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ABSTRACT

CHEMICAL MODIFICATION AND EVALUATION OF CELLS TOWARDS USE AS
DELIVERY TOOLS

SEPTEMBER 2023

BISHNU PRASAD JOSHI

M.S., SRI SATHYA SAIINSTITUTE OF HIGHER LEARNING

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Michelle E. Farkas

Endogenous cells are being studied for use in various applications, such as next
generation therapeutics and drug delivery vehicles. This is on account of their
biocompatibility, amenable distribution profiles, and in many instances, recruitment to and
localization at diseased tissues. Multiple cell types have been employed, including
macrophages, stem cells, red blood cells, and T cells. Most examples of cell-based delivery
utilize phagocytosed entities as cargo. However, uniform, and timely loading and release
of phagocytosed agents from the cellular vehicles remains a challenge. In this thesis, I
describe the use and study of approaches that circumvent these limitations, while
harnessing the beneficial characteristics of cells as targeted agents. Through collaborative
work, we combined the inherent homing properties of macrophages with on-site
manufacturing capabilities of bio-orthogonal nanozymes (NZs), by incorporating the latter
into cells. We were able to show that the NZs can be internalized by macrophages without

impacting their behavior, and while internalized, NZs can convert inactive pro-drugs to

vii



their active forms. In the latter half of this thesis, I describe studies involving cell surface
modifications, which can be used to append imaging and/or chemotherapeutic agents for
delivery applications. I used different types of mild bioconjugation chemistries at native
and installed moieties on immortalized, model macrophages. The covalent surface
modifications were assessed and their effects on cellular characteristics like viability,
motility, chemotaxis, and phenotypic polarization are reported. Further, I showed that the
modified cells can be used to evaluate macrophage-cancer interactions in both in vitro and
in vivo models. Continuing this line of work, I expanded the studies to primary and
immortalized macrophages and stem cells. I characterized the N-hydroxysuccinimide
(NHS) modification in terms of retention at the cell surface over time and determined
effects on cellular characteristics like viability and migration. This work now sets the stage
for further use of surface-modified cells as diagnostic tools and as delivery agents for
therapeutics and molecular probes. In summary, this thesis explores the potential of cells
for use in delivery and imaging applications beyond payload internalization, with a focus

on facile chemical modifications at their surfaces.
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CHAPTER 1

HARNESSING BIOLOGY TO DELIVER THERAPEUTIC AND IMAGING
ENTITIES VIA CELL-BASED METHODS

Reprinted (adapted) with permission from “Joshi, BP., Hardie, J., Farkas, ME.,
"Harnessing Biology to Deliver Therapeutic and Imaging Entities via Cell-Based
Methods." Chem. Eur. J., 24, (2018), 8717-8726.” Copyright (2018) European Chemical
Societies Publishing.

1.1. Introduction

A variety of drug-delivery systems are in development and in use clinically as aids
for the transportation of therapeutic entities to diseased sites within the human body. The
administration of biologic and/or small molecule drugs via encapsulation or conjugation to
a delivery vehicle can result in improved therapeutic characteristics by increasing the drug
quantity transported to and retained at the targeted site. Cargo-bearing vehicles based on
nanoparticles,! liposomes,? polymeric micelles,’ and hydrogels* have been employed to
improve the net efficacy of drugs delivered. The circulation half-lives and toxicity profiles
of these entities can vary widely, depending on their composition and cargo. However,
these traditional strategies generally rely upon passive targeting of disease areas,’ and often
face various systemic and disease-specific biological barriers to delivery. For example,
access to hypoxic areas, typically located within tumors,® and crossing of the blood—brain
barrier (BBB) to reach brain cells and tissue’ are both significant challenges. Even those
entities that are “targeted “must first reach the site of interest in order for the targeting
ligand (e.g. antibody, aptamer, peptide, or small molecule) to bind its receptor.®

While nanoparticles represent one of the most widely used vehicles, a recent

statistical analysis of the literature revealed that only 0.7 % (median) of administered doses



reach solid tumors, indicating “a delivery problem.” Independently transported
functionalized nanoparticles (NPs) can accumulate in non-desired locations, leading to
unwanted reactivity and toxicity, or be cleared from circulation without reaching the tissue

of interest.'’

Depending on their size, systemically administered agents are generally
cleared via the renal (kidney) or mononuclear phagocytic system (MPS, including the liver
and spleen). These issues are generally the result of nanoparticles’ reliance on passive
accumulation to reach their site of action, referred to as enhanced permeability and
retention (EPR). Cell based delivery systems can mitigate these shortcomings via active
recruitment of the cellular carrier to the diseased site. Hence, recruited (or “actively
targeted”) vehicles are desirable for improved disease-specific treatment paradigms, and
represent the next generation in drug delivery system development.

Cell-based therapeutic strategies have been used in the clinic and are being
developed for the treatment of a variety of ailments, including Crohn's and other
inflammatory diseases,!! stroke,!? cancer,'® and osteoarthritis.'* Taking these approaches
as inspiration, drug delivery systems where circulatory cells are used as biological vehicles
are emerging as active therapeutic carriers. Cellular delivery systems have several distinct
advantages over others in terms of circulation time, inherent biocompatibility, and
excellent in vivo distribution characteristics. But perhaps most importantly, cells are
actively recruited and able to accumulate in particular tissues and at targets of interest.

Cellular delivery vehicles respond to chemotactic markers and cytokines present in
disease microenvironments, facilitating the design of optimal cell vehicle-drug
combinations.'> As a result, therapeutics carried by cells have a greater propensity to

accumulate at the targeted tissues compared to those using no delivery or passively



targeting vehicles. With this increased specificity, the biological efficacy of the cargo is
enhanced, and there is a reduction in off-target toxicity. Various cell types, including
erythrocytes (red blood cells, or RBCs),! stem cells (SCs),!” and phagocytic leukocytes
(monocytes and macrophages),'® have been used for the specific delivery of genes,!
nanoparticles,”’ proteins,?! polymers,?? and small molecules.'® Similarly diverse are the
applications they are used in, which include the imaging and/or treatment of cancer,?
neurodegenerative,’! and cardiovascular diseases®® (Table 1.1). Some cellular delivery
systems have also been fine-tuned for the controlled release of therapeutics via external
stimulus (e.g., light),?* or environmental cues (e.g. pH).!” The unique properties of cell-
based delivery systems have made them a focus of current research toward the development

of novel drug delivery systems, with some already being tested in clinical trials.?> %’

In this introductory chapter [ will discuss cell-based vehicles, with a particular focus
on modification methods as applied to different cell types. In addition, I will describe their
applications, including cargo types and disease targets. [ will also consider future work and

remaining challenges toward the broad application of these actively targeted platforms.



Table 1.1. Cellular vehicles and their applications.

Cell types Loading methods Target tissues Cargo
Leukocytes phagocytosis, plaques, genes,
surface deposition/ various tumors nanoparticles,
modification small molecules
RBCs phagocytosis, lungs, enzymes,
surface deposition/ various tumors nanoparticles,
modification small molecules
SCs phagocytosis, brain, genes,
surface deposition/ various tumors nanoparticles,
modification small molecules

1.2. Cell Types Used for Delivery

After briefly introducing the main cell types being used and studied for delivery
applications (Figure 1.1), I will discuss the methods utilized to modify these cells, along

with cargo types, and conditions where they are being employed.

Neural stem cells Mesenchymal stem cells Leukocytes Erythrocytes

Y Crossing of blood- . Cytokine mediated i\\/ -
\ brain barrier / \Chemo—at‘traction W
e ¥

Delivery to brain Recruitment to tumor  Homing to atherosclerotic plaques

Figure 1.1.Cell types employed as delivery vehicles and locations where they are
recruited/used to deliver agents to.



1.2.1. Leukocytes (monocytes/macrophages)

Leukocytes represent the largest category of cells used as delivery vehicles. Also
referred to as white blood cells, they are cells of the innate immune system that originate
from bone marrow and are involved in host defense. Monocytes are a class of leukocytes
that circulate in the bloodstream and migrate to sites of infection or inflammation following
chemotactic signals from cytokines. Once recruited, they differentiate into macrophages,
which fulfill niche-specific functions.?® Apart from their roles in the phagocytic engulfment
of pathogens and clearance of apoptotic cell debris, macrophages are also involved in
maintenance of homeostasis and tissue repair.?’

Both monocytes and macrophages inherently home to hypoxic, ischemic, and
necrotic environments, which are often associated with disease. The mechanisms for
hypoxia-mediated accumulation of macrophages at tumors®® and ischemic areas of
atherosclerotic plaques®' have been well studied.*>** Monocytes and macrophages are
often recruited to tumor sites via directed chemotactic migrations induced by signaling
proteins. Many cancer types secrete chemo-attractants, such as macrophage colony
stimulating factor (referred to as M-CSF or CSF-1)** and chemokine (C—C motif) ligand 2
(CCL2).* These homing mechanisms have been taken advantage of for the delivery of
small molecule drugs,'® biological entities,’® imaging agents,>’ and supramolecular

constructs (NPs, polymers, etc.),”> among others.

1.2.2. Stem cells (mesenchymal and neural)

Stem cells are pluripotent, plastic cells that can be differentiated in an inducible,

tissue-specific manner.>® As such, they have been broadly utilized in regenerative



medicine.® Two specific types of SCs are most prevalently used in cell-based delivery—
mesenchymal stem cells (MSCs) and neural stem cells (NSCs). MSCs, which are also
referred to as multipotent stem cells, are present in almost all types of tissue. They can
differentiate into a variety of cell types including adipocytes, osteocytes, and muscle
cells.*” N'SCs are self-regenerating cells of the central nervous system that can differentiate
into neurons and brain cells.*!

Both types of stem cells have the ability to migrate to specific tissues, tracking
various cytokines that act as signals.***¢ For example, in liver injury, MSCs home toward
the site via chemo-attraction mediated by stromal cell-derived factor 1 (SDF-1) and

).*> MSCs home to cancers via interactions with cytokines

hepatocyte growth factor (HGF
including interleukins IL-6 and IL-1f, and growth factors such as transforming factor-f1
(TGF-B1) and SDF-1, secreted by the tumor stroma.* NSCs also show tumor-tropic
behavior on account of their chemotaxis toward cytokines including IL-6 and VEGEF,
among others.*’ These characteristics have made SCs attractive carriers for specific
delivery to tumors and CNS tissues. They are especially important in crossing the blood—

brain barrier to access brain tissues, an application of which has progressed to clinical

trials® (described in further detail below).

1.2.3. Red blood cells

Red blood cells (RBCs) are the most abundant non-nuclear blood cell type in
vertebrates and have a circulation lifetime of approximately four months. RBCs can reach
most internal tissues of physiological systems; their vascular access and membrane

permeation abilities make them ideal carriers of drug molecules in sustained release



treatments.!¢ RBCs bearing particles on their cell surfaces have been reported to shield
their cargo from hepatic and spleen filtration,*” and have been used as nanoparticle
vehicles.*® While RBCs are non-phagocytic cells, methods have been developed for their
internalization of cargo, facilitating another means of delivery.*” Red blood cell-based

agents have also been used clinically?*?7 (described in further detail below).

1.3. Cellular modifications and cargo loading for delivery applications

There are several critical factors in the selection of a cell type for use as a delivery
vehicle. These include compatibility of the carrier with the target site, and desired cargo
loading strategy and release mechanisms. In this section, we provide an overview of
cellular modification methods, along with specific examples of payloads and cell types

employed (Figure 1.2).

Surface Adherence

Internalization
Nanoparticles

. Small molecule
@ drugs

K Imaging agents

Figure 1.2. Non-covalent cellular modifications for cargo delivery. (Above) Red blood
cells (red), leukocytes (pink) and stem cells (purple) have been noncovalently modified at
the cell surface to display various agent types shown. (Below) Stem cells and leukocytes
have the innate ability to internalize cargo shown. Specialized methods must be used for
RBCs (not shown) to uptake therapeutic entities.



1.3.1. Phagocytosis, internalization, and transfection

The two general means of converting cells into delivery agents are via
internalization of cargo (via various methods) or exterior modification of cells to display
therapeutic entities. Phagocytosis (engulfment by the carrier cell) is perhaps the most
straight-forward method of loading cargo into cells. Phagocytosis is dependent both on the
size’® and geometry’! of the entities being engulfed. Different strategies for efficient
loading via this method have been explored, using nanoparticles,’” and polymeric
micelles®® and bubbles,>* in addition to the encasement of small molecules.'®?* While
examples exist where cells are used as delivery intermediates in situ, including uptake of
single-walled carbon nanotubes by circulating monocytes,> and nano-therapeutic
engulfment and release by tumor-associated macrophages,®® our focus here is on systems
that include cells as part of the dosing regimen.

The phagocytic loading of monocytes, macrophages, and stem cells has been
extensively used to deliver nanoparticles and other entities (Figure 1.2). In what is
commonly referred to as a “Trojan horse” strategy,> the imaging and/or therapeutic entity
is encased within a biocompatible covering (in this case, a cell). Monocytes carrying gold
nanoparticles have been used to image atherosclerosis using computed tomography (CT),
with no effect on the viability or cytokine release by the cells.?’ Similarly, magnetic
resonance imaging (MRI) has been employed to visualize macrophages bearing silica-
coated, magnetic NPs in acute inflammation®® and cancer®® applications. However, the
most widespread application of cellular vehicles is disease therapy.

Various gold-based agents have been internalized and used in photodynamic

therapies, including MSCs with hollow gold nanoparticles,’® macrophages with



nanoshells,*? and NSCs with gold nanorods.’’-%* All of these entities have been shown to
target tumor cells without significant undesired toxicity, and where assessed, were more
effective than analogous agents utilizing only the EPR effect. In a multi-modality
treatment, monocytes bearing super-paramagnetic iron oxide nano-particles,
photosensitizers, and oxygen-loaded polymer bubbles were used to treat hypoxic areas of
tumors.®!

Cells have also been used to deliver chemotherapeutics, including macrophages
directly loaded with doxorubicin (DOX)'® or paclitaxel (PAX),? or via internalization of
nanoparticles or other entities bearing small molecules.?*=*%% In one example, following
loading of 100 mg of DOX into 1 million macrophages, >80% of the cells remained viable
for up to 72 h; cell-based delivery resulted in increased rates of survival in cancer models
versus free DOX treatment.'® Similarly, liposomal-DOX delivered via macrophages out-
performed DOX-liposomes alone.>?

While few examples exist, responsive systems have been developed for the specific
release of drugs. Echogenic polymer bubbles and DOX-loaded vesicles susceptible to
focused ultra-sound liberation, co-delivered in macrophages, resulted in substantial tumor
uptake, while free NP-DOX largely accumulated in the liver; the cell-based agents
penetrated 150 mm from the nearest blood vessel, however NPs were limited to 10-15
mm.?? Photo-release of drugs has been used with red, far-red, and near-IR light in

2463 which can uptake entities as described in further detail below. Iron oxide

erythrocytes,
nanoparticles phagocytosed by macrophages can also assist in “directing” cellular delivery

via magnetic resonance imaging® or electromagnetic actuation.®



Cargo-bearing cells loaded in this manner have been utilized to cross the blood—
brain-barrier. In the delivery of drug-laden nanoparticles for the treatment of glioma,
macrophage viability was not affected at doxorubicin concentrations up to 25 ug mL ™! and
drug-loaded nanoparticles exhibited better tumor targeting efficiency and
penetration.? For a nano-formulated version of the therapeutic anti-oxidant enzyme
catalase for Parkinson’s disease, the unidirectional influx rate of nanozyme was 0.026 in
monocyte-loaded nanozyme versus 0.014 uLg ™' every min for free nanozyme, indicating
improved BBB penetration, in addition to superior half-life (3.3 versus 2.5 h).?!

In some instances, phagocytic cell-based delivery systems have been compared to
one another. In a direct assessment, doxorubicin- or paclitaxel-nanoparticle conjugates
phagocytosed by macrophages were found to have greater efficacy than the small
molecules internalized alone, or NP- or free-drugs independently dosed.?* NSCs used to
deliver platinum loaded silica nanoparticles, either loaded into or conjugated to cells were
shown to result in higher levels of Pt in ovarian tumors compared to free drug or
nanoparticle-drug conjugates, with substantially deeper tissue penetration.’® Furthermore,
no evidence of localization to normal tissue was observed. Choi and co-workers similarly
showed that gold NPs engulfed by macrophages reach tumor sites more efficiently than
NPs administered using other methods that access tumor interiors via leaky vasculature
reliant EPR.>? In the discussion section below, we describe the necessity to perform
additional comparative analyses for the field to move forward.

Since RBCs are inherently a non-phagocytic cell type, specialized strategies must
be employed for encapsulation of cargo. In a hypotonic buffer of osmolarity less than 160

m-osm/L, RBCs undergo reversible membrane expansion, creating pores large enough for
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macromolecules to permeate through.*® This passive diffusion-mediated drug loading and
subsequent release in isotonic environments is referred to as hypotonic dialysis (HD). HD

2767 nanoparticles,* and drugs.®%® These

has been employed to load therapeutic enzymes,
same (“blood-banking”) conditions are also used for blood storage and transfusion. An
apparatus, termed a “Red Cell Loader” (Sorin Group, Italy) has been developed to automate
the process, and used to encapsulate a variety of drugs.® RBCs loaded with therapeutic
enzymes and small molecule drugs for treatment of leukemia®’ and neurodegenerative
diseases,”S respectively, are in clinical trials. RBCs bearing l-asparaginase (GRASPA) are
in Phase II for the treatment of Philadelphia chromosome-negative acute lymphoblastic
leukemia, and have been shown to result in a 70% complete remission rate with limited
toxicity.?” Similarly, intra-erythrocyte administration of Dexamethasone (EryDex) was
well-tolerated, and alleviated neurological symptoms of ataxia teleangiectasia, a rare
neurodegenerative disease, in patients.’® While most (including clinical) studies have
utilized the HD method of cell loading, others exist, including chloropromazine (cpz)
treatment and liposomal fusion, which have been shown to be superior to HD in terms of
loading efficiency, induction of hemolysis, and cellular deformation post-loading.®

As living, actively targeted vehicles, cells have been used as generators of
biological entities at targeted locations (referred to here as gene delivery). Because nucleic
acid-based material cannot permeate the cell membrane and DNA cannot result in protein
production independently, specialized methods for transfection are typically employed.
These often require lenti- or adeno-viruses, although new techniques are being

developed.” Stem cells and macrophages are the two cell types that have been most

commonly used in these approaches.
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Macrophages, which home to atherosclerotic plaques, have been used to generate
Apolipoprotein E (ApoE), in order to reduce the size and presence of lesions.”! They have
also been used to kill cancer cells via production of the therapeutic human protein
cytochrome P4502B6 under hypoxic conditions.!” MSCs have been used to express anti-

proliferative, angiogenesis-inhibiting matrix metalloproteinase C-terminal hemopexin-like

)70 72,73 ;

domain fragments (PEX)" and immune proapoptotic molecules’>’”in a site-specific
manner, while retaining cellular viability. Significant toxicities were not observed and
improved anti-cancer effects were shown versus purified proteins alone and delivered via
other means. Tumor-tropic NSCs have been genetically modified to secrete the anti-HER2
immunoglobulin Herceptin (trastuzumab) to inhibit the growth of HER2-expressing
cancers.”* The antibody produced in situ was shown to be functionally equivalent to the
standard drug. While independently injected trastuzumab distribution was heterogeneous
and localized near tumor vasculature, the NSC-produced antibody was distributed
throughout the tumor.

Cells expressing an enzyme that converts a pro-drug into its active form for
treatment of glioma, have recently undergone a first-in-human study.?>’ The NSCs
generated cytosine deaminase to produce 5-fluorouracil from 5-fluorocytosine in the brain
and were able to migrate to distant tumor sites. No dose-dependent toxicity or immunologic
response was observed. Also prevalent in the development of this strategy toward cancer
treatment is the use of cells to deliver several types of oncoviruses, including macrophages

used to deliver/produce adenoviruses in prostate cancers,’®’® and MSCs with herpes

simplex virus for breast cancer’’ and metastases,’® measles virus for ovarian cancer,” and
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adenovirus for pancreatic cancer,® all of which have been shown to significantly affect

tumor burden with few side-effects.

1.4. Covalent and non-covalent cell surface modifications

Surface modification (also referred to as surface engineering) of carrier cells is
emerging as a more frequently employed cargo loading method due to various factors
(Table 1.2). By comparison with cargo internalization methods, it facilitates greater control
over cellular loading and cargo release. There is also a diminished likelihood of the intra-
cellular environment affecting and/or trapping the cargo itself. Surface modifications are
amenable for use with any cell type, including non-phagocytic cells, which otherwise must
undergo rigorous and sometimes toxic methods (e.g. electroporation) for membrane
permeabilization to load cargo.®! Modifications where an entity is adhered to cell surface
physically (via electrostatic forces or lithographic deposition) are here referred to as non-
covalent surface modifications or adherence (Figure 1.2). While these methods are facile,
there is little control over payload release. On the other hand, when cargo is covalently
conjugated to the cellular vehicle, it is robustly attached,*? but these methods may require
more involved chemical manipulation, including design of linkers for therapeutic release.
While few direct comparisons have been made, surface functionalization does not
generally result in dramatic changes to the modified cells, leaving their intrinsic properties,

including homing capability, largely intact.
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Table 1.2. Cell surface modification methods

Method Modified Sites Advantages Disadvantages
cellular mild attachment
hitchhiking non-specific conditions weak adherence
cellular local patches ~ more stable complexity of
backpacks  on cell surface adherence deposition methods
biotin- strong linkage, large protein
avidin variable modular conjugation

thiols, internalization by cells,
native primary single step synthetic cargo
amino acids amines modification modification
click incorporated chemically long incubation times,
chemistry azido-sugars orthogonal multi-step

1.4.1. Non-covalent surface modifications

Among non-covalent surface engineering strategies, one straight-forward method
is via “cellular hitchhiking”—particle adhesion to cell surfaces via electrostatic, van der
Waals, hydrogen bonding, and hydrophobic interactions.®® Cationic entities can be
immobilized on the hydrophobic cell surfaces mainly through interactions between these
opposite charges.®* Other weaker interactions, like van der Waals and hydrogen bonding
assist this adherence, and displacement of water molecules at the interface gives an entropic
advantage for NP assembly and stability at the surface.®® Spherical polystyrene NPs
adhered to red blood cells via this method have not been shown to affect RBC bio-
distribution, avoiding splenic and hepatic filtration.*’ At the same time, the RBC-
nanoparticles showed a threefold increase in blood circulation time, and sevenfold

increased accumulation in the lungs versus free nanoparticles. Polymeric nanoparticles
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similarly attached possessed extended circulatory lifetimes of almost 24 h compared to
non-adhered NPs, greater than 95% of which were cleared in less than 30 min. As long as
the particles remained attached to the cells, they stayed in circulation, however sheer forces
and cell-cell interactions result in passive removal followed by clearance via the liver and
spleen 8283

In another non-covalent surface modification method, the cargo is confined to a
local vesicle (a “cellular backpack™) on the cell membrane.®® These backpacks can be
fabricated using layer-by-layer spray deposition of films consisting of alternating hydrogen
bond donor-acceptor pairs, for example, PLGA/FITC-BSA [(PLGA = polylactic-co-
glycolic acid), BSA = bovine serum albumin]. Particles delivered in this manner were
shown to accumulate in inflamed tissues, while avoiding clearance organs; free particles
showed threefold increased levels in the liver and spleen, and were almost undetectable in
areas of inflammation.® Similarly, backpacks bearing the antioxidant enzyme catalase on
macrophages were shown to facilitate blood brain barrier crossing in targeting brain
inflammation in vivo.®” While the presence of backpacks slowed cellular trafficking across
the BBB, neither catalase alone nor unconjugated backpacks reached the brain. Cellular
backpacks have also been employed by Rubner and co-workers to load monocytes with
doxorubicin, which were viable for over 72 h, in order to target cancer.® Cells can also be
non-covalently modified via small-molecule lipid association. For example, macrophages
have been labeled with DiR (1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine
iodide) for tracking via fluorescence-mediated tomography (FMT) in the visualization and
quantification of inflammatory responses in vivo.’’ Cell viability and function

(phagocytosis, nitric oxide production, and adherence) were not affected.
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1.4.2. Use of biotin-streptavidin linkage

Several different methods have been used to modify cell surfaces in a covalent
manner for the conjugation of traceable and/or therapeutic entities for imaging and delivery
applications (Figure 1.3). Biotin-streptavidin-based cargo loading methods take advantage
of one of the strongest non-covalent interactions known in biology,*’ and are the most
commonly employed. Biotin is a water-soluble, small biomolecule with high affinity for
streptavidin-related proteins (dissociation constant (Kd) ~1071°M).”* It can be conjugated
to cell surfaces via various chemical reactions, resulting in display of streptavidin-linked
entities following association. This method is biocompatible in the sense that it does not
appear to affect cell wviability, tissue tropism, or other characteristics. N-
hydroxysuccinimide (NHS)-ester-biotin is a common, commercially available
biotinylation reagent that can introduce biotin on membranes containing primary amines
by forming a stable amide bond within hours at room temperature.”’ This surface
functionalization has found varied applications from cell targeting®? to loading drugs or

therapeutic particles.”?
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Figure 1.3. Strategies for covalent cell surface modifications. Click chemistry methods
involve coupling of metabolically incorporated azides to phosphines or alkynes for cargo
delivery. NHS esters and maleimides can be used for conjugations to amines and thiols,
respectively. Biotin can be linked to the cell membrane via several means, and then
associate with streptavidin-related proteins linked to chemical moieties.

Therapeutic
entity

Streptavidin-like proteins conjugated to biotinylated NPs on NSCs and MSCs have
been shown to facilitate tumor-selective distribution in intracranial®* and tumor
tropic®® drug delivery, respectively. In both cases, cell viability was not affected, and NSC-
NP conjugates studied in the glioma model had improved distribution and retention versus
NPs alone.”* RBCs can also be conveniently modified at the surface via biotin—streptavidin
conjugation. They have been modified in this manner with insulin and IgG to facilitate

targeting for directed delivery of albumin to endothelial cells,”” and plasminogen-
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activating NPs as prophylactic measures for fibrinolysis, which were shown to persist in
the bloodstream for tenfold longer than non-conjugated entities.”” In a stimuli-responsive
example by Berlin et al., cell surfaces were biotinylated via acid-labile hydrazine linkages,
and connected to pH-responsive nanoparticles through an avidin protein.!” NSC viability
and tumor tropism were not affected, and the efficacy of docetaxel-NPs was improved
when incorporated with the cell-based vehicle. It has been noted that in addition to
streptavidin-biotin interactions, contributions from streptavidin-integrin and passive
adsorption of nanoparticles to the cell surface may occur.”* However, non-specifically

adsorbed NPs have not been shown to be retained following cellular migration.'

1.4.3. Direct conjugation to native amino acids

As an alternative to the display of a large protein on the cell surface, as in biotin—
streptavidin methods (avidin is 66—69 kDa), direct linking of cargo to membranes has been
employed. In limited cases, endogenous cell surface protein—ligand combinations are used.
For example, monoclonal anti bodies for CD73 and CD90 have been used to link
doxorubicin-anchored silica nano-rattles to MSCs for tumor tropic migration.”® Cell-based
delivery here resulted in better tumor distribution and retention, and improved induction of
apoptosis versus free doxorubicin and non-attached nano-rattles. MSC viability was 85%
or greater up to 50 mg mL™! drug. Strategies to modify exposed amines and thiols on cell
membranes are more prevalent. N-hydroxysuccinimide (NHS) ester-based cross-linkers
are the most frequently employed to link therapeutic payloads to accessible amines in this
approach. In proof of concept work, Rossi and co-workers attached polyglcerol-NHS

moieties to the surfaces of RBCs, showing that the modification resulted in significant
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reduction in Rh antigen immunogenicity,”” with good cell viability up to 4 mM. Maleimide
based cross-linkers have been utilized to conjugate bio-active molecules to accessible thiols
present on carrier cell surfaces. Cytokines (IL-15Ra and IL-21) bearing maleimide-
functionalized polymeric NPs have been conjugated to stem cells, and were found to be
more stable than particles adsorbed to the cell surface.”® The cell-conjugated NP-drugs
were almost sixfold more effective than free drug, and the NPs did not result in an immune
reaction or alter the tumor-tropic movements of the cells. In another case, covalent surface
modifications of RBCs were shown to have no detrimental effects on their structure,

function, and in vivo circulation and survival, which were akin to non-modified cells.”

1.4.4. Other cellular conjugation strategies

Additional chemical reactions are also amenable for use as cell modification
methods, although these have not yet been broadly employed in the generation of delivery
vehicles. While copper-catalyzed Huisgen cycloadditions between azides and alkynes can
be used to label cells,'® they often result in residual toxicity. This can be mitigated via use
of tris(hydroxypropyltriazolyl)methylamine (THPTA), yielding improved cell viability
after labeling. Other click-type reactions that use metabolically installed azides to link
functionalities to cells include the Staudinger ligation with phosphines'®! and strain-
promoted copper-free cycloadditions developed by Bertozzi and coworkers, neither of
which result in appreciable cellular toxicity.!” As an example, paclitaxel-loaded
diarylcyclooctyne-functionalized nanoparticles linked to glyco-modified MSCs have been
shown to result in significant tumor growth inhibition in an orthotopic metastatic ovarian

cancer model. The viability of glyco-engineered cells was unaffected up to a week, and the
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system resulted in significant reduction in tumor size and improved survival versus
nanoparticles alone.!” Tetrazines and alkenes can also be ligated together in a biorthogonal
manner,'® which can be applied to cells by appending either an alkene or tetrazine moiety

prior to conjugation. %5106

1.5. Perspectives on cell-based delivery

Cellular vehicles have been used for the delivery of various nanoparticles and
molecules via direct attachment or internalization of cargo. These systems have several
advantages over their non-cellular counterparts in terms of circulation, site-specific
recruitment and delivery, and bio-compatibility. However, the use of a biological system
as a vehicle is also accompanied by several complexities. Specialized laboratory equipment
and protocols are required, and unlike super-molecular entities (e.g., nanoparticles), cells
cannot simply be “pulled off of the shelf.” Furthermore, issues of consistency and
generalizability have not yet been addressed. Likely due to the platform’s nascence,
quantitative studies involving the direct comparison of delivery efficiency, specificity, bio-
compatibility, and other characteristics are generally lacking. Experiments assessing the
impact of cell type and modification method would enrich the existing knowledge in the
field and contribute towards optimization of cell-based delivery vehicles. For the
successful translation of these approaches toward use as clinically viable tools, several
additional issues need to be overcome.

Except for red blood cells, vector cells are generally scarce on account of the
difficulty in their harvest and low natural abundance. Following FDA approval of cellular

immunotherapy for cancer treatment,'”” there has been much industrial investment in the
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commercialization of cell-based products, which should lead to developments in methods
for producing and harvesting these cells at higher yields.

A general concern for using cell-based vehicles is potential immunogenicity. Most
studies described here do not evaluate the immune responses that may be generated by the
cells themselves, and it is likely that internalized cargo will result in different profiles from
those displayed on the surface. Additional modifications, including use of PEG, may be
required. PEGylation of RBCs’® and pancreatic islets'® has been shown to be compatible
with cells, non-toxic in vivo, and can temper immunogenicity.

Another limitation associated with cell-based delivery vehicles is that many current
loading strategies do not facilitate control over cargo release. Cleavable linkers between
therapeutics and carriers can facilitate specific delivery to target tissues, leading to even
greater treatment efficacy, and decreased risk of off-target effects. A potential strategy for
development of such a system could involve the use of a moiety between the cell and
therapeutic, labile under conditions present in the tissue or disease microenvironment, or a
cellular “kill switch” resulting in release of payload from within the cell interior. Polymers

and linkers that respond to subtle changes in pH and temperature!%-!1°

and undergo
degradation-based controlled release are being developed for drug delivery.!!! Similarly,
disulfide bonds have also been used as linkers,'!'> as have peptides that are cleaved by
enzymes present in specific disease and/or tissue microenvironments.

With increasing research and clinical applications of both cellular therapies'?!'* and
vehicles,??’ the foundation has been laid for further development of cell-based delivery

agents. It is likely that any of the issues described here will be addressed in the near future.

The field of cell-based delivery is one that continues to expand, with new modification
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strategies, cargo types, and health applications being explored. This platform has the
potential to improve efficacy and reduce undesirable effects of many existing therapies,

and lead to a new generation of therapeutics and imaging agents.

1.6. Dissertation overview

In the backdrop of cellular vehicles showing great promise in imaging and
therapeutic applications, in this thesis, I describe the chemical modification and evaluation
of cells towards use as imaging agents and delivery vehicles. In Chapter 2, through
collaborative work, we combined the inherent homing properties of macrophages with on-
site manufacturing capabilities of bio-orthogonal nanozymes (NZs), by incorporating the
latter in cells. I was able to show that the NZs can be internalized by macrophages without
impacting the cells, and while internalized, inactive pro-drugs can be converted to the
active forms. Taken together, this strategy integrates the targeting ability of cell-based drug
delivery with on-site generation of therapeutics, providing a new approach for targeted
drug delivery systems.

Since the phagocytic loading of nanoparticles as a therapeutic strategy has
shortcomings, with phagocytosis and release being difficult to control, I have focused on
surface modifications of cells toward future use in delivery applications. In Chapter 3, I
demonstrate proof-of-concept modifications of macrophages under physiological
conditions, without inhibiting the normal functioning of the cells. I showed that fluorescent
probes can be appended to macrophages to monitor their chemotactic responses,
interactions with cancer cells in vitro, and accumulation in tumors in vivo. Further

expanding the toolbox of bioconjugation to other cell types that can be used, in Chapter
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4, I expanded the N-hydroxysuccinimide (NHS) modification to primary and immortalized
macrophages and stem cells. The modified cells were further studied to quantify the
retention of the fluorophore at the cell surface over time. Then cellular characteristics like
viability and migration were accessed. This work demonstrates the feasibility of using
exterior modifications for use in cellular vehicles. I also attempted additional reactions to
modify glycans present on the cell surface and performed comparative studies between
glycan and protein modifications and the attachment of small molecule fluorophores and
large avidin proteins complexes, which are described in the Appendix. I compared effects
on cellular characteristics including viability and migration, and also quantified the extents

of modifications and their cell-surface retention.

In summary, the results presented in this thesis set the stage to use cells as
diagnostic tools and/or delivery platforms. This approach can be used with therapeutics
and/or probes in applications ranging from regenerative medicine to studies of tumor
microenvironments. This fundamental work to optimize chemical reactions on live cells

will benefit their use as next generation functional agents.
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CHAPTER 2

MACROPHAGE-ENCAPSULATED BIOORTHOGONAL NANOZYMES FOR
TARGETING CANCER CELLS

Reprinted (adapted) with permission from “Das, R., Hardie, J., Joshi, BP., Zhang, X.,
Gupta, A., Luther, DC., Fedeli, S., Farkas, ME., Rotello, VM. "Macrophage-Encapsulated
Bioorthogonal Nanozymes for Targeting Cancer Cells." JACS Au, 2, (2022), 1679-1685.”
Copyright (2022) American Chemical Society.

2.1. Introduction

Drug targeting can reduce off-target toxicity, improving survival time and quality
of life for cancer patients.”* Recent metanalyses, however, have shown that the tumor
targeting efficiency of most delivery systems is quite low,’® and that much of the delivered
therapeutic payloads are taken up by tumor-associated macrophages rather than the
targeted tumor cells.”!! Cell-based therapies provide a potential strategy for the enhanced
targeting of tumors.'?"'® However, commonly used cellular vehicles such as red blood cells
(RBCs) and mesenchymal stem cells (MSCs), however, may not be effective for tumor
targeting due to lack of targeting ability and low percentage at the tumor site (~3-11%),
respectively.!®? Macrophages are inherently attracted to specific tissue environments,
including hypoxic, ischemic, and necrotic areas associated with tumors.?!">3 Concurrently,
this homing ability is complemented by the secretion of macrophage chemo-attractants by

many cancer cell types to recruit macrophages to tumors,?*?>

resulting in their contributing
up to 50% of tumor mass.’® Taken together, these characteristics make macrophages
particularly attractive for use as cell-based delivery vehicles for treating solid tumors that

are difficult to reach using conventional targeting strategies.!*!32
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Previous therapeutic delivery studies using macrophages as cell-based carriers have
loaded them with nanoparticle-drug conjugates or free chemotherapeutics.'*!%!7 These
agents provided greater efficacy and reduced off-target toxicity when compared with free
drugs.'®?! The direct loading of therapeutics into macrophages is challenging, however,
due to limitations in the amounts of therapeutics that can be loaded into the cells before
compromising their viability and/or homing efficiency.?® To a certain extent, these issues
can be addressed by utilizing macrophages bearing stimuli-responsive nanoparticles that
control the release of therapeutics.?** In these approaches, external stimuli such as thermal
energy, light, or ultrasound can be used to trigger the release of drug molecules from
nanoparticles specifically at the tumor site. While this strategy is promising, limited
loading and increased complexity of the release process remain challenges.

31-37

Bioorthogonal catalysis®' ' provides a strategy for creating drug ‘factories’ for on-

site activation of pro-imaging agents and prodrugs,**-4°

providing essentially unlimited
quantities of active entities at desired cells, tissues, and organs.*** We report here the
integration of on-site manufacturing capability with the inherent homing properties of
macrophages using cell-internalized biorthogonal nanozymes (NZs).*>**¢ These nanozymes
use gold nanoparticles (AuNPs) to solubilize and stabilize transition metal catalysts
(TMCs) through encapsulation in the AuNP monolayer. The TMCs can then generate
imaging and therapeutic agents via bioorthogonal uncaging of inactive small molecule
precursors in cells.*’>* NZs were delivered into RAW 264.7 macrophages to provide NZ-
loaded macrophages (RAW_NZ). The efficacy of RAW-NZ for pro-fluorophore and

prodrug activation was demonstrated in a co-culture model with HeLa (human cervical

cancer) cells (Figure 2.1). Macrophages retain their migratory behavior towards Colony
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Stimulating Factor-1 (CSF), a major chemoattractant secreted by cancer cells to recruit
macrophages at tumor sites.> Significant cancer cell toxicity was achieved in the presence
of nanozyme-bearing macrophages, even at the lowest concentration of the prodrug
administered. Taken together, this strategy integrates the targeting ability of cell-based
drug delivery with the on-site generation of therapeutics, providing a new approach for

targeted drug delivery systems.
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Figure 2.1. Schematic representation of macrophage-mediated delivery of bioorthogonal
nanozymes (TTMA-NZ) for prodrug (pro-5FU) and pro-fluorophore (pro-Rho) activation
selectively at tumor cells.

2.2. Materials and methods

All chemicals and materials used in the experiments were obtained from Sigma
Aldrich or Fisher Scientific. HeLa and RAW 264.7 cells were purchased from ATCC.
U20S-GFP cells were obtained from Prof. Patricia Wadsworth (Biology, UMass
Amherst). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (Fisher

Scientific) was used in cell culture.
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2.2.1. Preparation of engineered macrophages (RAW_NZ)

Macrophages (RAW 264.7) were seeded at a concentration of 20,000 cells/well in
a 24 well plate, and allowed to attach overnight (at 37 °C in a humidified atmosphere of
5% COz). After 24 h, cells were washed three times with PBS to remove any dead cells.
NZ solution (100 nM) in macrophage growth media was added to the cells and incubated
together for 24 h (at 37 °C in a humidified atmosphere of 5% CO2), except where otherwise
noted for specific experiments. After, the cells were washed with PBS three times to
remove any excess NZ, to provide RAW NZ. RAW_ NZ was detached via treatment with

trypsin, depending on the nature of the experiment to follow.

2.2.2. Chemotaxis/Boyden Chamber assay procedure

Cell migration towards Colony Stimulating Factor 1 (CSF-1) was investigated by
a Boyden Chamber Assay following previously described protocols.? Briefly, a trans-well
membrane with 8§ mm pore size was coated with 10 mg/mL fibronectin. After 4 hours, the
excess fibronectin was rinsed with PBS and left to dry overnight. The next day, designated
wells of a 24 well plate received 650 mL serum-free growth media supplemented with 40
ng/mL rCSF-1; control wells received serum-free growth media only. The fibronectin-
coated inserts were then placed onto the wells. 100 mL of RAW_NZ (100,000 cells/well)
solution was added into each insert and incubated for 12 h at 37 °C and 5% CO:z. Non-
migratory cells were removed with a Q-tip and migratory cells at the bottoms of the inserts
were fixed in 4% formaldehyde and stained with a 0.1% crystal violet solution in 25%
methanol. Membranes were removed precisely, mounted onto cover-glass, and visualized

under a Zeiss Axio Observer Z1 with an Axio Cam 506 Color attachment under a 20x
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objective lens. The cells were counted from three random, non-overlapping fields of view
per membrane, with three membranes per condition (n = 3*3 = 9). Box and whisker plots

were generated using OriginPro 2017.

2.2.3. Coculture of RAW_NZ with HeLa cells and viability evaluation

Glass slides were coated with poly-lysine solution, washed with PBS, and dried
overnight. Each of the dry glass slides was placed onto each well of a 6-well plate.
Macrophages (RAW 264.7) (100,000/well) in standard growth media were seeded in
designated wells with glass slides; 3 mL of media was used in each well to ensure that the
glass slides remained fully immersed in solution. The cells were treated with 100 nM NZs
for wells designated as RAW_NZ. In parallel, HeLa cells (100,000/well) were seeded in
separate 6-well plates. All plates were stored under 5% COz at 37 °C for 24 h. HeLa cells
were washed three times with PBS followed by adding fresh, standard growth media. The
glass slides coated with RAW 264.7/RAW _NZ were thoroughly washed with PBS to
remove any non-adhered cells and/or excess NZ. The slides were then removed carefully
with a tweezer from their designated wells and placed within wells containing HeLa cells
(atop the cells) for coculture. As a result, both HeLa cells and RAW 264.7/RAW_NZ were
in the same wells and solution. For control experiments with only HeLa cells, blank glass
slides were placed on top of the cells. For control experiments with only RAW 264.7 cells,
the slides coated with RAW 264.7 cells were placed in wells containing only media. The
cells were incubated with the prodrug/drug for 24 h, followed by washing three times with
PBS. The glass slides were removed and placed in separate 6-well plates. All wells (with

cells now separated) were thoroughly washed with PBS three times. Finally, 10% Alamar
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blue assay in serum-containing media was performed separately for HeLa and RAW 264.7

cells.

2.2.4. Cytotoxicity measurements of prodrug and drug

HeLa cells were seeded at a concentration of 10,000 cells/well in a 96 well plate
overnight. The next day, the cells were treated with pro-5FU and SFU at various
concentrations for 24 h. After the incubation period, the cells were washed three times with
PBS to remove dead cells and excess pro-5FU/5FU. 10% Alamar blue in serum-containing
media was added to each well (220 mL) and incubated for 2 h further at 37 °C and 5%
COz. Cell viability was then determined by measuring the fluorescence intensity at Aex =

560nm Aem = 590 nm using a SpectraMax M2 microplate spectrophotometer.

2.2.5. Viability comparison following prodrug activation by RAW_NZ and free NZ

A comparative study was performed to evaluate the abilities of RAW_NZ and free
NZ activated prodrug to kill HeLa cells. The co-culture with RAW _NZ was done following
the protocol in Section 2.2.3. For the experiments with free NZ and AuNPs, HeLa cells
(100,000/well) were seeded in 6 well plates and were treated with 100 nM NZs/100 nM
AuNPs. Blank glass slides were placed on top of the cells to simulate the co-culture wells.
All plates were stored under 5% COz at 37 °C for 24 h. The cells were washed three times
with PBS followed by adding fresh standard growth media. The cells were incubated with
prodrug for 24 h, followed by washing three times with PBS. The glass slides were

removed and 10% Alamar blue assay in serum-containing media was performed.
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2.3. Results and discussion

2.3.1. Fabrication of nanozymes

The NZ scaffold was provided by 2 nm cationic AuNP functionalized with thioalkyl
tetra(ethylene glycol) trimethylammonium (TTMA), previously shown to have both high
cellular uptake and low toxicity.**' The ligand monolayer of TTMA contains a crucial
hydrophobic alkane interior for catalyst encapsulation and a tetra(ethylene glycol) spacer
to provide biocompatibility and improve stability in aqueous intracellular environments.
We then tested the ability of nanozyme (NZ) to catalytically convert pro-fluorophore and

pro-drug into their corresponding active counterparts.

2.3.2. Loading of nanozymes into macrophages

For cellular uptake studies, macrophages were incubated with TTMA-NZ for 24 h
and then washed thoroughly to remove non-internalized nanozyme (Figure 2.2). The use
of additional washes has been shown to completely remove externally adsorbed NZ. This
process did not affect the effective internalization of NZ. The NZ content up-taken by cells
can be readily tuned through variation in TTMA-NZ concentrations during incubation,
providing a ~four-fold difference in the NZ level for RAW_NZ-0 nM versus RAW_NZ
250 nM. Significantly, retention of catalytically active NZ was observed over extended (48

and 72 h) periods.
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Figure 2.2. Cellular uptake of nanozymes via assessment of a) Au (ng/well) and b) Pd
(ng/well) components. Following 24 h incubation of NZs of increasing concentrations with
RAW 264.7 macrophages (20,000 cells/well), cells were washed 5 times with PBS prior to

digestion to remove all externally bound NZs. The data shown are averages of triplicates;
error bars indicate standard deviations.

2.3.3. Catalytic activity of nanozymes in living cells

Effective application of nanozyme-based cell therapy requires the intracellular
activation of substrates. The cell-internalized catalysts of RAW_ NZ were used to uncage
non-fluorescent di(propargyloxycarbonyl)-caged rhodamine 110 (pro-Rho)®? as a pro-
fluorophore. RAW_ NZ was cultured in serum-containing media for 24, 48 or 72 h,
followed by addition of pro-Rho and incubation for a further 24 h. Confocal microscopy
imaging indicated that RAW_NZ successfully activated pro-Rho to rhodamine 110,
independent of RAW_NZ generation time (Figure 2.3). Efficient nanozyme activity was
observed even after 72 h of cell internalization, indicating that NZs in RAW_NZ both

remain inside of macrophages and retain their activity for prolonged periods.
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Figure 2.3. Confocal images of pro- rhodamine 110 fluorophore (pro-Rho) activation by
RAW NZ as a function of time elapsed between nanozyme preparation and reaction.
RAW _NZ was generated and treated with pro-Rho for 24 h, 48 h and 72 h afterwards. In
each case, images were acquired 24 h following exposure of nanozyme to pro-fluorophore.
Pro-Rho was used as the negative control and Rho was used as the positive control. The
scale bars are 15 pm.

2.3.4. Efficient chemotactic migration of RAW_NZ

We next investigated the effects of nanozyme internalization on macrophage
response to chemotactic signals. Colony Stimulating Factor-1 (CSF-1) was used as the
chemoattractant, and migration was evaluated by transwell membrane (Boyden Chamber)
assay® (Figure 2.4). We compared the abilities of non-modified macrophages (RAW
264.7) without NZ versus those loaded with NZ (RAW _ NZ) to traffic through a membrane
in response to CSF-1 presence. Macrophages were stained with crystal violet at the
conclusion of the experiment to visualize and quantify the migrated cells. No significant
differences were observed in the behaviors of macrophages (Figure 2.4b) in the presence
or absence of CSF-1, indicating that the NZs do not affect the migratory behavior and

chemotaxis capabilities of the macrophages.
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Figure 2.4. Chemotaxis capabilities are retained by RAW_TTMA-NZ as determined by
transwell membrane assay. a) Confocal imaging of migrated macrophages with NZs
(RAW_TTMA-NZ) and without NZs (RAW 264.7) in presence and absence of
chemoattractant Colony-Stimulating Factor-1 (CSF-1). All cells were stained with crystal
violet to facilitate detection. Scale bar = 100 um. b) Quantification of migrated RAW 264.7
cells and RAW_TTMA-NZ in presence and absence of CSF-1. Nine panels of cells were
counted per treatment (n = 9, from three biological replicates). Box constitutes the
interquartile range (25th to 75th percentile), the intersecting line designates the median, the
small square in the center represents the mean, and the bottom and top whiskers specify
the 5th and 95th percentiles, respectively. n.s. = not significant, ***p<0.0001.
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2.3.5. RAW-NZ Kills cancer cells in co-culture models

Having established the stability and retention of inherent chemotactic capabilities
of macrophages of RAW_ NZs, we next investigated their therapeutic potential in a co-
culture model with HeLa cells (Figure 2.5a). RAW_NZ were also co-cultured with green

fluorescent protein (GFP) expressing HeLa cells (GFP-HeLa) and separately, U20S cells

(GFP-U20S) (Figure 2.5b).

0 05 075 1 Drug
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DruQ 1T mM Prodrug (mM) a

Prodrug concentration (mM

Figure 2.5. Co-culture experiment of RAW_NZ with a) GFP-HeLa cells and b) GFP-
U20S cells to demonstrate toxicity following pro-5FU activation via reduction of GFP
fluorescence. Scale bar = 15 um. c¢) Fluorescence intensity was quantified ImageJ software.

For this study, propargyl-protected 5-fluorouracil (pro-5FU)* was chosen as a
model prodrug due to the broad application of its active counterpart (SFU; Figure 2.6a).6+%°
For the co-culture experiment, RAW _NZ or RAW 264.7 cells were seeded on glass slides

that were then immersed into wells seeded with HeLa cells (Figure 2.6b).
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Figure 2.6. SFU activation in a co-culture system with RAW_NZ. a) Pro-5FU activation
by TTMA catalysis. b) Graphical scheme of co-culture experiment to evaluate therapeutic
efficacy of RAW_NZ in HeLa cells.

Macrophage-free slides and HeLa-free wells were used for additional control
conditions. Pro-5FU (0 to 1 mM) was added to the co-culture and control wells and
incubated for 24 h. Slides with RAW_ NZ and controls were removed before performing
Alamar blue assays separately on HeLa cells and macrophages to differentiate viabilities
by cell type. In the presence of RAW_ NZ, the viabilities of both HeLLa and RAW 264.7
carrier (Figure 2.7) cells were substantially reduced with increasing concentrations of the
prodrug. This dose-dependent cytotoxicity indicates the successful conversion of pro-5FU
into the active therapeutic by NZ. The activity against the HeLa cells demonstrates that the

uncaged drug was able to diffuse from the macrophages to the target cells. HeLa (and
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macrophage) cells that received increasing concentrations of prodrug but were not cultured
with RAW_ NZ (or TTMA-NZ) did not show any reduction in cell viability, indicating

successful caging of SFU (Figure 2.7).

I Coculture with RAW 264.7 + prodrug I Coculture with HeLa + prodrug
[l Coculture with RAW_NZ + prodrug Goculture with HeLa after NZ encapsulation + prodrug
n.s

[l Prodrug only Prodrug only
Drug only Drug only
n.s. -
* kk dede de *
AR* ik Tk — AS-
100 e =t ol
100 -
_ 80+ 804
£ 60 z
= = 60+
g 3
2 s
g 40+ 3 40
20 4 20
0- 0-
0 0.5 0.75 1 0 0.5 0.75 1
Prodrug/drug concentration (mM) Prodrug/drug concentration (mM)

Figure 2.7. Viability of HeLa cells and RAW 264.7 cells following pro-5FU (pro-drug)
activation by RAW_NZ in the co-culture experiment, and control conditions. The data are

average of triplicates and the error bars indicate standard deviations. n.s. = not significant,
*p <0.05, ***p <0.001.

For future in vivo applications, nanozyme-loaded macrophages will be injected
intravenously due to the macrophages’ ability to home towards tumor site. Based on our
previous research,”® we are optimistic about the targeting efficiency of macrophages
towards the tumor, however, liver accumulation and nanozyme leakage from the cells
should be considered potential challenges. The dose of the prodrug is not expected to be

an issue, since a similar prodrug has been used in vivo showing no toxicity to the animal.®?
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2.4. Conclusion

In summary, we have demonstrated a macrophage-based bioorthogonal strategy for
tumor imaging and therapy. Macrophages bearing internalized bioorthogonal nanozymes
featured catalytic activity extending over days. The carrier macrophages retained
chemotactic behavior and exhibited efficient generation of therapeutics in a co-culture
model, illustrating the potential of this macrophage-based therapy for therapeutic uses.
Coupling the chemotactic ability of macrophages with the ability to generate therapeutic
and imaging agents at tumor sites presents a new strategy for reducing off-target effects
and extending on-demand delivery, providing the potential to bring drug-activating
factories into deep center of tumor. Future studies are underway exploring the use of this
platform for specific drug activation in in vivo tumor models after optimizing the half-life

of catalysts, number of vehicle cells, dose of prodrug, and frequency of the treatment.

2.5. References

(1) Danhier, F.; Feron, O.; Préat, V. To Exploit the Tumor Microenvironment: Passive and
Active Tumor Targeting of Nanocarriers for Anti-Cancer Drug Delivery. J. Control.
Release 2010, 148, 135-146.

(2) Byrne, J. D.; Betancourt, T.; Brannon-Peppas, L. Active Targeting Schemes for
Nanoparticle Systems in Cancer Therapeutics. Adv. Drug Deliv. Rev. 2008, 60, 1615-1626.

(3) Garzon, R.; Marcucci, G.; Croce, C. M. Targeting MicroRNAs in Cancer: Rationale,
Strategies and Challenges. Nat. Rev. Drug Discov. 2010, 9, 775-789.

(4) Ma, C.; Xia, F.; Kelley, S. O. Mitochondrial Targeting of Probes and Therapeutics to
the Powerhouse of the Cell. Bioconjug. Chem. 2020, 31, 2650-2667.

(5) Rosenblum, D.; Joshi, N.; Tao, W.; Karp, J. M.; Peer, D. Progress and Challenges
towards Targeted Delivery of Cancer Therapeutics. Nat. Commun. 2018, 9, 1410

(6) Wilhelm, S.; Tavares, A. J.; Dai, Q.; Ohta, S.; Audet, J.; Dvorak, H. F.; Chan, W. C.
W. Analysis of Nanoparticle Delivery to Tumours. Nat. Rev. Mater. 2016, 1, 16014.

46



(7) Lammers, T.; Kiessling, F.; Hennink, W. E.; Storm, G. Drug Targeting to Tumors:
Principles, Pitfalls and (Pre-) Clinical Progress. J. Control. Release 2012, 161, 175-187.

(8) Sykes, E. A.; Chen, J.; Zheng, G.; Chan, W. C. W. Investigating the Impact of
Nanoparticle Size on Active and Passive Tumor Targeting Efficiency. ACS Nano 2014, §,
5696-5706.

(9) Miller, M. A.; Zheng, Y.; Gadde, S.; Pfirschke, C.; Zope, H.; Engblom, C.; Kohler, R.
H.; Iwamoto, Y.; Yang, K. S.; Askevold, B.; Kolishetti, N.; Pittet, M.; Lippard, S. J.;
Farokhzad, O. C.; Weissleder, R. Tumour-Associated Macrophages Act as a Slow-Release
Reservoir of Nano-Therapeutic Pt(IV) pro-Drug. Nat. Commun. 2015, 6, 8692.

(10) Dai, Q.; Wilhelm, S.; Ding, D.; Syed, A. M.; Sindhwani, S.; Zhang, Y.; Chen, Y. Y;
Macmillan, P.; Chan, W. C. W. Quantifying the Ligand-Coated Nanoparticle Delivery to
Cancer Cells in Solid Tumors. ACS Nano 2018, 12, 8423-8435.

(11) Huai, Y.; Hossen, M. N.; Wilhelm, S.; Bhattacharya, R.; Mukherjee, P. Nanoparticle
Interactions with the Tumor Microenvironment. Bioconjug. Chem. 2019, 30, 2247-2263.

(12) Joshi, B. P.; Hardie, J.; Farkas, M. E. Harnessing Biology to Deliver Therapeutic and
Imaging Entities via Cell-Based Methods. Chem. Eur. J. 2018, 24, 8717-8726.

(13) Pierige, F.; Serafini, S.; Rossi, L.; Magnani, M. Cell-Based Drug Delivery. Adv. Drug
Deliv. Rev. 2008, 60, 286-295.

(14) Choi, M.-R.; Stanton-Maxey, K. J.; Stanley, J. K.; Levin, C. S.; Bardhan, R.; Akin,
D.; Badve, S.; Sturgis, J.; Robinson, J. P.; Bashir, R. A Cellular Trojan Horse for Delivery
of Therapeutic Nanoparticles into Tumors. Nano Lett. 2007, 7, 3759-3765.

(15) Doshi, N.; Swiston, A. J.; Gilbert, J. B.; Alcaraz, M. L.; Cohen, R. E.; Rubner, M. F_;
Mitragotri, S. Cell-Based Drug Delivery Devices Using Phagocytosis-Resistant
Backpacks. Adv. Healthc. Mater. 2011, 23, H105-H109.

(16) Anselmo, A. C.; Mitragotri, S. Cell-Mediated Delivery of Nanoparticles: Taking
Advantage of Circulatory Cells to Target Nanoparticles. J. Control. Release 2014, 190,
531-541.

(17) Batrakova, E. V; Gendelman, H. E.; Kabanov, A. V. Cell-Mediated Drug Delivery.
Expert Opin. Drug Deliv. 2011, 8, 415-433.

(18) Wang, Q.; Cheng, H.; Peng, H.; Zhou, H.; Li, P. Y.; Langer, R. Non-Genetic
Engineering of Cells for Drug Delivery and Cell-Based Therapy. Adv. Drug Deliv. Rev.
2015, 91, 125-140.

(19) Sun, X.; Wang, C.; Gao, M.; Hu, A.; Liu, Z. Remotely Controlled Red Blood Cell
Carriers for Cancer Targeting and Near-Infrared Light-Triggered Drug Release in
Combined Photothermal-Chemotherapy. Adv. Funct. Mater. 2015, 25, 2386-2394.

(20) Studeny, M.; Marini, F. C.; Champlin, R. E.; Zompetta, C.; Fidler, 1. J.; Andreeff, M.
Bone Marrow-Derived Mesenchymal Stem Cells as Vehicles for Interferon-3 Delivery into
Tumors. Cancer Res. 2002, 62, 3603-3608.

47



(21) Murdoch, C.; Giannoudis, A.; Lewis, C. E. Mechanisms Regulating the Recruitment
of Macrophages into Hypoxic Areas of Tumors and Other Ischemic Tissues. Blood 2004,
104, 2224-2234.

(22) Brown, J. M.; Giaccia, A. J. The Unique Physiology of Solid Tumors: Opportunities
(and Problems) for Cancer Therapy. Cancer Res. 1998, 58, 1408—1416.

(23) Joshi, B. P.; Hardie, J.; Mingroni, M. A.; Farkas, M. E. Surface-Modified
Macrophages Facilitate Tracking of Breast Cancer- Immune Interactions. ACS Chem. Biol.
2018, 73, 2339-2346.

(24) Pollard, J. W. Tumour-Educated Macrophages Promote Tumour Progression and
Metastasis. Nat. Rev. Cancer 2004, 4, 71-78.

(25) Lewis, C. E.; Pollard, J. W. Distinct Role of Macrophages in Different Tumor
Microenvironments. Cancer Res. 2006, 66, 605-612.

(26) Zhang, Y.; Cheng, S.; Zhang, M.; Zhen, L.; Pang, D.; Zhang, Q.; Li, Z. High-
Infiltration of Tumor-Associated Macrophages Predicts Unfavorable Clinical Outcome for
Node-Negative Breast Cancer. PLoS One 2013, 8, €76147.

(27) Wan, D. H.; Ma, X. Y.; Lin, C.; Zhu, D. H.; Li, X.; Zheng, B. Y.; Li, J.; Ke, M. R.;
Huang, J. D. Noncovalent Indocyanine Green Conjugate of C-Phycocyanin: Preparation

and Tumor-Associated Macrophages-Targeted Photothermal Therapeutics. Bioconjug.
Chem. 2020, 31, 1438—1448.

(28) Fu, J.; Wang, D.; Mei, D.; Zhang, H.; Wang, Z.; He, B.; Dai, W.; Zhang, H.; Wang,
X.; Zhang, Q. Macrophage Mediated Biomimetic Delivery System for the Treatment of
Lung Metastasis of Breast Cancer. J. Control. Release 2015, 204, 11-19.

(29) Mura, S.; Nicolas, J.; Couvreur, P. Stimuli-Responsive Nanocarriers for Drug
Delivery. Nat. Mater. 2013, 12,991-1003.

(30) Ganta, S.; Devalapally, H.; Shahiwala, A.; Amiji, M. A Review of Stimuli-Responsive
Nanocarriers for Drug and Gene Delivery. J. Control. Release 2008, 126, 187-204.

(31) Sletten, E. M.; Bertozzi, C. R. Bioorthogonal Chemistry: Fishing for Selectivity in a
Sea of Functionality. Angew. Chemie Int. Ed. 2009, 48, 6974—6998.

(32) Volker, T.; Meggers, E. Transition-Metal-Mediated Uncaging in Living Human
Cells—an Emerging Alternative to Photolabile Protecting Groups. Curr. Opin. Chem. Biol.
2015, 25, 48-54.

(33) Volker, T.; Dempwolff, F.; Graumann, P. L.; Meggers, E. Progress towards
Bioorthogonal Catalysis with Organometallic Compounds. Angew. Chemie Int. Ed. 2014,
53, 10536-10540.

(34) Zhang, X.; Huang, R.; Gopalakrishnan, S.; Cao-milan, R.; Rotello, V. M.
Bioorthogonal Nanozymes: Progress towards Therapeutic Applications. Trends Chem.
2019, 1, 90-98.

48



(35) Bai, Y.; Chen, J.; Zimmerman, S. C. Designed Transition Metal Catalysts for
Intracellular Organic Synthesis. Chem. Soc. Rev. 2018, 47, 1811-182.

(36) van de L’Isle, M. O. N.; Ortega-Liebana, M. C.; Unciti-Broceta, A. Transition Metal
Catalysts for the Bioorthogonal Synthesis of Bioactive Agents. Curr. Opin. Chem. Biol.
2021, 61, 32-42.

(37) Wang, W.; Zhang, X.; Huang, R.; Hirschbiegel, C. M.; Wang, H.; Ding, Y.; Rotello,
V. M. In Situ Activation of Therapeutics through Bioorthogonal Catalysis. Adv. Drug
Deliv. Rev. 2021, 176, 113893.

(38) Springer, C. J.; Niculescu-Duvaz, I. Prodrug-Activating Systems in Suicide Gene
Therapy. J. Clin. Invest. 2000, 105, 1161-1167.

(39) Denmeade, S. R.; Mhaka, A. M.; Rosen, D. M.; Brennen, W. N.; Dalrymple, S.; Dach,
L; Olesen, C.; Gurel, B.; Demarzo, A. M.; Wilding, G.; Carducci, M. A.; Dionne, C. A_;
Moiller, J. V.; Nissen, P.; Christensen, S. B.; Isaacs, J. T. Engineering a Prostate-Specific
Membrane Antigen — Activated Tumor Endothelial Cell Prodrug for Cancer Therapy. Sci.
Transl. Med. 2012, 4, 140ra86.

(40) Heine, D.; Miiller, R.; Briisselbach, S. Cell Surface Display of a Lysosomal Enzyme
for Extracellular Gene-Directed Enzyme Prodrug Therapy. Gene Ther. 2001, 8, 1005—
1010.

(41) Sancho-albero, M.; Rubio-ruiz, B.; Pérez-16pez, A. M.; Sebastian, V.; Martin-duque,
P.; Arruebo, M.; Santamaria, J.; Unciti-broceta, A. Cancer-Derived Exosomes Loaded with
Ultrathin Palladium Nanosheets for Targeted Bioorthogonal Catalysis. Nat. Catal. 2019, 2,
864—872.

(42) Du, Z.; Liu, C.; Song, H.; Scott, P.; Liu, Z.; Ren, J.; Qu, X. Neutrophil-Membrane-
Directed Bioorthogonal Synthesis of Inflammation-Targeting Chiral Drugs. Chem 2020, 6,
2060-2072.

(43) Das, R.; Landis, R. F.; Tonga, G. Y.; Cao-Milan, R.; Luther, D. C.; Rotello, V. M.
Control of Intra-versus Extracellular Bioorthogonal Catalysis Using Surface-Engineered
Nanozymes. ACS Nano 2018, 13, 229-235.

(44) Gupta, A.; Das, R.; Yesilbag Tonga, G.; Mizuhara, T.; Rotello, V. M. Charge-
Switchable Nanozymes for Bioorthogonal Imaging of Biofilm-Associated Infections. ACS
Nano 2018, 12, 89-94.

(45) Huang, Y.; Ren, J.; Qu, X. Nanozymes: Classification, Catalytic Mechanisms,
Activity Regulation, and Applications. Chem. Rev. 2019, 119, 4357—4412.

(46) Wu, J.; Wang, X.; Wang, Q.; Lou, Z.; Li, S.; Zhu, Y.; Qin, L.; Wei, H. Nanomaterials
with Enzyme-like Characteristics (Nanozymes): Next-Generation Artificial Enzymes (II).
Chem. Soc. Rev. 2019, 48, 1004-1076.

(47) Tonga, G. Y.; Jeong, Y.; Duncan, B.; Mizuhara, T.; Mout, R.; Das, R.; Kim, S. T.;
Yeh, Y.-C.; Yan, B.; Hou, S.; Rotello, V. M. Supramolecular Regulation of Bioorthogonal

49



Catalysis in Cells Using Nanoparticle-Embedded Transition Metal Catalysts. Nat. Chem.
2015, 7, 597.

(48) Cao-Milan, R.; He, L. D.; Shorkey, S.; Tonga, G. Y.; Wang, L.-S.; Zhang, X.; Uddin,
LI.; Das, R.; Sulak, M.; Rotello, V. M. Modulating the Catalytic Activity of Enzyme-like
Nanoparticles through Their Surface Functionalization. Mol. Syst. Des. Eng. 2017, 2, 624—
628.

(49) Jeong, Y.; Tonga, G. Y.; Duncan, B.; Yan, B.; Das, R.; Sahub, C.; Rotello, V. M.
Solubilization of Hydrophobic Catalysts Using Nanoparticle Hosts. Small 2018, 14,
1702198.

(50) Zhang, X.; Liu, Y.; Gopalakrishnan, S.; Castellanos-Garcia, L.; Li, G.; Malassine, M.;
Uddin, I.; Huang, R.; Luther, D. C.; Vachet, R. W.; Rotello, V. M. Intracellular Activation
of Bioorthogonal Nanozymes through Endosomal Proteolysis of the Protein Corona. ACS
Nano 2020, 14, 4767-4773.

(51) Cao-milan, R.; Gopalakrishnan, S.; He, L. D.; Huang, R.; Wang, L.; Castellanos, L.;
Luther, D. C.; Landis, R. F.; Makabenta, J. M. V; Li, C. -H.; Zhang, X.; Scaletti, F.; Vachet,
R. W, Rotello, V. M. Thermally Gated Bio-Orthogonal Nanozymes with
Supramolecularly Confined Porphyrin Catalysts for Antimicrobial Uses Thermally Gated
Bio-Orthogonal Nanozymes with Supramolecularly Confined Porphyrin Catalysts for
Antimicrobial Uses. Chem. 2020, 6, 1-12.

(52) Zhang, X.; Fedeli, S.; Gopalakrishnan, S.; Huang, R.; Gupta, A.; Luther, D. C;
Rotello, V. M. Protection and Isolation of Bioorthogonal Metal Catalysts by Using
Monolayer-Coated Nanozymes. ChemBioChem 2020, 21, 2759-2763.

(53) Zhang, X.; Landis, R. F.; Keshri, P.; Cao-Miléan, R.; Luther, D. C.; Gopalakrishnan,
S.; Liu, Y.; Huang, R.; Li, G.; Malassiné, M.; Uddin, 1.; Rondon, B.; Rotello, V. M.
Intracellular Activation of Anticancer Therapeutics Using Polymeric Bioorthogonal
Nanocatalysts. Adv. Healthc. Mater. 2021, 2001627.

(54) Huang, R.; Li, C.; Cao-milan, R.; He, L. D.; Makabenta, J. M.; Zhang, X.; Yu, E.;
Rotello, V. M. Polymer-Based Bioorthogonal Nanocatalysts for the Treatment of Bacterial
Biofilms. J. Am. Chem. Soc. 2020, 142, 10723-10729.

(55) Pixley, F. J.; Stanley, E. R. CSF-1 Regulation of the Wandering Macrophage:
Complexity in Action. Trends Cell Biol. 2004, 14, 628—638.

(56) Jiang, Y.; Huo, S.; Mizuhara, T.; Das, R.; Lee, Y.; Hou, S.; Moyano, D. F.; Duncan,
B.; Liang, X.; Rotello, V. M. The Interplay of Size and Surface Functionality on the
Cellular Uptake of Sub-10 Nm Gold Nanoparticles. ACS Nano 20185, 9, 9986—9993.

(57) Rana, S.; Bajaj, A.; Mout, R.; Rotello, V. M. Monolayer Coated Gold Nanoparticles
for Delivery Applications. Adv. Drug Deliv. Rev. 2012, 64, 200-216.

(58) Saha, K.; Agasti, S. S.; Kim, C.; Li, X.; Rotello, V. M. Gold Nanoparticles in Chemical
and Biological Sensing. Chem. Rev. 2012, 112,2739-2779.

50



(59) Ghosh, P.; Han, G.; De, M.; Kim, C. K.; Rotello, V. M. Gold Nanoparticles in Delivery
Applications. Adv. Drug Deliv. Rev. 2008, 60, 1307-1315.

(60) Albanese, A.; Tang, P. S.; Chan, W. C. W. The Effect of Nanoparticle Size, Shape,
and Surface Chemistry on Biological Systems. Annu. Rev. Biomed. Eng. 2012, 14, 1-16.

(61) Yusop, R. M.; Unciti-Broceta, A.; Johansson, E. M. V; Sanchez-Martin, R. M.;
Bradley, M. Palladium-Mediated Intracellular Chemistry. Nat. Chem. 2011, 3, 239-243.

(62) Li,J.; Yu,J.; Zhao, J.; Wang, J.; Zheng, S.; Lin, S.; Chen, L.; Yang, M.; Jia, S.; Zhang,
X.; Chen, P. R. Palladium-Triggered Deprotection Chemistry for Protein Activation in
Living Cells. Nat. Chem. 2014, 6, 352-361.

(63) Weiss, J. T.; Dawson, J. C.; Macleod, K. G.; Rybski, W.; Fraser, C.; Torres-Sanchez,
C.; Patton, E. E.; Bradley, M.; Carragher, N. O.; Unciti-Broceta, A. Extracellular
Palladium-Catalysed Dealkylation of 5-Fluoro-1-Propargyl-Uracil as a Bioorthogonally
Activated Prodrug Approach. Nat. Commun. 2014, 5, 3277.

(64) Longley, D. B.; Harkin, D. P.; Johnston, P. G. 5-Fluorouracil: mechanisms of action
and clinical strategies. Nat. Rev. Cancer 2003, 3, 330—338.

(65) Cohen, S. S.; Flaks, J. G.; Barner, H. D.; Loeb, M. R.; Lichtenstein, J. The mode of
action of 5-fluorouracil and its derivatives. Proc. Natl. Acad. Sci. U. S. A. 1958, 44,
1004—1012.

51



CHAPTER 3

SURFACE-MODIFIED MACROPHAGES FACILITATE TRACKING OF BREAST
CANCER-IMMUNE INTERACTIONS

Reprinted (adapted) with permission from “Joshi, BP., Hardie, J., Mingroni, MA.,
Basabrain, AO., Paracha, A., Farkas, ME. "Surface-Modified Macrophages Facilitate
Tracking of Breast Cancer-Immune Interactions." ACS Chem. Biol., 13, (2018), 2339-
2346.” Copyright (2018) American Chemical Society.

3.1 Introduction

With implications toward the development of new treatments and understanding
the nature of the disease, the intersection between cancer and the immune system has
become a very busy place.! While the immune system is responsible for detecting and
removing abnormal cells, many cancers can produce signals and/or undergo
transformations to avoid this fate. Macrophages are immune cells that play a major role in
facilitating cancer progression (Figure 3.1), leading to the correlation of their presence with
disease severity in many cancer types.? In fact, macrophages represent the most abundant
leukocyte within the tumor environment, comprising in some instances up to 50% of the
tumor mass.> Tumor associated macrophages (TAMs) have been shown to generate factors
that promote tumor angiogenesis,* silence the immune response to tumors,” and contribute
to the epithelial to mesenchymal transition (EMT),> a metastatic process where epithelial
cells undergo changes that result in an enhanced migratory capability, increased
invasiveness, and elevated resistance to apoptosis ascribed to mesenchymal (i.e., stem cell-
like) phenotypes via remodeling of the tumor environment and association with tumor
cells.® They have also been implicated in the metastasis-enabling processes of intra- and

extravasation of migratory tumor cells’ and can affect the efficacy of anticancer
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therapeutics.® TAMs are not only important in the initial stages of metastasis but have been
shown to contribute to the establishment and survival of metastases at sites away from the
primary tumor.”!%!! TAMs have been associated with a variety of tumor types, including

breast, prostate, glioma, lymphoma, bladder, lung, cervical, and melanoma.'?

Extravasation at distant

metastatic sites ) ) .
Angiogenesis promotion

‘ Intravasation into
bloodstream

Circulatory
monocyte
recruitment

ECM and EMT
initiation

c Normal Tissue ‘ Cancerous Tissue ‘ Circulatory Monocyte

‘ Inflamed Tissue ® : ® Chemoattractant o Tumor Associated Macrophage

Figure 3.1. Macrophage contributions to cancer and its metastasis.

On account of their roles in cancer progression and metastasis, TAMs have become
a target of interest for developing new treatments.!> But because macrophages and their
monocyte precursors are actively recruited to cancerous tissues,'* they have also become
candidates for use as imaging and therapeutic agent delivery vehicles.!> A number of tumor
types secrete the major macrophage chemoattractants macrophage colony stimulating
factor (M-CSF, also known as colony stimulating factor 1, or CSF-1)'® and monocyte
chemoattractant protein like chemokine (C—C motif) ligand 2 (CCL2).!7 Once in the tumor

microenvironment, TAMs can traffic into difficult-to-reach hypoxic regions,'* areas that
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are problematic to target with other therapeutic delivery systems.!® Engineered
macrophages are therefore being developed as tools for the diagnosis and treatment of
various diseases, from delivering theranostic (therapeutic and diagnostic) agents to
tumors'® to administering antiretroviral therapeutics to HIV infected mice.?’ For cancer-
based applications, the specific interactions of macrophages with tumor tissue have been
exploited to facilitate imaging of tumors and metastases and the delivery of various
therapeutics. This has enabled enhanced contrast of tumor boundaries and imaging of
metastases, as well as the delivery of nanoparticle-conjugated small molecule and
photothermal therapeutics to tumors, showing efficacy in vitro and in vivo.!122:23:24

The challenge in using nanoparticles as a therapeutic strategy, however, is that their
phagocytosis and release are difficult to control, despite modifications to particle surfaces
to alter their characteristics.?> Furthermore, because small molecules cannot be engulfed
and released in the same manner without additional modifications,? these platforms are
limited to the use of nanoparticle agents. Separately, transgenic animals expressing GFP,?’
CFP,?® and RFP?’ have been produced and employed in imaging studies of cancer—host
cell interactions,’ including in longitudinal studies.’' In these cases, tumor cells derived
from a fluorescent animal can be distinguished from host cells in or from another animal
bearing a different reporter.>*** While cells derived from these systems can be used in the
context of imaging, they must be obtained from genetically modified animals, and only
fluorescence-detecting platforms may be used. To circumvent various issues associated
with macrophage engulfment and release, and to provide a more flexible strategy for
imaging, delivery, and studies of macrophage associations with cancer, we have

investigated the direct modification of macrophage cell surfaces with small molecules.
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The cell membrane contains a diverse array of biomolecules, many of which can

t¥ and covalent

be chemically manipulated®® to allow selective noncovalen
bioconjugations.*® Successful membrane modification involves linkage of the target
molecule to the cell surface under physiological conditions, without inhibiting the normal
functioning of the cell. In this report, we demonstrate that fluorescent probes can be
appended to macrophages to monitor chemo-sensing, tracking, and interactions with cancer
cells. Using either N-hydroxysuccinimide coupling chemistry®’ or metabolic incorporation
of unnatural azido-sugars,*® we show that modified macrophages chemotaxis to a similar
extent as unmodified cells and, more importantly, continue to associate with cancer cells
in vitro and accumulate in tumors in vivo. This work sets the stage for further use of this

platform as a diagnostic tool but also as a delivery agent for therapeutics and molecular

probes to study the tumor microenvironment.

3.2. Materials and methods

3.2.1. Reagents and cell lines

All reagents were purchased from Thermo-Fisher Scientific except where
otherwise noted. Immortalized cell lines were obtained from the ATCC and maintained
under ATCC recommended conditions. Primary macrophages were isolated and
differentiated from bone marrow of BALB/c mice, as previously reported.>* Following

differentiation, cells were used within 7 days.

55



3.2.2. Biotin-(strept)avidin modification of macrophages

Cells were labeled in either an adherent or suspended manner. For adherent
labeling, culture medium was removed and cells rinsed twice with phosphate-buffered
saline (PBS). Cells were then incubated in 2 mM Sulfo-NHS-LC-Biotin for 30 min at
ambient temperature and then washed twice with 100 mM glycine, once with PBS, and
then incubated in 2.5 pg/mL Avidin-FITC or Streptavidin-Dylight for 30 min at 37 °C/5%
COz. Cells were rinsed once more with PBS before use. For suspended labeling, cells were
harvested via trypsinization, centrifugation, and resuspension, followed by counting. For 6
x 109 cells, the cell pellet was rinsed twice with 1 mL of PBS, centrifuging, and removing
supernatant for each wash. Cells were resuspended in 2 mL of 2 mM Sulfo-NHS-LC-Biotin
and incubated for 30 min at ambient temperature. Cells were then centrifuged at 1500 rpm
for 5 min, and the pellet was washed twice with 2 mL of 100 mM glycine and once with 1
mL of PBS. Cells were resuspended in 2 mL of 2.5 ng/mL FITC-Avidin or Streptavidin-
Dylight 680 for 30 min at 37 °C and 5% COz. Cells were centrifuged at 1500 rpm for 5
min, and the pellet was rinsed once with 1 mL of PBS before use. Images of cells were
acquired using a Nikon Point Scanning C2+ confocal microscope with excitation at 488

and 650 nm.

3.2.3. Direct NHS-ester modification of macrophages

Cells were labeled in either an adherent or suspended manner. For adherent
labeling, culture medium was removed and cells rinsed twice with phosphate-buffered
saline (PBS). Cells were then incubated in 100 puM sulfo-NHS-Cyanine5 (Lumiprobe) for

1 hat 37 °C and 5% COz, and then washed twice with 100 mM glycine, once with PBS.
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Cells were rinsed once more with PBS before use. For suspended labeling, the cell
monolayer was treated with 0.25% trypsin for detachment, centrifuged, resuspended, and
counted. For 4 x 10° cells, the pellet was rinsed twice with 1 mL of PBS, centrifuging and
removing supernatant for each wash. Then, cells were suspended in 400 puL of 100 pM
sulfo-NHS-Cyanine5 (Lumiprobe) and incubated for 1 h at 37 °C and 5% COz. Cells were
centrifuged at 1500 rpm for 5 min, and the pellet was rinsed twice with 2 mL of 100 mM
glycine and once with 1 mL of PBS before use. Images of cells were acquired using a

Nikon Point Scanning C2+ confocal microscope with excitation at 488 and 650 nm.

3.2.4. Metabolic labeling/Staudinger ligation modification of macrophages

Labeling of cells via this method largely followed previously established
protocols.?® In both suspended and adherent modifications, cells were cultured in complete
DMEM media supplemented with 40 uM ManNAz or GlcNaz (0.4% DMSO v/v), for 72 h
at 37 °C and 5% COz. For adherent labeling, culture medium was removed, and cells rinsed
twice with phosphate-buffered saline (PBS). Cells were then incubated in Dylight 650-
Phosphine (1% DMSO v/v) and incubated for 3 h at 37 °C and 5% CO2 and then washed
twice with PBS. Cells were rinsed once more with PBS before use. For suspended
modification, cells were detached using a cell scraper. For 4 x 10° cells, following
additional centrifugation, the pellet was rinsed with 1 mL of 2% fetal bovine serum (FBS)
in Hank’s Buffered Saline Solution (HBSS), and then resuspended in 400 puL of 100 uM
Dylight 650-Phosphine (1% DMSO v/v) and incubated for 3 h at 37 °C and 5% COx. Cells
were centrifuged at 1500 rpm for 5 min, and the pellet was rinsed twice with 1 mL of 2%

FBS in HBSS and once with 1 mL of PBS before use. Images of cells were acquired using
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a Nikon Point Scanning C2+ confocal microscope with excitation at 488 and 650 nm. For
experiments employing a DMSO control, populations of cells were treated with DMSO for

analogous times at the same concentrations (0.4% for 72 h and 1% for 3 h).

3.2.5. Wound healing/scratch assay

For the wound healing assay, RAW 264.7 cells were plated at high density (5 x 10°
cells per well) in a six-well plate and incubated for 6 h at 37 °C and 5% COxz to adhere. The
cells were labeled with avidin-FITC according to the protocol in section 3.2.2. A sterile
200 uL pipet tip was used to make a single scratch through the monolayer. The cells were
rinsed once with PBS and then incubated in phenol-red free complete DMEM media.

Scratch width was monitored using a Zeiss Axio Observer Z1 microscope.

3.2.6. Chemotaxis/Boyden chamber assay

Boyden chamber cell migration assays were largely performed as previously
described.** A transwell insert (8 um pore, 6.5 mm, PET membrane; Corning Life
Sciences) was coated with 10 pg/mL of fibronectin (Sigma-Aldrich), allowed to rest for 4
h at ambient temperature, rinsed with PBS, and left to dry overnight. The inserts were
placed into 24-well plates containing 650 pL of starved (FBS-free) media supplemented
with and without 40 ng/mL rCSF-1, depending on chemoattractant conditions. In parallel,
cells were cultured for 24 h in starved media and then either labeled according to the
respective protocol or left untreated. For azido-sugar metabolic labeling, cells were
cultured in complete media containing the azido-sugar for 48 h, followed by replacement

with starved media containing azido-sugar for 24 h. For each cell sample, 100 puL
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containing 1 x 10° cells was added into the transwell insert and incubated for 12 h at 37 °C
and 5% COz. Nonmigratory cells were removed with a Q-tip, and migratory cells at the
bottom of the insert were fixed in 4% formaldehyde and stained with a 0.1% crystal violet
solution in 25% methanol. Membranes were removed from the inset, mounted onto cover-
glass, and visualized using a Zeiss Axio Observer Z1 with an Axio Cam 506 Color
attachment. Using a 20x objective, cells were counted from three fields of view per
membrane, with three membranes per condition (n = 9). Box and whisker plots were
generated using OriginPro 2017, and statistical significance was determined using the

student’s t test (two tailed distribution and two sample unequal variance).

3.2.7. Coculture assays

MCF7, SKBR3, and MDA-MB-231 cells were plated on 24-well tissue culture
plates at 1 x 10° cells per well and incubated overnight (~20 h). MDA-MB-231 cells were
labeled with CellTracker Blue CMAC dye (Invitrogen) according to the manufacturer’s
protocol. RAW 264.7 cells were avidin-FITC labeled in suspension, and 1 x 10° cells were
added to each cancer-cell containing well. Accounting for cancer cell growth, the ratio of
cancer to macrophage cells was approximately 2:1. Time lapse microscopy was used to
monitor cell behavior at 15 min intervals over 12 h using a Zeiss Spinning Disk Observer

SD confocal microscope with excitation at 405 and 488 nm.

3.2.8. Generation of in vivo tumor models and macrophage biodistribution studies

Six to eight-week-old BALB/cAnNCrl mice (Charles River Laboratories) were
orthotopically implanted with 5 x 10* 4T1 murine breast cancer cells, similarly to previous
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studies.*® Briefly, mice were anesthetized with 400 mg/kg tribromoethanol, the ventral
thoracic-inguinal region was shaved, and an incision was made to expose the fourth
mammary fat pad. The veins leading to the fat pad were cauterized and the fat pad was
removed using forceps. The 4T1 cells were injected into the fat pad cavity in 10 uL of PBS
using a 100 uL Hamilton syringe. A total of 1 mg/kg of bupivacaine was administered to
the surgical site, and the wound was closed using wound clips. Following closure, 1 mg/kg
meloxicam was administered subcutaneously. Mice to be used for imaging were placed on
an alfalfa-free diet. Once palpable tumors formed, 1 x 10’ RAW 264.7 cells were labeled
with avidin-DY680 using the suspension method described above. Cells were then
suspended in 100 pL of PBS and were injected into tumor-bearing mice intravenously
through the tail vein. At 4 and 24 h following injection, mice were euthanized, and organs,
blood, and tumors collected. Tissues were imaged using an /n Vivo Imaging System (IVIS;
PerkinElmer) available at UMass Ambherst. All procedures involving the use of animals
were conducted under a protocol approved by the Institutional Animal Care and Use

Committee (IACUC) at UMass Ambherst.

3.3. Results and discussion

3.3.1. Modification of macrophages to install fluorescent molecules

To determine whether macrophages (i.e., RAW 264.7 cells) are amenable to surface
modifications, three different approaches were used (Figures 3.2 and 3.3A). In the first
method, the cell surface is biotinylated by reacting exposed primary amines with
sulfosuccinimidyl-6(biotinamido)hexanoate (Sulfo-NHS-LC-Biotin), prior to binding

fluorescein isothiocyanate (FITC)-labeled avidin.*!
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Figure 3.2. Detailed scheme of three cell surface modification methods including step-by-
step reaction conditions.

Cellular labeling was confirmed by fluorescent confocal microscopy (Figure 3.3B).
We also attached the dye moiety directly to the cells, forgoing the display of large avidin
proteins on the cell surface, via N-hydroxysuccidimide (NHS)-dye conjugation. With
sulfo-NHS-Cyanine5 (NHS-CyS5), we observed significant cellular modification (Figure
3.3C). As a third approach, we used metabolic labeling and “click” chemistry, which also
utilizes small molecules, but modifies incorporated unnatural azido-glycans as opposed to
amino acids.*® Cells were metabolically labeled with azidoacetylmannosamine (ManNAz)
or azidoacetylglucosamine (GIcNAz), and subsequent Staudinger ligation was performed
using Phosphine-Dylight 650 (Phos-Dy680). Confocal microscopy images illustrate the

extent of labeling (Figure 3.3D).
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Figure 3.3. Approaches for chemical modification of macrophages. (A) Three methods
used to modify the model macrophage cell line RAW 264.7 are an attachment of NHS-
biotin followed by noncovalent interaction with fluorophore-conjugated avidin
(Biotin/Avidin-dye), amide formation through direct linkage of NHS-fluorophores with
cell surface lysines (NHS-dye), and bioorthogonal Staudinger ligation between phosphine
conjugates and metabolically incorporated azido sugars (N3/Phos-dye). Confocal
microscopy images show suspended RAW 264.7 cells labeled with (B) avidin-FITC, (C)
NHS-CyS5, and (D) phosphine-Dylight 650. Corresponding cellular dye distributions via
fluorescence intensities are shown adjacent to the respective image. Modified sites are
generally located at the membrane or endosomally throughout the cell (yellow line).
Magnification = 60x, scale bar = 25 um.
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All three conjugation approaches resulted in significant cellular modification with
a majority of the dye intensities located at the cell membranes. As expected, fluorescence
intensity decreases concomitantly with macrophage proliferation (doubling time is ~15 h;
Figure 3.4) and the signal remains over several cell divisions. Following modifications,
cells could be stored and were viable for up to 1 week without any manipulation, with the
exception of metabolically installed ManNAz conjugates, which showed slightly
diminished viabilities (data not shown). With the two-step strategies (biotin—avidin and
metabolic labeling), we have found that the appendage of the fluorophores largely depends
on the presence of the linker. For example, incorporation of avidin-FITC is not observed
unless cells have been biotinylated (Figure 3.5A). Likewise, minimal uptake of Phos-
Dy680 is detected in cells that have not incorporated the azido sugar (Figure 3.5B).
Modifications did not affect macrophage polarization state (Figure 3.6), and cells largely
retained their abilities to phagocytose entities (Figure 3.7). The employment of these three
strategies is also useful for the modification of cells with other molecules; a wide array of
NHS-, (strept)avidin-, and phosphine-linked molecules are commercially available or can
be synthesized. Of particular interest for in vivo imaging applications is the installation of
near-infrared dyes to facilitate tissue penetration. We have also found the surface
functionalization methods to be versatile and amenable to use with other macrophage types,
including J774.2 (murine monocyte macrophages) and bone marrow derived primary

macrophages (Figure 3.5C).
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Figure 3.4. Cellular fluorescence over time. The results are shown as percentage difference
in fluorescence from time = 0, which has been normalized to 100% for each modification
type. Error is shown as standard deviation of the mean.

A + Biotin - Biotin

+ Avidin-FITC

@
Q
=
@
o
]
@
£
o
e
[

=]
5]
-]
>
=]
0
=]
I
o
+

Figure 3.5. Specific cellular labeling in the presence of both linkers and dyes, which may
be applied to different macrophage types. (A) Suspended cells are only labeled in the
presence of both biotin and avidin; no fluorescence is observed where cells are incubated
with only avidin. (B) Significant fluorescence is observed in suspended cells metabolically
labeled with azidomannose followed by reaction with Dylight 650; in the absence of
azidomannose, minimal fluorescence was seen. Magnification = 60x, scale bar = 25 pum.
(C) The biotin—avidin strategy is used to label J774.2 (monocyte-derived, magnification =
63x, scale bar = 20 pum) and primary (harvested and differentiated from bone marrow,
magnification = 20x, scale bar = 50 um) macrophages in suspension.
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any of the samples shown. While NHS-Cy5 shows slightly increased levels of M1 markers,
these are minimal compared to those accompanying M1 polarization. NT = Not Treated,
and a DMSO control group is included to account for treatment of the metabolically
incorporated azido-sugars. Error bars indicate standard deviation of the mean.
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Figure 3.7. Macrophage phagocytosis following chemical modification. Biotin-
streptavidin labeling and NHS coupling methods show reduced phagocytic efficacy.
However, metabolic labeling methods had increased zymosan internalization possibly due
to membrane permeabilization. Each group is the result of three separate measurements.
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3.3.2. Macrophage migration and chemotaxis

Critical to the employment of functionalized macrophages as agents for the
visualization of macrophage interactions with cancer cells, delivery of therapeutics to
tumor sites, or localization of chemical probes to understand oncogenic
microenvironments, is the retention of chemotactic properties. For this reason, it is
important to assess motility following chemical modification. Because the biotin/avidin-
dye modification results in the potential for steric hindrance on account of the resulting
display of avidin proteins (monomer is approximately 16.5 kDa), the majority of studies

described here were conducted using macrophages that were conjugated in this manner.

Wound healing/scratch assays were used to visualize cellular motility.** A single
“scratch” was generated through a monolayer of cells, and the ability of the cells to migrate
and fill the scratch was tracked over time via fluorescence microscopy. We compared
nonmodified cells with those appended with biotin/avidin-FITC (Figure 3.8A) and noted
that the two were strikingly similar. Macrophage response to chemotactic signals was
determined via Boyden chamber assay.*’ Here, labeled and non-labeled macrophages were
compared in their abilities to migrate through a membrane in response to a chemoattractant
(CSF-1 was used in all instances; Figure 3.8B). These experiments show that not only do
cells survive chemical modification, but they continue to migrate toward a chemoattractant.
Furthermore, even the presence of large avidin proteins on the cell surface does not hinder

cellular sensing and trafficking abilities.
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Figure 3.8. Motility capabilities retained by functionalized macrophages. (A) Assessment
of adherent macrophage motility via wound healing assay. At time 0, a pipette tip-induced
scratch was generated in both nonmodified and avidin-FITC labeled RAW 264.7 cells.
Migration after 24 h was observed; both set behaved similarly. Dashed line indicates
highest cell density border; scale bar is 200 um. (B) Boyden chamber assay to determine
migration changes following suspended modification. Modified cells migrate similarly to
nontreated cells. Non-modified cells were tracked in starved media with and without the
CSF chemoattractant and compared to Avidin-FITC modified cells exposed to CSF. Nine
panels of cells were counted per treatment (n = 9, from three biological replicates,
represented by differently colored diamonds). Boxes represent the interquartile range (25th
to 75th percentile). The line bisecting the box represents the median. The small square in
the center is the mean, and whiskers indicate the 5th and 95th percentiles. *P < 0.0001.
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Having determined that the biotin/avidin-dye modification method has minimal
effects on cellular chemotaxis, we evaluated the effects of other labeling strategies. Boyden
chamber assays were used to determine the effects of direct NHS-dye incorporation and
metabolic-Staudinger ligation methods (using both GlcNaz and ManNaz for azide
incorporation) on migration toward CSF-1 chemoattractant (Figure 3.9). Similarly, to
biotin/avidin, the use of these other strategies resulted in minimal change to migration
ability in comparison with nonmodified cells exposed to CSF-1 in the positive control
group. As a result, we conclude that each method assessed largely preserves the ability of
macrophages to track and follow chemoattractant signals produced by cancer cells and may

be amenable to use in further studies on macrophage-oncogenic interactions.
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Figure 3.9. Similar behavior of modified suspended macrophages to one another and non-
labeled cells exposed to CSF-1. Box and whisker plot of counted cell groups (n = 9 from
three biological replicates, represented by differently colored diamonds) from Boyden
chamber assay comparing migratory behaviors. Boxes represent the interquartile range
(25th to 75th percentile). The line bisecting the box represents the median. The small
square in the center is the mean, and whiskers indicate the 5th and 95th percentiles. We
compare nonlabeled cells not exposed to and exposed to Colony Stimulating Factor-1
(CSF, controls), versus surface-labeled cells exposed to CSF (NHS-Cy5, cells
metabolically labeled with N-azidoglucose (GlcNaz) or -mannose (ManNaz) conjugated to
phos-DY650). As a control for the metabolically labeled cells, we have also included a
DMSO-treated control. *P < 0.0001.

3.3.3. Macrophage association with in vitro models of breast cancer

After establishing that the migratory aptitude of macrophages is not altered upon
modification, we investigated the association between these modified cell lines and cancer
cells. Breast cancer is a heterogeneous disease generally classified into five subtypes based
on genetic profile: luminal A (estrogen receptor (ER) positive, low grade), luminal B (ER

positive, high grade), human epidermal growth factor receptor 2 (HER2) enriched, basal-
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like (ER negative, HER2 negative, progesterone receptor (PR) negative; often referred to
as triple negative), and claudin-low (triple negative with low expression of cell—cell

junction proteins).*

These disease types are not only associated with the presence and/or
absence of cellular markers but with varying levels of aggression and patient outcomes. At
different ends of the spectrum, luminal A is generally considered highly treatable and has
high rates of survival, while triple negative types are extremely aggressive with few
treatments available, resulting in far worse prognoses. Knowing that macrophages are
strong contributors to cancer progression,™'? that patients with higher levels of tumor
associated macrophages have worse prognoses,® and that CSF-1 both is a macrophage
chemoattractant and has been correlated with breast cancer mortality,** we wished to

determine whether particular cancer subtypes have an enhanced capability to recruit and

interact with macrophages.

We present here the results from initial studies addressing the association of
macrophages with cancer cells representing different subtypes and degrees of aggression,
facilitated by chemically modified macrophages. While it has been observed that
macrophage infiltration occurs to a lesser extent in luminal A versus other tumor
subtypes,® interactions between cancer cells and macrophages have not been assessed. We
utilize MCF7 (luminal A), SKBR3 (HER2+), and MDA-MB-231 (triple negative, claudin-
low) cell lines in concert with RAW 264.7 macrophages at approximately a 2:1 ratio.
Previous work has demonstrated the cross-species interaction of murine macrophages with
human cancer cell lines.*¢ Indeed, across multiple experiments the macrophages show the

most vivid associations with the most aggressive cell line, MDA-MB-231 (Figure 3.10).
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Figure 3.10. Modified macrophage homing and interaction with cancer cells. Time-lapse
fluorescence microscopy images show migration and association of FITC-avidin labeled
(in suspension) RAW 264.7 macrophages with MDA-MB-231 cancer cells at a 1:2 ratio
across 0, 4, 8, and 12 h. Green = avidin-FITC macrophages; blue = MDA-MB-231 cells
labeled with cell tracker dye. Scale bars indicate 100 um.

Fluorescence microscopy was similarly used to evaluate macrophage interactions
with MCF7 and SKBR3 cells. While macrophages associated with both of these breast
cancer cell lines as well, the interactions were not nearly as dramatic. Whereas the
macrophages appear to “pick up” and move the MDA-MB-231 cells, they seem to pull the
MCEF7 cells, which remain attached to the surface. The SKBR3 cells appear unperturbed
by the macrophages, which hover in the vicinity and appear to make contact, but do not
show any effect. Single-cell type experiments are provided for reference. Future work
toward this end involves studying associations of macrophages with additional cell types

and the use of three-dimensional cell culture tissue models.
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3.3.4. Chemically modified macrophages show tumor homing capabilities in a mouse

model of cancer

In vivo biodistribution studies of functionalized macrophages were performed to
determine the applicability of our platform to studying the interactions between
macrophages and tumors and metastases in mouse models of cancer. Because of the
immune relevant nature of this work, it is critical to use animals with intact immune
systems. For this reason, we used female BALB/c mice orthotopically implanted with
isogenic 4T1 (mouse mammary carcinoma) cells;*” RAW 264.7 macrophage cells also
possess the same genetic background. 4T1 cells are highly tumorigenic and invasive. They
have been widely used as a clinically relevant triple-negative breast cancer model and are
considered to represent stage IV human breast cancer.*® Once tumors were palpable,
macrophage cells were modified using the biotin/avidin-dye method to append Dy680 to
the cell surface. These cells were intravenously injected into the mice (n= 3) via tail veins.
Because the mouse breed possesses auto-fluorescent hair, the removal of which can result
in additional stress and inflammation and is not always effective in removing all signal,
macrophage biodistribution was assessed ex vivo following euthanasia at 4 and 24 h

following injection (Figure 3.11).
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Figure 3.11. Macrophage biodistribution in an immune-competent mouse model of breast
cancer. 4T1 cells (mouse mimic of stage IV human breast cancer) were orthotopically
implanted into BALB/c mice. Macrophages were labeled via suspended methods with
biotin/avidin-Dy680 immediately prior to intravenous injection via tail vein. Following
euthanasia at 4 and 24 h after injection, fluorescent imaging of organs was performed ex
vivo using IVIS-CT.

At the 4 h time-point, significant signal is observed in the liver, followed by the
spleen, lungs, and tumor, with some signal in the brain. It is also noted that significant
signal appears in the tail, which may be the result of macrophage accumulation near the
site of injection due to the presence of a wound or inability to leave the tail vein. After 24
h, signal remains in the tumor, liver, and spleen. Considering that the macrophage surfaces
are significantly modified with foreign entities (Figure 3.2), the accumulation of
macrophages in the liver is not surprising. The hepatic route is a major pathway for
elimination of a variety of drugs, nanoparticles, and other entities that are too large for
renal (kidney) excretion. It is in fact encouraging that in general, macrophages that are not
localized to the tumor are also not accumulating in other tissues but rather are likely being
excreted. In the future, we will assess the biodistribution of macrophages modified with
smaller functionalities. Also, in further work, we seek to use imaging modalities that will
facilitate in vivo tracking of the macrophages (e.g., PET or MRI) and study their tracking

to and accumulation at metastatic sites.
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3.4. Conclusion

We have been able to demonstrate that macrophages can be functionalized via three
different approaches, retaining viability and their inherent migratory and chemotactic
properties in vitro and in vivo. While earlier work utilizing macrophages as delivery
vehicles was constrained to the phagocytosis and release of nanoparticle-based agents, we
have shown that surface modification is also feasible, and small molecules may be used.
By using this strategy, we can now employ macrophage conjugates as delivery vehicles for
in vivo imaging, therapeutic, and chemical-sensing agents for the diagnosis, treatment, and
study of cancer. Furthermore, many groups are broadly interested in the chemical
modification of cells toward a variety of applications-this work also serves to answer some

fundamental questions regarding the biological effects of these alterations.
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CHAPTER 4

MODIFICATION OF PRIMARY AND IMMORTALIZED MACROPHAGES AND
STEM CELLS VIA BIOTIN-STREPTAVIDIN ASSOCIATION

4.1. Introduction

The use of modified T cell infusions as cancer immunotherapies in patients has
demonstrated the potential of cell-based agents.! Multiple cell types have been used and/or
studied in tracking inflammatory micro-environments in vivo via optical imaging®* as well
as for generating biological entities at targeted locations via therapeutic gene delivery.””’
Additionally, they have been studied for use in cell replacement therapy to fortify
metabolic disorders like diabetes,>’ in tandem with nanoparticle/drug delivery,'® and
regenerative medicine applications.!!"!* Cells have shown distinct advantages over other
vehicle systems and implants in terms of biocompatibility, extended circulatory lifetimes,
and specificity.!®'? Cell-based delivery vehicles respond to chemotactic markers and
cytokines present in disease microenvironments, leading to a greater propensity to
accumulate in the desired tissues. In particular, wounds, inflamed tissues, infected sites,
and tumors are known to secret chemo-attractants like colony stimulating factor (CSF-1)
and chemokines like C-X-C motif ligand 1 (CXCL1), resulting in their recruitment of
macrophages,'* and mesenchymal stem cells (MSCs).*!%1¢ These can include hypoxic and
ischemic areas of wounded tissues and tumor sites,!” as well as sites of bacterial infection

8 chronic implant infections,'” and urinary tract

pertaining to acute pneumonia,!
infections.?” In contrast, most small molecule drugs and macromolecular delivery vehicles

(e.g., nanoparticles and liposomes) rely on passive accumulation and the enhanced
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permeability and retention (EPR) effect.?! Thus, cells have emerged as attractive candidates
for next generation theragnostics. In particular, macrophages and MSCs have been widely

used in tissue repair applications’®10-22

and as delivery vehicles. In the latter case,
phagocytic loading strategies have typically been used to encapsulate drugs and
nanoparticles.”>** However, to harness the therapeutic potential of cells in various
applications cell surface modification is desired.”* Similarly, facile surface engineering of
therapeutic cells is crucial in other theragnostic applications involving labeling, tethering,
or sensing.?62’

One strategy often employed to modify cell surface is non-covalent engineering of
the cell surface. Non-covalent cell surface bioconjugation methods based on physisorption

can be of various types like electrostatic layer-by-layer surface deposition®>! or

hydrophobic lipid insertion®?-** into the cell membrane. The electrostatic nanofabrication
of multilayered films for cell transplants or tissue engineering applications has been
utilized.? Surface adsorption mediated via electrostatic adsorption of poly(L-lysine)-graft-
poly(ethylene glycol) (PLL-g-PEG) grafts terminally functionalized with biotin, hydrazide,
and azide moieties to selectively conjugate to streptavidin, aldehyde, and cyclooctyne-
labeled probes, respectively, on cell surfaces have been studied in the remodeling of cells
for biomedical and biotechnological applications.”® However, for clinical purposes,
systemically injected cells must withstand shear stress exerted by vascular drag while in
circulation.® Thus, ensuring robust and uniform labeling of the surface still remains a
challenge. To overcome these issues, while harnessing the disease tissue specific recruiting

ability of cellular vehicles, researchers have engineered cell surfaces via covalent

conjugations.
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Unlike non-covalent surface labeling, covalent conjugations at the cell surface can
enable attachment of various entities and provide a stable linkage. Metabolic labeling
incorporating non-natural glycans and other clickable functional groups like azides,*¢
thiols,>” and methacryloyl groups®® for bio-orthogonal reactions*® was an approach
pioneered by Bertozzi and followed by many others.***! These methods have been applied
in various applications like attaching tracking entities such as fluorophores or affinity tags
at the cell surface to visualize and quantitatively monitor changes of sialylation during
tumor progression*? or to display uncommon functional groups like ketones which could
then then be covalently ligated to molecules having complementary reactive handles like
hydrazide for the selective chemical engineering of cell surfaces.* Apart from metabolic
engineering, other non-genetic membrane engineering methods like enzymatic
“sortagging” have been used to conjugate antibodies onto naturally exposed N-
terminal glycine residues of surface proteins.**

The cell membrane is a dynamic layer comprised of lipids, proteins, and
carbohydrates, presenting a variety of available chemical handles for attachment. While
the lipid bilayer is often used for non-covalent electrostatic depositions and hydrophobic
insertions, surface proteins and glycans are often taken advantage of to achieve covalent
surface modifications. Unlike metabolic incorporation of non-natural sugars or enzymatic
modification of proteins, chemical modifications at the cell surface may be used to
manipulate proteins or glycans endogenous to the cell surface.!®* Surface biomolecules

46,47

with exposed chemical groups such as amines or thiols*® on surface proteins and

50,51

generation of carbonyl groups like aldehydes*and ketones,”**! on surface glycans. These

moieties present excellent handles to modify the cell membrane and have been explored

80



for the attachment of different tracker fluorophores,*®** N-hydroxysuccinimide-DNA
(NHS—-DNA) conjugates,>® nanoparticles,*®>! and drug-nanoparticle hybrids.*’

Live-cell surface engineering can be particularly challenging as the cell membrane
is incredibly delicate. Any method for cell surface modification must be performed at or
around physiological temperature, pH, ionic strength, and osmolality to maintain minimal
alterations to the native biological environment of the cells. A commonly used strategy for
the covalent modification of exposed lysine side chains is the amide bond formation with
an N-hydroxysuccinimide (NHS) ester.**#4’->> This has been used for the attachment of
biotin for the association of the avidin protein.***’ This has been shown to form a robust
attachment on the cell surface that remains intact in sufficient concentrations for several
days even as cells proliferate.*?

While these different covalent surface modifications have been attempted in
various cell types independently, a parallel comparison of functionalizations under the
same conditions in different types of cells commonly used as vehicles is lacking. Hence,
we sought to compare macrophages with stem cells, and also utilized primary versions of
each. Here, we attached NHS-biotin to exposed lysine residues on cell surfaces and
facilitated associations with avidin-FITC on RAW 264.7 (immortalized macrophages),
bone marrow derived macrophages (BMDMs), hTERT (immortalized) stem cells, and
primary stem cells (Figure 4.1). While RAW 264.7°} and hTERT-MSC>* cells are standard
model macrophage and stem cell lines, respectively, primary bone marrow derived
macrophages (BMDMs) and primary mesenchymal stem cells (MSCs) are translationally
more relevant in clinical studies of cell-based therapies. Thus, we tested the surface

modification strategy on model immortalized and primary macrophages and stem cells, in
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parallel. As immortalized cell lines offer multiple passages and growth to perform
optimization studies and primary cells are more representative of developed therapeutic
strategies while being more difficult to obtain. After initial validation of proof-of-concept
surface labeling and assessment on immortalized cells, we extended the same studies to
their primary counterparts. By using this approach, we obtained robust covalent chemical

modification of the cell surfaces.

—_— FITC

— Avidin

Figure 4.1. Overview of approach used for modification of cells. The conjugation of NHS-
esters with free amines is used for the attachment of biotin, which is subsequently allowed
to associate with avidin-fluorophore.

While there have been some studies'” on covalent cell surface modification for
theragnostic applications including some from our own lab,>* previous studies lacked
rigorous quantification. With the help of surface fluorophore quenching experiments, we
tracked the surface modification over time. We assessed the retention of fluorescein
complexes on cell surfaces for up to 48 h, looking at the cellular images qualitatively via
confocal microscopy and quantitatively using a fluorescent plate reader. Thereafter, we
compared NHS-lysine conjugation chemistry in terms of cellular characteristics such as
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viability and migration post modification across all four cell types. This work sets the stage
for further use of surface-modified cells as potential carriers for diagnostic tools as well as
delivery agents for therapeutics and molecular probes to study the disease
microenvironments both qualitatively and quantitatively. In summary, these studies to
optimize and compare chemical reactions on live cell surfaces will benefit their use as next

generation delivery vehicles for cellular therapies.

4.2. Materials & Methods

4.2.1. Materials

Sulfo-NHS-LC-biotin (referred to as NHS-biotin) and all other reagents were

purchased from Thermo-Fisher Scientific except where otherwise noted.

4.2.2. Cell culture

RAW 264.7 cells were obtained from the American Tissue Culture Collection
(ATCC), human telomerase reverse transcriptase-immortalized mesenchymal stem cells
(hTERT MSCs) and MDA-MB-231 cells were obtained from Prof. Shelly Peyton
(Chemical Engineering, UMass Ambherst), and L929 cells were obtained from obtained
from Prof. Barbara Osborne (Veterinary and Animal Sciences, Umass Amherst). Primary
macrophages and stem cells were isolated and differentiated from bone marrow of BALB/c
mice, described below. All cells were maintained in a humidified 5% CO, atmosphere at
37 °C. Cells were sub-cultured approximately once every 3-4 days and only cells between
passages 7 and 20 were used for all experiments. RAW 264.7, BMDMs, MDA-MB-231,
and L929 cells were cultured in high glucose Dulbecco’s Modified Eagle Medium
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(DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS, Corning), 1% L-
Glutamine (200 mM, L-Glut, Gibco) and 1% antibiotics (100 pg/ml penicillin and
100 pg/ml streptomycin, P/S, Gibco), referred to herein as complete DMEM. hTERT
MSCs and primary stem cells were cultured in Minimum Essential Media (MEM)-alpha
(Gibco) supplemented with 10% FBS and 1% P/S, referred to as complete MEM-alpha.
For detachment from culture flasks/dishes, 0.25% trypsin-EDTA was used with RAW
264.7 cells, and 0.05% trypsin-EDTA was used with hMSCs and primary stem cells.

BMDMs were physically dislodged using a cell scraper while in complete DMEM media.

4.2.3. Generation of conditioned media

Cells were cultured and passaged at least once before being used to generate
conditioned media. The procedure used to generate conditioned media follows a previously
established protocol,> and was used for both L929 and MDA-MB-231 cells. Briefly, cells
were cultured in T175 flasks with complete DMEM until they became > 90% confluent.
At that point, media was replaced with complete DMEM media and cells were cultured for
an additional 7 days. On day 7, the media was collected and filtered through a 0.45 um
syringe filter and stored at -20 °C. For experiments described here, L929 conditioned media
was used within the first six months, and MDA-MB-231 conditioned media was used

within one month.
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4.2.4. Isolation of progenitor cells and differentiation into primary macrophages and

stem cells

Isolation of progenitor cells, and differentiation into primary macrophages was
performed following a previously established procedure.’® Bones were collected from
femurs and tibiae from BALB/c mice and put into 0.6 mL micro-centrifuge tubes
containing a small hole at the bottom (perforated prior to use with an 18G needle). Each
0.6 mL micro-centrifuge tube (containing one femur and one tibia) was inserted into a 1.5
mL micro-centrifuge tube and centrifuged for 30 seconds at 10,000 rpm. The 0.6 mL tube
with marrow-less bones was then discarded and the pelleted bone marrow (in the 1.5 mL-
tube) was re-suspended in 500 pL of media containing 70% complete DMEM and 30%
L929-conditioned media, together referred to as differentiation media. The contents of each
1.5 mL tube were then transferred to a T175 tissue culture flask, mixed with 12 mL of
differentiation media, and incubated for 3 days, after which the media was replaced with
12 mL of fresh differentiation media for an additional 4 days. Following differentiation,
media was replaced with complete DMEM, and the cells were incubated until needed for
experiments (for a maximum of 3 weeks). For differentiation of primary mesenchymal
stem cells (MSCs), once the pelleted marrow was obtained, it was re-suspended in 500 puL
of complete MEM-alpha. The contents of each 1.5mL tube were then transferred to a T175
tissue culture flask, mixed with 12 mL of complete MEM-alpha, and incubated overnight
to allow cells to adhere. 24 h later, the media was replaced with 12 mL of fresh complete
MEM-alpha and the cells were then incubated until confluent (2-3 weeks). To ensure
homogeneity, MSCs were passaged at least three times (allowing the cells to become

confluent between each passage).
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4.2.5. NHS-biotin/avidin-FITC modification of cells

For confocal microscopy experiments involving all cell types, 5 x 10* cells in 250
uL of the corresponding complete media were plated in borosilicate glass bottom 8-well
chamber slides (Nunc Lab-Tek). For viability experiments, 1 x 10° cells in 500 pL of
corresponding media were added to 24-well plates (Costar). Prior to labeling, the cells were

maintained overnight in a humidified 5% CO, atmosphere at 37 °C. The following day,

cells were modified while adhered to the respective surfaces. First, culture medium was
removed, and cells were washed with 500 uL of phosphate-buffered saline (PBS, Gibco).
Cells were then incubated in 250 pL and 500 pL of 0.5 mM sulfo-NHS-LC-biotin in PBS
in 8-well chambers and 24-well plates respectively for 30 min at ambient temperature and
then washed once with 250 uL and 500 pL PBS respectively. Then, 0.05 mg/mL avidin-
FITC in 250 pL PBS for 8-well chambers and 500 uL PBS for 24-well plates were added
to the cells, which were then incubated for 30 min at ambient temperature. This was
followed by an additional two washes with PBS (250 & 500 pL each). Finally, 250 & 500
pL each of the phenol red-free version of the corresponding complete growth media was
added and the cells were used for further experiments. For Boyden chamber migration
assays, cells were modified while in suspension. 1 x 10° cells were detached from flasks
and washed with 5 mL PBS twice were modified while suspended in 15 mL conical tubes
in 5 mL of the corresponding labeling reagents in PBS (all concentrations and incubation
times consistent with adherent labelling described above). Between steps, cells were
pelleted via centrifugation at 1500 rpm for 5 minutes. The pellets were washed with 5 mL

PBS before each individual treatment.
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4.2.6. Confocal microscopy of modified cells

Cell images were acquired using a Nikon Point Scanning C2+ confocal microscope
with excitation at 488 nm at 0 h and 24 h time points following modification in borosilicate
glass bottom 8-well chamber slides. Between time-points, the cells were incubated at 37 °C
under a humidified atmosphere containing 5% COz. Fluorescent and merged cell images

were analyzed with Nikon NIS-Elements and FIJI (Image J) software.>’

4.2.7. Assessment of changes in surface fluorescence over time

5 x 10* cells were plated in borosilicate glass bottom 8-well chamber slides (Nunc
Lab-Tek) in three different wells and labeled with sulfo-NHS-LC-biotin/avidin-FITC as
described in Section 4.2.5, above. Surface modified cells were imaged with confocal
microscope as described in Section 4.2.6. Of the three wells modified using the same
method at the same time, the first well was imaged at 0 h. Immediately after imaging, the
cells in the first well were quenched with 0.4% Trypan Blue and imaged again. The cells
in the other two wells were incubated at 37 °C and 5% CO:z and imaged at 24 h and 48 h,
respectively, without quenching followed by quenching with Trypan Blue. To quantify the
cell surface retention of fluorescence over time the following method was employed: using
the selection tool in the ImageJ software, three different areas of approximately 300 x 300
pixels consisting of around 10 cells imaged at 60 X magnification per area for cells and 10
x 10 pixels for nearby areas with no cells were selected as background. Thus, a total of
approximately 30 cells were used for each set of analysis. The integrated fluorescence

intensity for the selected cells was determined by Image J at the indicated time points,
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averaged across all cells, and background intensity subtracted. Thus, the corrected total cell

fluorescence (CTCF) was calculated as:
CTCEF = Integrated Density — (Area of selected cell x Mean background fluorescence).

Since Trypan Blue is impermeable to living cells, the fluorescence quenched by it
at a given time for a selected area of cells amounts to the amount of fluorescence retained
by living cells at the surface. The FITC labelled cells were imaged before and after
quenching with Trypan Blue at time intervals of 0, 24 and 48 h. Then, the corresponding
corrected total cell fluorescence (CTCF) was calculated using Image J. The fluorescence
retained at the surface was calculated as CTCF of cells quenched with Trypan Blue
(fluorescence retained at the surface of cells in the selected are at that time point) divided
by CTCF of non-quenched cells (total fluorescence of cells in the selected are at that time
point before quenching the surface fluorescence) multiplied by 100. The percentage change

in surface fluorescence over time was then plotted.

4.2.8. Viability studies

Cells were labeled as described above in a 24 well plate at a density of 1 x 10° cells
per well. 48 hours after modification, viability was determined using Alamar Blue reagent
(Thermo Fisher Scientific) according to the manufacturer’s instructions. Briefly, 10%
Alamar Blue reagent and 90 % phenol red-free complete media was added to the cells and
the plate was incubated for an hour. Then the fluorescence absorption was measured at

540/590 nm using BioTek Gen5 software in SpectraMax microplate reader.
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4.2.9. Chemotaxis assays

Boyden chamber cell migration assays were performed using trans-well inserts (8
pm pore, 6.5 mm, PET membrane, Corning) based on a previously established protocol.*®
Prior to the experiment, cells were cultured in DMEM- or MEM-alpha generated similarly
to the “complete” versions with the exception that 1% FBS was used (referred to as starved
media) for 24 h, after which they were modified using the methods described above. Inserts
were placed into 24-well plates containing 650 pL of the respective starved media, which
was supplemented with 40 ng/mL rCSF-1 (R&D Systems) for RAW 264.7 and BMDM
cells and MDA-MB-231 conditioned media for hMSCs and primary MSCs; no rCSF-1
supplements were added for non-chemoattractant controls for macrophages and regular
(non-conditioned) MEM-alpha medium for stem cells. 1 x 10° modified cells in 100 uL of
corresponding complete media were added to each insert and incubated for 12 h at 37 °C,
5% COz. Non-migratory cells were removed with a Q-tip, and migratory cells at the bottom
of the insert were fixed in 4% formaldehyde (Pierce 16% with a 4x dilution in PBS) and
stained with 0.1% crystal violet (MilliporeSigma) in 25% methanol and 75% Milli-Q
water. Membranes were removed from the insert, mounted onto cover glass slips and
imaged using a Zeiss Axio Cam 506 Color attachment (20X) to image crystal violet-stained
membranes in the brightfield. Cells were counted from three fields of view per membrane,
with three membranes per condition (n = 9) using a Nikon inverted TE2000-S light

microscope. Box and whisker plots were generated using OriginPro 2017 (Origin lab).
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4.3. Results and discussion

4.3.1. Cell surface engineering with NHS-biotin chemistry

Cell surface modifications were performed on immortalized and primary
macrophages, RAW 264.7 and BMDM, respectively, and immortalized and primary stem
cells, hTERT and Primary MSC, respectively. We used NHS-ester modification of
accessible amines. Biotin moieties were installed via use of NHS-biotin, which were
immediately associated with avidin-FITC, resulting in the display of a substantially large
(66-67 kDa) protein on cell surfaces. In each case, significant amounts of fluorophore were
observed on the cells, with the RAW 264.7 cells appearing to have the highest levels of

internalization (Figure 4.2).

RAW 264.7 BMDM

NHS-Biotin
Avd-FITC

Fluorescent Merged Fluorescent Merged

hTERT MSC Primary MSC

NHS-Biotin
Avd-FITC

Fluorescent Merged Fluorescent Merged
Figure 4.2. Comparison of attachments to different cell types using biotin-avidin
association. Cells are labelled in the presence of NHS-biotin/avidin -FITC. Immortalized

and primary cells of macrophages (right) and stem cells (left) were labelled. Magnification
= 60x, scale bar =25 pm.

Appropriate control experiments were also performed, relevant to each stage of the

modifications to confirm that specific labeling was achieved in RAW 264.7 cells (Figure

90



4.3). For conditions involving NHS-biotin/avidin associations, no-NHS-biotin controls
were used. No fluorescence was observed where cells were incubated with only avidin,

indicating the absence of non-specific interactions.

+ NHS-Biotin - NHS-Biotin
+ Avd-FITC + Avd-FITC

Figure 4.3. Control experiments for cell modifications. Conditions were validated by
labelling in the presence or lack of biotin-NHS. Without treatment of biotin-NHS, no
labelling was observed (right). RAW 264.7 cells were used for these experiments.

Prior to arriving at the conditions used, we performed optimization studies with 5
x 10 cells and cell viability using 1 x 10° cells. For NHS-biotin/avidin-FITC associations,
we found that treatment 0.5 mM NHS-biotin followed by 0.05 mg/mL avidin-FITC yielded
the best results. Treatments performed with lower concentrations of avidin-FITC in the
range 0.01-0.025 mg/mL resulted in inconsistent surface labeling while higher
concentrations of avidin-FITC in the range of 0.1-0.25 mg/mL resulted in increased

internalization.

4.3.2. Tracking retention of cell-surface fluorescence over time

The stability of initial covalent conjugation at the cell surface is affected by kinetic

and thermodynamic factors apart from concentration of bio-conjugating reagents used.
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However, the retention of a molecule on the cell surface over time can be affected by
various cellular characteristics such as the phenotype of the modified cell (whether it is a
phagocyte or not), doubling times, and whether the cell is primary or immortalized. After
confirming labelling, we assessed the retention of fluorescein complexes on cell surfaces
over time for up to 48 h. Trypan Blue has been used in literature to quench extracellular
green fluorophores in phagocytosis assays.’® Cells labelled with avidin-FITC were imaged
before and after quenching with Trypan Blue at 0, 24 and, 48 h of initial labeling (Figure
4.4). For quantification of the cell surface fluorescence change over time, the fluorescence
intensity of the cells plated in the same well was compared before and after quenching with
0.4% Trypan Blue (Figure 4.5). The details of the experimental methods used are described
in Section 4.2.7. For all four cell types, almost 50% of the fluorophore appears to be
internalized after 24 h, with additional internalization after 48 h (25-30% retained). We
observed that the mesenchymal stem cells were slightly better than the phagocytic
macrophages in terms of retention of the NHS-biotin/avd-FITC complexes. In the future,

this assay should be repeated with additional biological replicates and more cells analyzed.
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Figure 4.4. Representative quenching images for (left to right) RAW 264.7 cells, BMDMs,
hTERT MSCs, and primary MSCs after modification with NHS-biotin/avidin-FITC. Each
pair of images per cell type includes (left) non-quenched and (right) quenched examples.
Magnification = 60x, scale bar =25 pm. Quenching was performed 0, 24, or 48 hours after
modification. TB = trypan blue.
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Figure 4.5. Surface fluorescence over time in BMDM, RAW 264.7 cells, Primary MSC,
and hTERT MSC after modification with NHS-biotin/avidin-FITC.
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4.3.3. Viability studies

For posited applications of surface-modified cells, it is critical that they maintain
their viability following conjugations. Hence, we assessed their viability using the Alamar
Blue reagent (Figure 4.6). We observed that the mild modification strategies did not impact
cellular viability for up to 48 h after labeling. The NHS-biotin/avidin-FITC modification
resulted in greater than 90% cell viability for both immortalized and primary macrophages

and stem cells.
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Unlabeled  NHS-Biotin  Unlabeled NHS-Biotin Unlabeled  NHS-Biotin  Unlabeled NHS-Biotin
Cells  -Avd-FITC Cells  -Avd-FITC Cells  -Avd-FITC Cells  -Avd-FITC

. hTERT MSC . Prim. MSC

. RAW 264.7 Cells

. BMDM

Figure 4.6. Viability of cells 48 h post-modification macrophages (left) and mesenchymal
stem cells (right). Cell viability was performed via Alamar Blue assay. No significant
difference in viability is found via comparison with unlabeled cells. Bars indicate the
average values across three biological replicates. Error is represented as standard deviation
of the mean.
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4.3.4. Motility studies

Since migration and chemotaxis are pivotal attributes of macrophages and stem
cells that make them ideal vehicles, we sought to confirm that cell motility and chemo-
sensing were not impacted by modifications. To this end, we performed Boyden chamber
cell migration assays (Figure 4.7) to quantitatively measure modified cells’ response to
chemoattractant. Following exposure and migration, cells that passed through the
membrane were counted. Box and whisker plots comparing the migratory behavior of
labelled versus unlabeled cells in response to the chemoattractant MCSF-1 for
macrophages and MDA-MB-231 conditioned media for the stem cells. The number of cells
that migrated toward chemoattractant was at least three-fold higher compared to controls
without any chemoattractant (Figure 4.7). It is interesting to note that overall, macrophages
migrated to greater extents than stem cells. This is consistent with existing literature, which
suggests that large number of macrophages are recruited to the tumor site, in some cases
comprising up to 50% of the tumor mass.> While recruitment of stem cells to MDA-MB-
231 breast cancer tumor xenografts®® and other cancers (e.g., glioma) are reported, this is

usually in range of only 5 to 10%.°'
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Figure 4.7. Migration and chemotaxis of modified and control cells. Boyden chamber
experiments were carried out using colony stimulating factor 1 (CSF-1) chemoattractant
for macrophages and MDA-MB-231 conditioned media (CM) for stem cells. Immortalized
and primary macrophages (above) and stem cells (below) were labelled before being
introduced to chemoattractant opposite a membrane (8 um pore size); controls included no
modification and no chemoattractant. Following migration, cells were stained, and
membranes were fixed to glass slides for imaging and counting. The line bisecting the box
represents the median. Squares in the center represent the mean while whiskers indicate
the 5 and 95" percentiles. Statistical significance is determined using the student’s t test
(two-tailed distribution and two sample unequal variance). *P< 0.000.
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4.4. Conclusion and future directions

There is an array of applications that exterior-modified cells could advance,
including imaging, diagnostics, and drug delivery. Given that macrophage and stem cells
possess innate biocompatibility and migratory capabilities, the retention of these
characteristics post-modification is critical. Hence, we performed covalent bioconjugations
at the cell surfaces to modify immortalized model macrophages and stem cells (RAW 264.7
cells and hTERT MSCs, respectively), and also their primary counterparts (BMDMs and
primary MSCs). In the work presented here, we demonstrated that the use of bio-
compatible, cell-surface modifications involving NHS reactions with accessible amines
result in substantial display of cargo and do not impact cellular characteristics vital to their
use. For those applications that require the payload to remain on the cell exterior or to do
so for a longer extent of time, the use of additional linkers/retention moieties may be
feasible if larger (e.g., protein-based) agents cannot be used to prevent uptake. In future
work, the attachment of different types of cargo (e.g., antibodies, peptides, small molecules
with varying charges, or nucleic acids) should also be evaluated, both as linkers and
payloads. Further, since the environment, model, and application where surface-engineered
cells are used may also play a role in their efficacy and behavior, it is advisable to evaluate
multiple iterations of these tools (e.g., cell type or modification strategy/extent) in the

relevant context prior to settling on a single approach.
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CHAPTER 5

CONCLUSION AND FUTURE DIRECTIONS

On account of their recruitment to sites of disease and amenable biodistribution
properties, cells have great promise as imaging and chemotherapeutic delivery vehicles.
While most applications utilizing cell-based agents involve phagocytosis of the payload,
in this thesis, [ have conducted studies to demonstrate feasibility of alternative approaches.
As part of a collaboration, I showed that macrophages can be loaded with nanozymes,
which then convert pro-drugs to active molecules at the site of macrophage accumulation,
without affecting the cells’ behavior. Much of this work focused on using covalent
chemical modifications to append small molecules and proteins at the surfaces of cells, and
evaluation of resulting biological effects. I used biocompatible methods to perform
reactions with both native and installed chemical functionalities present on cells, including
proteins and glycans. I conducted facile surface modifications of immortalized, model
macrophages. Having established that cells were not detrimentally affected, I used them as
agents for assessment of interactions between immune and cancer cells in vitro, and
accumulation in tumors in vivo. I then expanded the surface protein engineering to both
primary and immortalized macrophages and stem cells. I assessed the extents of each
modification and their properties, including retention on cell surfaces and effects on cells,
including viability and chemotactic migration.

With increasing research and development in the fields of cellular therapies and
cell-based vehicles, the numbers of feasible applications for modified cells will continue
to expand. This platform has the potential to improve efficacy and reduce undesirable

effects of existing therapies and can also lead to new generations of therapeutics and
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imaging agents. Following the initial work on surface modification of cells presented in
this thesis, the next stages of applying the strategy can be pursued.

First, surface retention must be considered and optimized depending on the cargo
and application. For example, this is important in the attachment of chemical sensors for
studying disease environments. A strategy is to develop chemical moieties that possess
sufficient negative charge to prolong the presence of the conjugates at the exterior. In the
instance of drug delivery, cargo release from the carrier is critical. Use of a stimuli-
responsive linkage between therapeutics and carrier cells can provide an additional layer
of specificity. By using moieties that are labile under conditions present in targeted
microenvironments, release can only occur in tissues where cells accumulate that also meet
the linkers’ requirements. This can also decrease the risk of off-target effects. Towards this
end, further development, design, and optimization of responsive linkers is also needed.
Some examples include those that are labile to endogenous stimuli, including pH or
enzyme presence (e.g., matrix metalloprotineases (MMPs) or cathepsins), and also
exogenous stimuli like light, temperature, ultrasound waves, or magnetic fields. Taken
together, the use of suitable moieties with prolonged surface retention capabilities and
microenvironment stimuli responsive linkers can go a long way in designing more efficient
drug carriers.

By using chemistry to enhance biology, next generation targeted, controlled release
vehicles can be developed that are capable of delivering a variety of therapeutics to combat
cancer and other diseases. In addition, the surface functionalized cellular vehicles can be
used as diagnostics and tools, including in imaging, tracking of cell therapies, and study of

conditions present in disease environments. In summary, this work has shown the
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feasibility of using cells as carriers via new strategies, pushing beyond typical phagocytic
loading of payload. via approaches. While anticipated applications include imaging and
therapeutic delivery, it is likely that this research will also enable uses of chemically

modified cells in other scientific areas, including materials and engineering.
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APPENDIX

CHALLENGES OF BIOCONJUGATION OF AMINES TO OXIDIZED CELL
SURFACE SIALIC ACID RESIDUES

A.l. Introduction

A commonly used strategy for the covalent modification of exposed lysine side
chains is amide bond formation using an N-hydroxysuccinimide (NHS) ester.! This has
been shown to form a robust attachment on the cell surface that remains intact in sufficient
concentrations for several days even as cells proliferate.? In our own experiments we used
NHS-biotin for the attachment of biotin for the association of the avidin protein (Chapter
3 and Chapter 4). However, not all handles on the cell surface are reactive enough to attach
cargo covalently without prior modification. One example of this is sialic acid, which is
ubiquitously present at terminal glycans on mammalian cell surfaces.> While sialic acid is
not reactive on its own, an aldehyde can be introduced via mild oxidation of the triol unit
of the glycan. This approach has previously been shown to modify cells while retaining
cell morphology, and has been used to conjugate polymers with amine handles to deliver

chemotherapeutics using cell-nanoparticle hybrid vehicles.*

While these covalent surface modifications have been attempted in different cell
types separately with cargos of various sizes, a parallel comparison of functionalization
type and cargo size is lacking. We conducted such comparative studies by covalently
linking the mildly oxidized sialic acid residues on the cell surface with the small molecule
fluorescein hexylamine (NH2-FL) or biotin-hexylamine/avidin-fluorescein isothiocyanate

(NH2-Biotin/Avd-FITC), performing evaluations side by side (Figure A.1). Sialic acid
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residues on surface glycans of four different cell types, immortalized and primary
macrophages, RAW 264.7 and bone marrow-derived macrophages (BMDM), respectively,
and immortalized and primary stem cells, hTERT and primary mesenchymal stem cells

(MSCQC), respectively were covalently modified.
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Figure A.1. Comparison of fluorescein hexylamine (NH2-FL) and biotin-
hexylamine/avidin-fluorescein isothiocyanate (NH2-biotin/avd-FITC) bioconjugations at
cell-surface glycans.

For these reactions to occur, the sialic acid must be mildly oxidized with periodate
to convert the triol moiety into an aldehyde, which can be reacted with amines at mild
conditions to form an imine.? To give more stable linkages, the imine should be converted
to an amide via reductive amination. Thus, mild periodate pre-treated terminal sialic acid
aldehydes were conjugated to amines to generate Schiff’s bases which in turn were further
reduced to stable amides using cyanoborohydride.* By these methods, we obtained
covalent chemical modifications of cell surfaces (Figure A.2). We then compared the
modifications using small molecule vs. biotin-avidin complex in terms of efficiency of
surface labeling, retention over time, and cellular viability. Unlike the robust modification
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of cell surface exposed amines via N-hydroxysuccinimide, biotin/avidin-fluorescein
isothiocyanate (NHS-biotin/avd-FITC) described in Chapters 3 and 4, the modifications
of mildly oxidized exposed cell surface sialic acid residues via NHz-biotin/avd-FITC or
NH:2-FL methods are not very efficient or reproducible. We have described the issues with

these modification methods in detail in the results and discussion section below.
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Figure A.2. Detailed scheme comparing cell surface lysine and glycan modification
methods including reaction conditions.

A.2. Materials and methods

All reagents were purchased from Thermo-Fisher Scientific except where
otherwise noted. Sodium periodate was obtained from Sigma-Aldrich, sodium
cyanoborohydride from Acros Organics, fluorescein hexylamine (referred to as NH2-FL)
from Biotium, fluorescein (FITC) conjugated avidin from Invitrogen Pierce, and D-biotin
from Alfa Aesar. The synthesis of and characterization data for biotin hexylamine (referred

to as NHz-Biotin) is provided in Section A.2.1, below.
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A.2.1. Synthesis and characterization of biotin hexylamine
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Figure A.3. Synthesis of biotin hexylamine from D-biotin.

All chemical reagents and solvents for synthesis were purchased from commercial
sources (Thermo Fischer, Alfa Aesar, and Sigma-Aldrich Chemical) and were used without
further purification. "H NMR spectra were recorded on an Ascend 400 MHz (Bruker) at
room temperature. Mass spectra were recorded using ESI-MS (Bruker MicrOTOF ESI-

TOF Mass Spectrometer).

[1]: A mixture of biotin (1.0 g, 4.09 mmol), N-hydroxysuccinimide (753 mg, 6.54 mmol),
and EDC (1.02 g, 5.32 mmol) was dissolved in DMF (40 mL) and stirred for 24 h at room
temperature under ambient atmosphere.®> The solution was poured onto crushed ice and the
solid obtained was filtered, washed with ice-cold water and dried to give N-
hydroxysuccinimido biotin (1). ~ 90% Yield. 'TH NMR (DMSO-d6, 400 MHz): & 6.40 (brs,
1H), 6.34 (brs, 1H), 4.30-4.26 (m, 1H), 4.16-4.12 (m, 1H), 2.84-2.76 (m, 6H), 2.67-2.62

(m, 2H), 2.58 (d, 1H), 1.66 -1.57 (m,3H), 1.52-1.36 (m, 3H).
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[2]: 450 mL (Boc2)O was added dropwise to solution of 1,6-diaminohexane in CH3Cl at 0
°C (ice bath) over 30 min. The mixture was stirred overnight at room temperature under
ambient atmosphere, washed with sodium bicarbonate and brine, and extracted in 10%
MeOH-CH3Cl mixture. The extract was evaporated, followed by. wash with brine and 10%
MeOH-CH3CI. This was repeated in instances when the product 2 was paste-like, until a
viscous colorless liquid was obtained. Furthermore 2 was used within a month of synthesis
due to issues with stability. ~ 50% Yield. 'H NMR (400 MHz) (CDCl3) &: 4.54 (s, 1H,
CONH), 3.11 (t, 2H, CH2NH), 2.68 (t, 2H, CH2NH2), 1.40—1.50 (s, 9H, CH3; m, 4H, CH>),

1.25-1.37 (m, 4H, CHy).

[3]: A mixture of N-hydroxysuccinimido biotin (1, 500 mg, 1.46 mmol) and N-boc-1,6-
diaminohexane (2, 411 mL, 1.90 mmol) in DMF (20 mL) was stirred for 18 h at room
temperature, under ambient atmosphere. The reaction mixture was poured onto crushed
ice, the solid was collected by vacuum filtration, washed with ice-cold water, and dried to
give N-Biotinyl-N-Boc-1,6-hexanediamine (3). ~ 90% Yield. '"H NMR (DMSO-d6, 400
MHz): & 7.71 (brt, 1H), 6.73 (brt,1H), 6.39 (s, 1H), 6.33 (s, 1H), 4.29-4.26 (m, 1H), 4.11-
4.09 (m, 1H), 3.09-3.04 (m, 1H), 3.01 (q, 2H), 2.88-2.77 (m, 3H), 2.57 (d, 1H), 2.03 (t,

2H), 1.62-1.20 (m, 23H).

[Biotin hexylamine, 4]: 3 (100 mg, 0.3 mmol) was dissolved in a mixture of CH2Cl2 (1
mL) and CF3COOH (0.4 mL) and stirred at room temperature for 4 h under ambient
atmosphere. Washed with 20% w/v NaOH, extracted in CH2Cla. The solvents were
evaporated to dryness to give pure 4. Washing with 20% w/v NaOH, and extraction in
CH2Cl2 was repeated in instances when the product 4 was paste-like, until a white powder

was obtained. ~ 50% Yield. '"H NMR (DMSO-d6, 400 MHz): § 7.75 (t, 1H), 7.63 (brs, 2H),

110



6.41 (brs, 2H), 4.30-4.27 (m, 1H), 4.12-4.09 (m, 1H), 3.09-3.04 (m, 1H), 3.02 (q, 2H),
2.82-2.71 (m, 3H), 2.57 (d,1H), 2.04 (t, 2H), 1.63-1.22 (m, 14H). Mass: Calculated= 342,

Found=343 [M+1].

A.2.2. NH;-FL (fluorescein hexylamine) modification of cells

Macrophages and stem cells (5 x 10* cells) were plated in borosilicate glass bottom
8-well chambers slides (Nunc Lab-Tek) in 0.25 mL corresponding media for high-
magnification microscopy and confocal image analysis or 1 x 10° cells in 24-well plates
(Costar) in 500 pL corresponding media for all other adherently labelled experiments such
as quenching and viability. Prior to adherent labeling the cells were maintained overnight

in a humidified 5% CO, atmosphere at 37 °C. Culture medium was removed, and cells

were rinsed with 500 pL of phosphate-buffered saline (PBS). Cells were then incubated in
500 pL of I mM NalOs in PBS (sterile filtered) for 30 min at 4 °C and then washed once
with PBS (500 puL per wash). Cells were then incubated in 250 pL of 0.1 mM of fluorescein
hexylamine (NH2-FL, Biotium) in PBS with 0.1% DMSO (sterile filtered) for 90 minutes
at 4 °C. Treatment solution was removed, and cells were washed once with PBS (500 pL).
Cells were then treated with 250 pL of 0.1 mM NaCNBHj3 in PBS (sterile filtered) for 60
minutes at 4 °C then washed twice with PBS (500 pL per wash). Following the second
PBS wash, 250 pL corresponding media (phenol red-free) was added, and cells were used

for further experiments.
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A.2.3. NH;-biotin/avidin-FITC modification of cells

For confocal microscopy 5 x 10* cells in 8-well chambers and 250 uL PBS and
corresponding reagents in PBS were used, while for quenching and viability experiments
1 x 10° cells in 24-well plates and 500 pL PBS and corresponding reagents in PBS were
used. All cells were prepared as described above and incubated overnight prior to
modification. Culture medium was removed, and cells were washed with 250 uL and 500
pL PBS. 1 mM NalOs4 in 250 pL and 500 pL. PBS in PBS (sterile filtered) was added to
the cells, which were then incubated for 30 min at 4 °C. Following, cells were washed once
with PBS (250 or 500 pL), and then 250 pL or 500 uL of 0.5 mM biotin hexylamine in
PBS with 0.1% DMSO (sterile filtered) was added and cells were incubated for 90 minutes
at 4 °C. The solution was removed, and cells were washed once with PBS (250 and 500
pL). Then the cells were treated with 250 uL or 500 pL of 1 mM NaCNBH3 in PBS (sterile
filtered) for 60 minutes at 4 °C, and washed twice with PBS (500 pL per wash). Cells were
then incubated in 250 pL or 500 pL of 0.05 mg/mL avidin-FITC in PBS for 30 min at
ambient temperature and washed twice with PBS (250 or 500 pL per wash). Following the
second PBS wash, the 250 or 500 pL of phenol red-free version of the corresponding

complete media was added, and cells were used for further experiments.

A.2.4. NHS-Biotin/Avd-FITC modification of cells

The detailed description of this type of modification is described in Chapter 4.
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A.2.5. Confocal microscopy of modified cells

Cell images were acquired using a Nikon Point Scanning C2+ confocal microscope
with excitation at 488 nm at 0 h and 24 h time points following modification in borosilicate
glass bottom 8-well chamber slides. Between time-points, the cells were incubated at 37 °C
under a humidified atmosphere containing 5% COz. Fluorescent and merged cell images

were analyzed with Nikon NIS-Elements and FIJI (Image J) software.

A.2.6. Assessment of changes in surface fluorescence over time

5 x 10* cells were plated in borosilicate glass bottom 8-well chamber slides (Nunc
Lab-Tek) in two different wells and labeled with Fluorescein hexylamine (NH2-FL), Biotin
hexylamine/Avidin-FITC (NH2-Biotin/Avd-FITC), as described in Section 4.2.2 and 4.2.3
above. Surface modified cells were imaged with confocal microscope as described in
Section 4.2.5 above. Out of three wells modified by same method at the same time the first
well was imaged at 0 h. Immediately after imaging the cells in the first well were quenched
with 0.4% Trypan Blue and imaged again. The cells in the other two wells were incubated
at 37 °C and 5% COz2 and imaged again at 24 h and 48 h without quenching followed by
quenching with Trypan Blue. To quantify the cell surface retention of fluorescence over
time the following method was employed: using the selection tool in the ImageJ software,
three different areas of approximately 300 x 300 pixels consisting of approximately 10
cells imaged at 60X magnification per area for cells and 10 x 10 pixels for nearby areas
with no cells were selected as background. Thus, a total of approximately 30 cells were
used for each set of analyses. The integrated fluorescence intensity for the selected cells

was determined by Image J at the indicated time points, averaged across all cells, and
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background intensity subtracted. Thus, the corrected total cell fluorescence (CTCF) was

calculated as:

CTCF = Integrated Density — (Area of selected cell x Mean background fluorescence).

Since Trypan Blue is impermeable to living cells, the fluorescence quenched by it
at a given time on a selected area of cells amounts to the amount of fluorescence retained
by living cell at the surface. The Fluorescein/FITC labelled cells were imaged before and
after quenching with Trypan Blue at time intervals 0, 24, and 48 h. Then, the corresponding
corrected total cell fluorescence (CTCF) was calculated using Image J. The fluorescence
retained at the surface was calculated as CTCF of cells quenched with Trypan Blue
(fluorescence retained at the surface of cells in the selected are at that time point) divided
by CTCF of non-quenched cells (total fluorescence of cells in the selected are at that time
point before quenching the surface fluorescence) multiplied by 100. The percentage change

in surface fluorescence over time for each labeling method was then plotted.

A.3. Results and discussion

A.3.1. Cell surface engineering with NH:-sialic acid chemistry

After covalently modifying the cell surface of four cell types using described in
Sections 4.2.2. - 4.2.4, we acquired fluorescent and brightfield-merged images with a

confocal microscope (Figure A.4).
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Figure A.4. Comparison of attachment methods for sialic acid modifications. Cells are
labelled in the presence of NHz-biotin/avidin-FITC and NH:-FL. Immortalized and
primary cells of macrophages (top) and stem cells (bottom) were labelled. All images taken
at 0 hours. Magnification = 60x, scale bar = 25 pm.

Appropriate control experiments were also performed, relevant to each step of the
modifications to confirm that specific labeling was achieved in RAW 264.7 cells (Figure

A.5). For conditions involving NH2-Biotin/avidin associations, little to no fluorescence

was observed when no-NH:z-Biotin controls were used. However, fluorescence inside the
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cells was observed where cells were incubated with only NHz-Fluorescein, making it hard
to distinguish the surface labeling from the internalized fluorescence (Figures A.4 & A.5).
-NalOs - NalO. +NalO.

-NH:-Biotin +NH:-Biotin +NH:-Biotin
+ Avd-FITC + Avd-FITC + Avd-FITC

- NalQ4 + NalQa
+ NH:-FL + MNH:-FL

Figure A.5. Control experiments for amine modifications of sialic acids. Conditions were
validated by labelling in the presence or absence of NalO4 followed by presence or absence
of NHz-fluorescein and NHa-biotin/avd-FITC. Without treatment of NalO4, no labelling
was observed (left, above). Some fluorescence was seen on the cells (left, below) due to
rapid internalization of fluorescein hexylamine (NH2-FL). RAW 264.7 cells were used for
these experiments.

Prior to arriving at the conditions used, we performed optimization studies with 5
x 10* cells and cell viability using 1 x 10° cells. For sialic acid oxidations, previous reports
used a 0.1 mM final concentration of cold (~4 °C) NalOsin 100 pL of PBS (pH 7.4)
followed by an equal concentrations (0.1 mM) of NaBH3CN with 1.2 x 10*cells.*
Elsewhere, 1 to 2 mM cold NalO4 has been used.® In our own optimizations, we found that
a 1 mM final concentration of cold NalO4 in 250 mL or 500 pL of PBS (pH 7.4) with

equivalent concentrations of NaBH3CN and NHz-biotin (0.5 mM) or NH2-FL (0.1 mM)
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used with 5 x 10* and 1 x 10° cells, respectively yielded optimal modifications. Periodate
treatments using lower than 1 mM final concentrations resulted in inconsistent extents of
cell labeling, while higher concentrations (10 mM) affected the viability of the cells. For
the amines, NH2-FL had optimal labelling when treated at 0.1 mM for direct attachment
while 0.5 mM was found to be optimal for NHz-biotin. For direct glycoengineering of cell
surfaces with fluorescein hexylamine, the concentrations that worked best were 1 mM of
periodate to activate the sialic acid to the aldehyde. However, during this optimization we
saw that any concentration of periodate permeabilized the cell surface leading to
internalization of NH2-FL.

The NHz-fluorescein and NHz-biotin/avidin-FITC labelled cells were imaged at
time intervals 0 and 24 h (Figure A.6) The images of NHS-biotin/avidin-FITC are included
as well for comparison of surface protein vs glycan modifications. However, the
bioconjugation of biotin hexylamine and fluorescein hexylamine to cell mildly oxidized
sialic acid residues on cell surface were not consistent (Figure A.7). When the conjugation
partly worked, FITC or fluorescein hexylamine rapidly entered the cells making it difficult
to differentiate what is on the surface and what is inside of the cells. Further, more recently,
we have found our successful modifications to be un-reproducible. This is partly due to use
of periodate salt during the oxidation steps which permeabilize the surface and partly due
to slow and reversible nature of imine formation by conjugation of sialic acid aldehydes
and amines. The imine formation can take about an hour with addition of cyanoborohydride
to reduce the unstable imine to stable amide taking another half hour the whole conjugation

can take up to 90 minutes whereas the fluorophores can enter the cell within 10 minutes.
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Figure A.6. Representative images of all modification types in all cell lines. Brightfield
and fluorescent images of RAW 264.7 cells and BMDMs (above), hTERT MSCs, and
Primary SCs (below) modified with either NHS-Biotin/Avd-FITC, NH2-Biotin/Avd-FITC,
or NHz-FL. Images were taken at 0 and 24 hours after modification. Magnification = 60x,
scale bar = 25 um. Images of NHS-Biotin/ Avd-FITC are included as well for comparison
of surface protein versus glycan modifications.
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RAW 264.7 BMDM
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Figure A.7. Examples of unsuccessful bioconjugations using NHz-biotin/avidin-FITC and
NHz-FL. Following oxidations, cells were labelled in the presence of NH2-biotin/Avd-
FITC or NH2-FL. Immortalized and primary cells of macrophages (top) and stem cells
(bottom) were labelled. All images taken at 0 hours. Internalization is seen even at 0 h. The
surface modification is not always consistent (compare with Figure A.4). Magnification =
60x, scale bar = 25 pum.
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A.3.2. Tracking retention of cell-surface fluorescence and internalization over time

The stability of initial covalent conjugation at the cell surface is affected by kinetic
and thermodynamic factors apart from concentration of bio-conjugating reagents used.
However, the retention of a molecule on the cell surface over time can be affected by
various cellular characteristics such as the phenotype of the modified cell (whether it is a
phagocyte or not), doubling times, and whether the cell is primary or immortalized. After
confirming the labelling mechanisms of the above methods, we assessed the retention of
fluorescein complexes on cell surfaces over time for up to 48 h. We looked at the confocal
images of non-quenched fluorescent and Trypan Blue quenched images of macrophages
(RAW 264.7 and BMDM) and stem cells (hnTERT MSC and primary MSC) surface

engineered via NHaz-biotin/avd-FITC, or NH2-FL at 0, 24, and 48 h (Figure A.8).
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RAW 264.7 cells BMDMs hTERT MSC Primary MSC
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Figure A.8. Representative quenching images for (left to right) RAW 264.7 cells,
BMDMs, hTERT MSCs, and primary MSCs after modification with NH2-Biotin/Avd-
FITC (above) and NH2-FL (below). Each pair of images per cell type includes (left) non-
quenched and (right) quenched examples. Magnification = 60x, scale bar = 25 um.
Quenching was performed 0, 24, or 48 hours after modification. TB = trypan blue.

We observed that in the case of direct conjugation to surface glycans via NH2-FL,
even at time 0 h, the cells had 10-15% more internalization compared to NHS or NHz-
Biotin/Avd-FITC complexes, which retained about 90% of fluorophores on the surface just
after initial modification (Figure A.9). This implies that small molecules without sufficient
negative charge and/or bulk are likely to be internalized even before they react with
biomolecules having exposed reactive handles on the cell surface. This can be further
rationalized by the kinetics of the sialic acid oxidation, as the imine formation takes more

than an hour whereas internalization can occur within minutes.
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Figure A.9. Surface fluorescence over time in RAW 264.7 (top left), BMDM (top right),
hTERT MSC, and Primary MSC (bottom right) after modification with NH2-biotin/avd-
FITC (blue), and NH2-FL (orange). Surface fluorescence was based on the drop in signal

following quenching with Trypan Blue.

With this combination of treatments, the viabilities of immortalized RAW 264.7

and hTERT MSC cells were not affected. The primary cells were not always consistent in

this regard, and at times showed slight reduction of viability following modification (Figure

A.10).
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Figure A.10. Viability of cells 48 h post-modification following sialic acid modifications
with amines. Cell viability was performed via Alamar Blue assay. Some difference in
viability is found while comparing immortalized with their primary counterparts. Bars
indicate the average values across three biological replicates. Error is represented as
standard deviation of the mean.

A.3.3. Inconsistency in bioconjugation of amine-handles to sialic acid residues

Unlike robust conjugation of NHS-biotin handles to exposed lysine residues of cell
surface proteins, the conjugation of amine handles to surface glycans is too complicated to
apply to living cells. Several dynamic variables in multi-step conjugation make the results
hard to reproduce.

In many experiments with bioconjugation of amine handles to cell surface glycans
we found that amine labeling with both biotin hexylamine and fluorescein hexylamine were
not consistent. Even when the conjugation worked, the direct fluorescein hexylamine
always entered the cells, making it difficult to differentiate what is on the surface and what
is inside of the cells. This is partly due to rapid internalization of the conjugates by cells.

This internalization is enhanced by the first step in bio-conjugation, which is the mild
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oxidation of surface sialic acid residues to sialic acid aldehydes using periodate. This step
makes the cell even more permeable (Figure A.2). For mild oxidation, periodate treatments
using lower than 1 mM final concentrations resulted in inconsistent labeling, while higher
concentrations (10 mM) affected the viability of the cells. 1 mM final concentrations
periodate oxidation leads to formation of sialic acid aldehyde.

The transient intermediate imine is reversible and susceptible to hydrolysis in
aqueous solutions used in the reactions. To prevent the hydrolysis, reducing agent sodium
cyanoborohydride to reduce Schiff bases to stable secondary amine linkages has to be used.
We found that mild oxidation of cell surface by 1 mM final concentration of cold NalOa4 in
of PBS (pH 7.4) followed by concentrations of NaBH3CN equal to NHz-biotin (0.5 mM)
or NH2-FL (0.1 mM), respectively yielded optimal modifications.

We used 500 uM cyanoborohydride to convert the unstable imine to stable amide
bond (Figure A.2). Periodate treatments using lower than 1 mM final concentrations
resulted in inconsistent extents of cell labeling, while higher concentrations of 10 mM
affected the viability of the cells. The existing literature has extensive debates and
discussion on the optimization of sialic acid modification using amine handles. They also
speak of the potential role of pH. It is claimed that a pH range of 8-10 helps the reduction
of amine without impacting viability of RAW 264.7 cells.>* However, in our observation,
that was not always the case with other cells, particularly the primary cells. It was difficult
to determine whether the fluorescein was on the surface or within cells (Figure A.6, A.7,
A.8). This is partly due to rapid internalization of the conjugates by cells as opposed to the
slow conjugation reaction of sialic acid aldehyde and amine to form the imine intermediate.

Unlike with the robust NHS-biotin modification, in the conjugation of amine handles to
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surface glycans, we observed some inconsistencies in labeling, enhanced internalization of

fluorophore, and diminished viability.

A.4. Conclusion and future directions

Owing to the above-mentioned complications researchers have moved away from
using amine and started to use hydrazone and other linkers.® The oxidation to an aldehyde
followed by reaction with an amine to form an unstable intermediate imine that requires
immediate reduction to an amine is too aggressive for cells. Additionally, this reaction is
reversible in aqueous environments.

This can also be seen in the commercially available surface glycan labeling probes.
Lately most of the published work includes use of aminooxy (as aminooxy-biotin) or
hydrazide (as biotin-LC-hydrazide) rather than biotin-LC-amine.® Moving forward,
labeling of cell surface glycan with aminooxy-biotin or biotin-LC-hydrazide rather than
biotin-LC-amine or amino-fluorescein derivatives like fluorescein hexylamine seems more
feasible and viable. A parallel comparison of all sialic acid-based aldehydes reacting with
handles including amines, aminooxys, and hydrazides with same conditions and cell types
would benefit the field. Also, before proceeding to surface glycan labeling, a careful review
of the conditions, catalysts, and buffers, as well as cytocompatibility of the reagents to be

used is recommended.
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