated from M2 macrophages
can reprogram macrophages from M1 to M2 phenotypes at the wound site and promote

angiogenesis, re-epithelialization, and collagen deposition®*’

. Although exosomes have a
natural targeting specificity and the capacity to change the phenotype of macrophages,
exosome-based treatments are challenged by poor manufacturing yield and the difficulty
of separating them?%>3%°_ Artificially engineered nanovesicles from immune cells could be
a better alternative to exosomes or liposomes, as these nanovesicles offer a number of
benefits, including a high yield, the capability to target the cells from which they were
made, and the potential to alter the polarization of immune cells'?’- 144212,

In chapter 1, we developed macrophage-engineered nanovesicles as a therapeutic
platform by fragmenting cellular membranes using nitrogen cavitation. We performed a
series of experiments to see if these vesicles exhibit exosome-like properties. Nitrogen
cavitation techniques use N> to fragment mouse bone marrow-derived macrophages and
form vesicles. Vesicles were purified from cell lysate by serial centrifugation. MEVs have
the ability to be manufactured with high yields, conveniently loaded with diagnostic
compounds or chemotherapeutics, and delivered to macrophages. We found that
macrophage engineered vesicles, MEVs, can be used as nanocarriers that are capable of
modulating macrophages and microglia to M1- or M2-phenotypes. In general, the capacity
of MEVs to controllably regulate the inflammatory phenotypes of macrophages and
microglia shows that they have great potential as possible delivery vehicles for both
medicines and other kinds of molecules. These phenotypes are determined by the
interactions between MEVs and the macrophage (e.g., neurotoxicity, tumor migration).

This demonstrates that MEV's have the potential to function as an innovative and alternative

therapy to target and reprogram macrophages.
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Cell-engineered vesicle-based treatments overcome number of obstacles that
restrict other nanoscale medicines. However, CEVs would be more successful with more
efficiency in repolarizing anti-inflammatory macrophages to a proinflammatory phenotype
or vice versa. One strategy for enhancing the therapeutic delivery effectiveness or
macrophage reprogramming potential of drug delivery systems, such as cell-engineered
vesicles, is to modify the properties of their surface with specific moieties that provide
increased immunomodulatory characteristics. In chapter 2, we performed a series of
experiments to first identify the possible proteins that could be anchored in MEVs and play
a crucial role in re-polarizing M2 macrophages to M1 macrophages. We conclude that
membrane proteins present on MEVs determine their uptake and ability to reprogram target
macrophages. We next performed transfection to increase the expression level of the
specific membrane-bound proteins in M1 macrophages and used those macrophages to
generate programmed cell-engineered vesicles. We found that programmed cell-
engineered nanovesicles over-expressing ligands could more effectively modulate the
phenotype of immune cells. We programmed MEVs with the overexpression of several
ligands, including TNF-a, CCL5, and ICAM1. We also developed programmed MEVs by
incorporating already known M1 polarizing ligands such as PAM3CSK4 and CpG-ODN,
and we found that compared to regular MEVs, programmed MEVs can execute enhanced
immunomodulatory properties. We found that MEVs could successfully target cells
present in the tumor micro-environment. In the future it is important to characterize the
macrophage phenotype in the tumor microenvironment before and after vesicle delivery.
This would allow us to study the MEV-mediated repolarization of immune cells present in
the tumor microenvironment. In the future, we plan to study the effect of vesicle based M2
to M1 polarization on tumor regulation.

MEV-mediated repolarization of macrophages from one phenotype to another is
one has the potential to provide different types of therapy for a number of ailments. For

instance, repolarizing the macrophages that relate to the tumor towards a phenotype that is
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more pro-inflammatory is an appealing method for making cancer more susceptible to
immunotherapy. In a similar vein, repolarizing pro-inflammatory macrophages toward
anti-inflammatory phenotypes and so lowering the potential neurotoxic effects of M1
macrophages could be an effective method for treating stroke and spinal cord injuries
(SCI). By programming nanovesicles, we were able to enhance their immunomodulatory
properties. We next aim to use programmed vesicles generated from M1 BMDMs for in
vivo experiments. We hope programmed MEVs will successfully reprogram M2 TAMs
present in the tumor microenvironment towards an M1 phenotype. We aim to perform
immunohistochemistry experiments to analyze the expression of M1 markers in tumor-
residing macrophages after vesicle delivery. We will also deliver TLR agonist-loaded
vesicles to target macrophages in the tumor microenvironment, aiming to increase MEV-
mediated macrophage reprograming efficiency. Similarly, MEVs derived from M2-
BMDMs will be injected into spinal cord injured mice. We hope that M2 MEVs will be
able to facilitate the repair of spinal cord injuries.

In chapter 3, we employed CEVs for therapeutic delivery into the interior of cancer
cells. Existing therapeutic delivery methods often utilize systemic therapeutic
administration inside the body. This causes undesirable medication interactions with both
benign and malignant cells, resulting in undesired side effects**®. Although therapeutic-
loaded nanoparticles have been utilized for targeted drug delivery, poor manufacturing
yields and expensive isolation procedures have posed obstacles to their clinical usage®*.
We made unique cell-engineered vesicles (CEVs) from different types of cells using the
nitrogen cavitation method. CEVs are produced in large quantities and resemble the
advantageous features of exosomes. We found that the size distribution of vesicles formed
by nitrogen cavitation is comparable to that of exosomes and liposomes. CEVs have a
negative zeta potential value and are stable over prolonged time. These vesicles may be
loaded with nearly any payload and delivered precisely to the target cell in vitro and in

vivo. All these characteristics of CEVs enable us to employ them as a unique drug delivery
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nanocarrier that might selectively transport drug molecules to the target cell in vitro and in
vivo.

One of the greatest problems of the current medication delivery system is the
efficient delivery of chemotherapeutics to cancer cells. By effectively delivering treatments
to the cell of interest, chemotherapeutic-loaded cell-engineered vesicles could assist in
overcoming this obstacle because, compared to free drugs in solution, cancer therapeutic-
loaded CEVs kill cancer cells at lower drug concentrations. Additionally, CEVs may be
designed to express cell-targeting ligands on their surface, therefore enhancing their
potential to target cancer cells. Use of therapeutically loaded programmed-CEVs as
opposed to conventional therapeutically loaded cell engineered vesicles can also boost the
cancer cell-killing efficacy.

In addition to effectively delivering both lipophilic and hydrophilic cargo under in
vitro conditions, we employed CEVs to target tumor tissue in the animal. When these CEVs
are injected into the tail veins of tumor-bearing animals, they selectively localize to the
tumor tissue. Immune These early results suggest that CEVs can successfully deliver cargo
to the site of a tumor in an animal. Overall, CEVs may be exploited both in vitro and in
vivo as drug delivery methods.

Based on our studies, we found that nitrogen cavitation technique-based vesicle
formation technology offers numerous benefits over existing mechanical disruption
strategies. First, as opposed to sonication or extrusion-based approaches, biological
samples are kept at a lower temperature throughout the vesicle production process. This
not only serves to preserve the chemical composition of the cell medium, but also the
biological integrity of the produced vesicles. The nitrogen cavitation process is less
constrained by cell size, sample size, and sample concentration due to the fact that nitrogen
bubbles are generated inside each individual cell during decompression. Nitrogen
cavitation also yields more trustworthy results since the force applied by the N2 gas at

greater pressure is distributed uniformly throughout the sample, which can be repeated at
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comparable pressures. A third advantage of this method is that the solution in which cells
are suspended during cavitation is contained inside the vesicles. Consequently, during the
creation of vesicles, pharmaceuticals and other cargos may be effectively encapsulated. In
addition, a comprehensive investigation of size, shape, and protein markers demonstrated
that nitrogen cavitation-generated nanovesicles are similar to naturally occurring
endogenously produced extracellular vesicles. Overall, nitrogen cavitation is a novel
methodology for efficiently manufacturing exosome-like cell-engineered nanovesicles for
therapeutic purposes, and this technology might be used to a wide range of cell types for
the development of customized nanomedicine.

We have recently emphasized the use of CEVs loaded with chemotherapeutics to
treat ovarian and osteosarcoma tumor xenografts in mice. In the near future, we want to
broaden our study by isolating a patient's cancer cells and cultivating them in vitro. We
want to employ a portion of the grown cells to generate tumor xenografts in mice, while
the rest will be used to generate therapeutic-loaded CEVs for re-administration to the tumor
xenograft. We will compare the effectiveness of these vesicles in treating cancer to that of
cisplatin in solution. We anticipate that CEVs will display improved therapeutic
effectiveness in vivo and reduce the harmful side effects stemming from systemic
administration of chemotherapy. In addition, we plan to deliver folate-decorated,
therapeutic-loaded vesicles into the mice with the tumor once every week for one month
and evaluate the therapeutic efficacy of nanovesicles in reducing the size of the tumor and
eventually eliminating it from the mice. We will also study if these vesicles are safe to
deliver for a prolonged period of time. We will also evaluate the activity of CEVs generated
using primary human monocytes since therapeutic applications would need MEVs

generated from cells suitable for administration to human patients.
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