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ABSTRACT OF THE DISSERTATION

Probing the Immunogenicity of and Functionalizing Erythrocyte-Derived Optical
Particles

by

Taylor Marie Hanley
Doctor of Philosophy, Graduate Program in Bioengineering
University of California, Riverside, March 2021
Dr. Bahman Anvari, Chairperson
There has been a recent increase in the design of delivery vehicles fabricated from cell
membranes in order to equip systems with immune evasion capabilities. The membranes
of erythrocytes have been used to camouflage various cargos to reduce their immune
system uptake. We have developed erythrocyte-derived optical particles loaded with the
FDA-approved near-infrared (NIR) dye, indocyanine green (ICG). We refer to these
constructs as NIR erythrocyte-derived transducers (NETs). These NETs can be excited
by NIR light, resulting in the generation of heat, fluorescence, and reactive oxygen
species (ROS).

We review the current field of light-based erythrocyte-derived particles for
imaging and therapeutic applications. Next, we examine the acute innate immune
response to micro- and nano-sized NETs (uNETs and nNETs, respectively) by measuring
the cytokine production in response to these particles at different doses, and at different

times post-injection. We look at the effect of functionalizing the nNETs with clinically
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relevant targeting moieties and the effect of a second injection of pNETs or nNETSs one
week after the first injection. The results show that up to 6 hours post-injection NETs do
not induce the production of inflammatory cytokines to the same extent as a positive
control injection of lipopolysaccharides. Functionalizing the nNETs was associated with
a decrease in the cytokine response, and in general there were no significant differences
between a single injection and dual injections of the uNETs or nNETs. These results
show the potential for NETs as non-immunogenic delivery vehicles for ICG.

We also investigate the targeting capacity of nano-sized NETs functionalized with
the ligand binding domain of erythropoietin-production human hepatocellular receptor
(Eph) B1. We show that these functionalized NETs (F-NETs) are able to target cells that
over-express ephrin-B2 ligands. F-NETs can therefore be used to target diseased cell
states characterized by the over-expression of ephrin-B2 for phototherapy.

Finally, we demonstrate the successful functionalization of nano-sized NETs with
a peptide that binds to EphA2, and is co-loaded with the chemotherapeutic Taxol in
addition to ICG. Our results show the particles are able to target breast cancer cells
expressing the EphA2 receptor, and facilitate receptor degradation upon binding to the

cells.
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Chapter 1: Introduction

The site-specific delivery of therapeutic, diagnostic, and imaging agents is one of the
major challenges currently faced by the biomedical community. An emerging delivery
platform are constructs derived from various cells, including constructs derived from
macrophages, lymphocytes, and stem cells.! Constructs derived from red blood cells
(RBCs) (erythrocytes) are increasing in popularity, and have recently been the subject of
a number of reviews.? ! RBC-derived constructs have been fabricated using a number of
different payloads, and have been developed for a number of different applications,

including increasing the circulation of contrast agents for various types of imaging!!-12

and drug delivery for cancer.!*!*

Indocyanine green (ICG) is a payload of particular interest. As one of the only
near infrared (NIR) dyes approved by the U.S. Food and Drug administration (FDA),
ICG has been used approved for use in ophthalmic angiography'® and monitoring liver
function.!® It has also been clinically investigated for use in sentinel lymph node
mapping, tumor detection, tissue perfusion, and the detection of vital structures.!”
However, ICG has a very short half-life on the order of 3-5 minutes in healthy
individuals,'® and is quickly removed from the blood by the liver, usually within 10-20
minutes.'®!® Given its many clinical uses, ICG is a common payload for cell-derived
carriers, and has been loaded into numerous RBC-derived constructs since 2015.1°-28

We have previously reported the first successful fabrication of nano-sized

erythrocyte-derived particles loaded with ICG for the imaging and phototherapy of

cancerous tissues.?’ We refer to these constructs as NIR erythrocyte-derived transducers



(NETs) because they are capable of transducing absorbed NIR light to emit fluorescence,
generate heat, or facilitate the production of reactive oxygen species.’® NETs can have
their diameter tuned from the micro- to the nano-scale (UNETs and nNETs, respectively)
for various applications. For instance, uNETSs have potential in the phototherapy of
vascular malformations, such as Port Wine Stains (PWSs),?! while nNETs have possible
applications in cancer due to the enhanced permeability and retention effect.>> We have
previously shown that both uNETs and nNETs maintain the presence of CD47,%3 a
marker of self on the surface of erythrocytes that inhibits phagocytosis,** endowing them
with innate immune evasion properties. In addition, we have previously demonstrated
that nNETs can be functionalized with various moieties for the specific targeting of
cancers that express human epidermal growth receptor (HER?2) in vitro,> and for the
thrombolysis of blood clots in in vitro models.*> NETs are therefore a promising and
versatile light-based RBC-derived construct that have potential for a number of clinical
applications.

Chapter 2 reviews the current field of light-based RBC-derived constructs. We
broadly categorize these constructs as either platforms that employ RBC-membranes as a
coating, or constructs where the RBCs are instead used as a carrier for a payload. The
methods for fabricating both types of constructs, as well as the various optical cargos
utilized, are detailed and compared. These constructs are developed for a number of
applications, including imaging, phototherapy, and drug delivery. These applications are

also reviewed, with a focus on their potential clinical uses. Finally, we highlight the



potential directions of this young field, as well as outline some of the challenges that need
to be overcome for clinical translation.

In chapter 3 we investigate the acute innate immune response to uUNETs and
nNETs. We study the effect of particle dose on the blood serum, liver, and spleen
interleukin (IL)-6, IL-10, tumor necrosis factor (TNF)-a, and macrophage
chemoattractant protein (MCP)-1 cytokine levels 2 hours post-injection. We see that
UNETs induced significantly lower levels of all the cytokines compared to a positive
control, and that there was no apparent dose response. For the nNETs there were some
instances of a dose response, as well as a few organs that had elevated cytokine levels
compared to the negative control. We also look at how those cytokine levels change from
2-6 hours after particle injection. In general cytokines in the blood serum either decreased
or did not significantly change. In the liver and spleen the cytokines either do not
significantly change, or they increase over time in response to uUNETs and decrease over
time in response to nNETs. In addition, we analyze the effect of functionalizing the
nNETs with folate and Herceptin® on those cytokine levels. Functionalizing the nNETs
is associated with a general in reduction for IL-6 and MCP-1 in all of the investigated
organs, as well as TNF-a in the blood serum. Finally, we measure the effect of repeated
doses of UNETs or nNETSs spaced one week apart. Overall, repeated injections of uNETSs
and nNETs does not result in a significant increase in cytokine levels, with the exception
of IL-10 in the spleen in response to the nNETs. These results give us one of the first
looks into how light-based RBC-derived particles interact with the innate immune

system, which is important to understand for clinical translation.



In chapter 4 we demonstrate the successful functionalization of NETs (F-NETs)
with the ligand binding domain of erythropoietin-production human hepatocellular (Eph)
receptor B1 (EphB1). We see that while functionalization does result in an increase in the
hydrodynamic diameter of the NETs, the absorbance and fluorescence emission
characteristics of the constructs are not affected. This functionalization endows the NETs
with the ability to target cells that over-express ephrin-B2 ligands, which we investigate
in vitro with human dermal microvascular endothelial cells (hDMVECs) transfected to
overexpress ephrin-B2. Using NIR fluorescent imaging we see that F-NETs are able to
efficiently target these hDMVECs, and that as the dose of F-NETs increases the NIR
signal from the cells increases until the cells are saturated. These F-NETs represent a
promising platform for the imaging and potential NIR phototherapy of a number of
diseased cell states associated with an over-expression of ephrin-B2 ligands.

Finally, we fabricate NETs loaded with the chemotherapeutic drug paclitaxel and
functionalized with a peptide capable of targeting and subsequently degrading EphA2
receptors. We successfully functionalized the NETs with the targeting peptide, 147B5
(147B5-NETs), and a scrambled sequence version of the peptide (Scrambled-NETs) as a
control. We verify the functionalization using emission spectra measurements. We see
that after incubation with MDA-MD-231 cells the EphA2 receptors are degraded by
147B5-NETs when the 147B5 concentration is 200 nM. In addition, we see that the
147B5-NETs are more readily uptaken by the cells compared to the Scrambled-NETs.
The 147B5-NETs are therefore capable of targeted EphA2 receptor degradation, as well

as potential NIR imaging and phototherapy for cells that over-express EphA2 receptors.



Chapter 2: Light-Based Theragnostics Using Erythrocyte-Based Particles

2.1 Abstract

There has been a recent increase in the development of cell membrane-derived drug
delivery vehicles. Being the most abundant cell type in the human body, many of these
constructs have been fabricated from red blood cells (RBCs). There has been a
simultaneous increase in the investigation of light for both imaging and therapeutic
applications. Combining RBC-derived constructs with light has led to a new sub-field of
drug delivery. These constructs are able to take advantage of the immune evasion
properties of the RBC, while the addition of an optical cargo allows the particles to be
excited by light for a number of promising applications. Here we review the common
fabrication methods employed to engineer these different constructs. We also discuss the
current light-based and potential clinical applications these particles are being designed

for, as well as offer some insight into the current direction of this exciting sub-field.



2.2 Introduction

Over nearly the past three decades, numerous types of constructs have been developed for
the delivery of therapeutic and imaging payloads to target sites of interest. The
overarching goals of the engineered delivery systems are to protect the payload from non-
specific interactions with biomolecules and other molecular entities in the milieu of
physiological environments, and escape or minimize clearance by the immune system so
that sufficient amounts of the payload can reach the target site to achieve the desired
efficacy without inducing non-specific toxicity and reducing harmful off-target side
effects.’

A contemporary approach in engineering of delivery systems is based on the use
of cells or cell-derived constructs to encapsulate the desired payload, or cell membranes
to coat the payload. Examples include delivery systems based on macrophages,
lymphocytes, neutrophils, and stems cells.!*” A fundamental principle underlying the use
of cell-based or cell-derived systems is that the built-in mosaic of the cell membrane can
provide the camouflaging machinery to protect the payload from recognition by immune
cells and increase the bioavailability of the payload.

Red blood cells (RBCs) (erythrocytes) are a particularly promising delivery
system due to the presence of membrane proteins including CD47, which prevents
phagocytic uptake by macrophages, as well as complement receptor 1 (CR1) and decay-
accelerating factor (DAF) (CDS55), which can prevent self-recognition by an alternate
complement pathway by inhibiting C3 convertases.” The presence of these “self-markers”

on RBCs has the potential to increase the circulation of a desired payload embedded



within an RBC-based construct as a result of protecting the payload from recognition and
subsequent removal or destruction by the immune cells. One of the earliest examples of
RBCs being used as carriers is from 1973 when Ihler et al. demonstrated the successful
loading of RBCs with various enzymes.*® There has been a significant increase in RBC-
derived constructs in recent years, especially in the field of nanomedicine, and RBCs
have reportedly been used as carriers for not only enzymes, but antibiotics, nanoparticles
(NPs), and various drugs as well.!° More recently, RBC-based payload delivery systems

have been extensively reviewed,>*>7:%-10:39,40

and new sub-fields, such as systems
designed for the delivery of cancer therapeutics'# and vascular imaging,'? are emerging.

A particular use of RBC-derived constructs is in relation to loading of optical cargos such

44-46 29,47,48

as quantum dots (QDs),*'* metallic materials, and organic molecules, in order
to use the constructs for optical imaging and sensing, and photo-therapeutic applications.
This review specifically covers the development of RBC-derived constructs for light-

based theranostics and summarizes some of the current potential clinical applications for

these constructs.

2.3 Fabrication of RBC-Derived Constructs

2.3.1 Substrate Coating by RBC Membranes

A majority of light-based RBC-derived constructs involve using the RBC membrane as a
coating for a cargo in order to endow the cargo with the immune evasion properties of a
native RBC. RBC coatings have been used for a number of optical cargos such as various

metals and semiconductors. For example, Ren et al. coated iron oxide (Fe3O4) magnetic



nanoclusters with RBC membranes for photothermal therapy (PTT) [1]. Gold NPs, such
as the gold nanorods fabricated by Li et al. have also been coated with RBC membranes
for use in PTT.>® Semiconducting materials, such as the MoSe> nanosheets designed by
He et al. were similarly coated with RBC membranes, again for PTT.>! NPs made from
organic molecules have also been coated with RBC membranes. For example, Ye et al.
made spherical NPs from the chemodrug 10-hydroxycamptothecin (HCPT) and the near
infrared (NIR) dye indocyanine green (ICG), which they were able to coat with RBC
membranes for combined chemotherapy and PTT.?* While these are all examples of solid
optical cargos, optical cargos can also be hollow or mesoporous for the encapsulation of
other cargos, such as chemotherapeutic drugs. For instance, Chen et al. prepared hollow
mesoporous Prussian blue (PB) NPs that they were able to load with the
chemotherapeutic drug doxorubicin (DOX) before coating the particles with RBC
membranes, allowing them to combine PTT and chemotherapy.>?

Another common optical cargo is upconversion nanoparticles (UCNPs). These
NPs are usually made from rare-earth elements and are capable of converting longer
wavelengths of light, such as NIR wavelengths, into shorter wavelengths, such as visible
or UV light.> For example, Ding et al. prepared NaYF4:Yb/Er UCNPs coated with
merocyanine 540 (MC540).>* Here the UCNPs excited by 980 nm laser light resulted in
luminescence in the 530-550 nm range, which was able to excite the MC540 for
photodynamic therapy (PDT).

It is important to note that all of the examples mentioned thus far have involved

coating a NP made from a material capable of interacting with light. However, there are



some instances where NPs themselves are loaded with an optical cargo before being
coated with an RBC membrane. For example, Yang et al. fabricated triblock copolymer
nanoparticles loaded with the dye IR780 for phototherapy and docetaxel (DTX) for
chemotherapy.> These particles were then coated with RBC membranes for enhanced
circulation. In addition, there are some constructs where the RBC membrane is used to
coat a non-optical cargo, and the optical cargo is incorporated into the construct using
other methods. For example, Su et al. loaded polymeric NPs with paclitaxel for
chemotherapy, and then coated the particles with RBC-membranes that had the cyanine
dye 1, 1-dioctadecyl-3, 3, 3, 3-tetramethylindotricabocyanine iodide (DiR) inserted into
the lipid bilayer for PTT.%¢ Here the optical cargo is not in the core of the construct, but is
instead in the membrane coating itself.

All of these examples show that there are a large number of constructs that can be
coated with RBC membranes. In order to coat a cargo with the RBC membrane, whole
blood is first washed with an isotonic buffer such as phosphate buffered saline (PBS) to
isolate the RBCs. The RBCs are treated with a hypotonic buffer to deplete hemoglobin
from the RBCs, resulting in erythrocyte ghosts (EGs). The EGs must then be scaled from
the micro- to the nano-scale. Common methods for size reduction are mechanical
extrusion, sonication, or a combination of the two. During mechanical extrusion, EGs are
pushed through membranes with pores of a predetermined size, usually on the order of
200-800 nm. This leads to membrane lysis and reformation into smaller vesicles.>’
Sonication, or the application of sound waves with varying frequencies, is another cell

disruption method.*® Sonicating EGs also results in membrane rupture, and the



subsequent reformation of nano-sized membranes.>® A schematic outlining the main steps
for RBC-membrane coating are shown in Figure 1.

Since both sonication and extrusion result in membrane rupture, they can be used
not only to reduce the size of EGs to fabricate nano-EGs (nEGs), but also to facilitate
coating of an optical cargo. Mixing nEGs with a NP and repeating the sonication and/or
extrusion facilitates the coating of the cargo with the RBC membrane, resulting in a
construct with a core-shell morphology where the NP is clearly coated by a membrane
layer. In general, transmission electron microscope (TEM) images show that the RBC
membrane conforms to the shape of the coated substrate. This has been shown in the
work done by Rao et al. where coating hexagonal UCNPs with RBC membranes resulted
in a hexagonal construct for cancer imaging.®® Wang et al. have also developed spherical
bovine serum albumin (BSA) nanoconstructs that encapsulate ICG and the chemodrug
gambogic acid, and when coated in RBC membranes also result in a spherical
nanoconstruct for chemotherapy and PTT.?® These examples show a uniform membrane
coating on a NP core. In addition to confirming the membrane coating using imaging,
RBC membrane coatings have been confirmed by SDS-PAGE,%%* as well as Western
blots demonstrating the presence of CD47 on the final construct.’>%* Constructs that
employ RBC membranes as a substrate coating have also been shown to be fairly stable,
with many constructs showing minimal changes in size after storage of up to one

week 65,66
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Figure 1. Schematic illustrating RBC-membrane coating. RBCs are depleted of their
hemoglobin using a hypotonic treatment to form erythrocyte ghosts (EGs). The EGs then
go through a size reduction process using sonication and/or extrusion to form nano-EGs
(nEGs). The nEGs are mixed with an optical cargo and the sonication and/or extrusion
steps are repeated to facilitate membrane coating. For illustrated purposes CD47 is shown
as one of the RBC transmembrane proteins the EGs retain. A representative spherical
nanoparticle is shown as the optical cargo. The inset illustrates the sonication and
extrusion size reduction methods. During sonication sound waves are applied to EGs,
while during extrusion the EGs are pushed through filters with nano-sized pores, both of

which result in nEGs.
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While most of the previous examples have involved constructs where the RBC
membranes coat a single NP, there are exceptions. For instance, Liu et al. encapsulated
ICG in anionic BSA nanoclusters which are able to form complexes with the
chemotherapeutic 1,2-diaminocyclohexane-platinum (1) (DACHPt).2> When these
nanoclusters were coated with RBC membranes the resulting constructs still showed an
outer membrane shell; however, the constructs contained multiple BSA-based
nanoclusters inside. In addition, researchers have shown that RBC membrane coatings
are not limited to NPs. Gao et al. designed RBC-shaped hemoglobin particles that contain
Fe3;04 NPs and ICG that are micro-sized, and showed that after coating with RBC
membranes the final constructs were still on the micro-scale, and that the membranes had

conformed to the RBC-shape of the particles.5’

2.3.2 Constructs that Use the RBC as a Carrier

While most light-based RBC-derived constructs use the RBC membrane as a substrate
coating, there are a growing number of constructs that use the RBC as a carrier.
Constructs that use the RBC as a carrier can have a variety of optical cargos, including

68-70 and NPs made from various metals** or semiconductors.’!-’? While

organic molecules
constructs that use the RBC membrane as a coating primarily use sonication and/or
extrusion to facilitate substrate coating, there are a number of different loading methods

for constructs that use the RBC as a carrier. Loading methods can be applied directly to

RBCs, as well as EGs and nEGs. However, the vast majority of RBC-derived carriers are

12



fabricated from RBCs. These methods can be broadly divided into those that load a cargo

to the interior of the carrier, and those that load the cargo to the exterior of the construct.

2.3.2.1 Methods for Interior Loading of an Optical Cargo

2.3.2.1.1 Hypotonic Loading

The most common loading methods for RBC carrier constructs are those that involve
hypotonic buffers. When RBCs are placed in a hypotonic buffer they swell, causing the
formation of pores for removal of intracellular components, but also allowing the internal
loading of the cargo.®® For example, Wu et al., using a hypotonic treatment, were able to
simultaneously load RBCs with DOX, magnetic NPs, and QDs capable of fluorescence
emission.*! We have used a similar method to load EGs with ICG using Sorenson’s
buffer, resulting in micron-sized light-responsive constructs.”> We have also applied this
method to nEGs, where we first extruded EGs to get nEGs before incubating with
Sorenson’s buffer and ICG, resulting in the loading of ICG into the nEGs.” Therefore,
hypotonic loading methods can be applied to RBCs, EGs, and nEGs. RBCs can also be
loaded using hypotonic dialysis. Here the RBCs are typically mixed with a cargo in a
dialysis bag, which is then exposed to a hypotonic buffer, again leading to the formation
of pores through which the cargo can enter the RBCs.”* Figure 2 shows a schematic

illustrating optical cargo loading of RBCs, EGs, and nEGs.
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Figure 2. Schematic illustrating RBCs, EGs, and nEGs loaded with an optical cargo to
serve as RBC-derived carriers. For illustrated purposes CD47 is shown as one of the RBC
transmembrane proteins the EGs retain. As a representative optical cargo, the dye
indocyanine green (ICG) is shown in its dimeric and monomeric forms.

It is interesting to note that in some cases loading RBCs with an optical cargo

using a hypotonic buffer can preserve the biconcave disk shape and size of native RBCs.

For example, Jiang et al. were able to load mouse RBCs with fluorescent silicon NPs

hypotonically, resulting in constructs with the biconcave disk morphology = 6 um in

diameter.”! Here the hypotonic buffer was 0.5xPBS with 2mM ATP and 3 mM

glutathione, and the mixture was incubated for 45 minutes at 4°C. Jiang et al. showed that
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after the RBCs were resealed the silicon NPs were clearly visible inside the RBCs.”!
However, hypotonically loading the optical cargo does not always preserve the biconcave
morphology of native RBCs, as can be seen by the constructs fabricated by Bustamante
Lopez and Meissner.” After using a hypotonic lysis buffer to load bovine erythrocytes
with fluorescein isothiocyanate (FITC) glycylglycine conjugates, the resulting constructs
were significantly smaller and had less hemoglobin compared to native erythrocytes.
When analyzed using atomic force microscopy (AFM) the authors also found that the
loaded constructs were more rounded and had a rougher surface compared to native
erythrocytes. Here the lysis buffer contained MgCl,, EDTA, phosphate buffer, and urea.”
As demonstrated by the two previous examples, the buffer choice for hypotonic
loading can vary, which may be why hypotonic loading does not always produce
constructs that preserve native RBC morphology. A number of different buffers have
been used for hypotonic dialysis,’* but there are no clear trends for hypotonic buffer
choice when it comes to loading optical cargos. Another factor potentially affecting the
morphology of the construct is the type of blood used. For instance, Jiang et al. used
mouse blood for their constructs,”! while Bustamante Lopez and Meissner used bovine
blood.” Most constructs are fabricated using mouse blood. This includes the constructs
previously mentioned engineered by Marvin et al., which also show that the RBC
morphology is preserved after using dialysis to load RBCs using a hypotonic PBS buffer
with 6 mM glucose.” It is possible that differences between the RBCs, such as membrane
composition and size, could have an effect on how the cells react to hypotonic loading

methods. It is important to note that for clinical translation the constructs will ultimately
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need to be fabricated using human RBCs. It is known that there are a number of structural
differences between mouse and human RBCs, such as size and membrane protein
composition,”” so more research is needed to determine if hypotonic loading methods
used on human RBCs will still preserve the native RBC morphology. More research is
also needed on the effects of using different hypotonic buffers for the loading procedure,
as well as the effect of the type of optical cargo being loaded.

Another important factor to consider with hypotonic treatment is the potential for
phosphatidylserine (PS) exposure. PS is generally confined to the inner leaflet of
erythrocytes,”® and its exposure leads to macrophage recognition and subsequent
clearance of erythrocytes from circulation.” Wang et al. have shown that EGs prepared
by incubating mouse RBCs in 5 mM NaH>PO3/NaxHPO; for 5 minutes at 4 °C have
significantly more PS exposure compared to native mouse RBCs.*® Collaborators Sun et
al. showed similar PS exposure results for murine RBC-derived EGs, but showed that
RBCs loaded with DOX via hypotonic dialysis did not show elevated PS exposure
levels.8! Again, the choice of hypotonic buffer many play a role in PS exposure during
hypotonic treatment. In addition, using a hypotonic buffer for loading may affect the PS
exposure differently than using a hypotonic buffer for hemoglobin depletion. For RBC-
derived carriers to achieve the similar circulation times as native RBCs the effect of
hypotonic loading on PS exposure needs to be more thoroughly understood, particularly

for carriers derived from human RBCs.
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2.3.2.1.2 Less Common Methods for Interior Optical Cargo Loading

Electroporation is a relatively new cargo loading method that involves the application of
an electric field to the membranes, which in theory will result in the formation of pores
through which materials can cross the membrane.®? Bustamante Lopéz and Meissner
were able to use electroporation to load bovine RBC membranes with a fluorescent dye,
resulting in constructs that were 5.32 um, compared to the 6.2 um diameter of the native
bovine erythrocytes and the 5.0 um diameter of membranes loaded hypotonically.”
Compared to loading using a hypotonic buffer, however, RBCs loaded via
electroporation had a significantly lower loading efficiency.”

Another loading method involves extrusion to load small organic molecules. In
this case the RBC membrane does not coat the cargo and is instead used as a nano-sized
carrier. For example, we mixed EGs derived from bovine RBCs with ICG-BSA and
extruded the solution, resulting in nano-sized constructs capable of being used for cancer
cell imaging applications.®® It is important to note that using extrusion to load organic
molecules will result in a nano-sized construct. While these two examples demonstrate
that there are potentially RBC interior loading methods that do not use a hypotonic
buffer, hypotonic loading mechanisms are significantly more common for loading optical
cargos. More research is needed to determine if these alternative loading methods offer a
significant advantage over hypotonic loading methods. In addition, both of these
examples were conducted with bovine RBCs. Mouse and human RBCs may respond

differently to these loading techniques, indicating another area for further research.
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2.3.2.1.3 Optical Cargo Embedding in the Lipid Bilayer

Some organic molecules are capable of directly interacting with RBC membranes,
allowing them to be embedded into the lipid membrane of the RBC. For example, chlorin
e6 (Ceb) is a lipophilic molecule capable of interacting with lipid membranes.®* Both Gao
et al. and Sun et al. have demonstrated that Ce6 can be embedded in RBC membranes by
mixing.”* Sun et al. used the Ce6-embedded RBC membrane as a coating for PB NPs,*
suggesting that embedding optical cargos can be combined with using RBC-membranes
as a substrate coating. Gao et al. demonstrated that they were able to combine the
hypotonic dialysis loading of DOX into RBCs with Ce6 embedding in the RBC lipid
bilayer.” In addition, Gao et al. were able to show that while DOX was loaded to the
interior of the RBCs, Ce6 was localized to the membrane of the RBCs. Not only do these
two studies demonstrate that optical cargos have the potential to be loaded into RBCs
through simple mixing, but they also demonstrate that multiple loading methods can be
used to fabricate a single construct. Another lipophilic dye, DiR, has been used for cell
membrane labeling,* and is another potential optical cargo that can be directly embedded
in RBC-membranes. Su et al. have demonstrated that DiR is capable of being embedded
into the lipid membranes of nEGs, which are then used to coat paclitaxel-load polymeric
NPs.’¢ While this example of an optical cargo being embedded in the lipid bilayer was
also ultimately used for substrate coating, it also suggests that lipophilic dyes can be
embedded into the lipid membranes of EGs and nEGs, and not just RBCs. However,

organic molecules are the only optical cargos that have been embedded into the lipid
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bilayer of RBC-derived constructs, so this loading method may have limited applications

for other optical cargos, such as metallic NPs.

2.3.2.2 Methods for Exterior Loading of an Optical Cargo
While RBC-derived constructs employed as carriers usually involve loading an optical
cargo to the interior, or in some cases into the lipid membrane bilayer of the construct,
there are some examples of the optical cargo being incorporated onto the surface. For
example, some optical cargos are able to adsorb directly to the surface of RBCs. Delcea
et al. were able to incorporate gold NPs into their constructs using adsorption, and they
suggest that the adsorption is possible due to interactions between the positively charged
NPs and the negatively charged glycocalyx on the RBC membrane.**

It has also been suggested that organic molecules are capable of adsorbing to
RBCs; however, the results have not been as promising. Sun et al. report that they were
able to adsorb ICG to the surface of RBCs, but that the ICG was easily washed away in
serum-supplemented media.?! Flower and Kling similarly showed that while ICG is
capable of adsorbing to RBCs, the amount of ICG that could be loaded was almost half
the amount that could be loaded into RBCs hypotonically.®” While there is potential for
optical cargos to adsorb directly to RBCs, more research needs to be done to determine
the types of optical cargos it is appropriate for, as well as determining how the adsorption
is accomplished for those appropriate optical cargos.

Another emerging method for attaching an optical cargo to the surface of RBC-

derived constructs is functionalization. Here a lipid linker is used to attach the optical
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cargo to the surface of the construct. A common lipid linker is 1,2-distearoly-sn-glycero-
3-phophoethanolamine-N-[y(polyethylene glycol)] (DSPE-PEG-y) where y can be a
number of functional groups. DSPE is able to insert itself into the lipid bilayer of the
RBC membranes, similar to the lipid-insertion methods outlined by Fang et al.,®
resulting in the desired molecule being attached to the surface of the RBC membrane.
Wang et al. incubated RBCs with DSPE-PEG-biotin, which enabled them to attach
various avidin-functionalized UCNPs to the RBCs.?>%’ This method takes advantage of
the strong and highly specific interaction between biotin and avidin,” resulting in
constructs that preserve the biconcave morphology of native RBCs.?># Other groups
have used other lipid linkers to biotinylate RBCs. For example, Tang et al. used biotin-X-
NHS, which was able to attach to neutravidin, which was in turn able to bind to their
biotinylated ferritin nano-capsules loaded with the optical cargo ZnFcPc.”! Wang et al.
used sulfo-NHS-LC-biotin to biotinylate RBCs, which could then bind to Ce6-coated iron
oxide NPs that were conjugated to avidin.® While there are only a few examples of
functionalizing RBCs with an optical cargo, there are a number of groups looking at
functionalizing RBC-derived constructs with other moieties for active targeting, as will

be discussed below.
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2.4 Potential Clinical Applications

2.4.1 Imaging Applications

2.4.1.1 Fluorescence Imaging

RBC-derived constructs have been developed for a number of light-based applications;
however, all of the applications require an optical cargo of some sort. How the optical
cargo interacts with light will determine which light-based applications the RBC-derived
construct is suitable for. If light excitation results in the optical cargo generating
fluorescence emission, it can be used for various imaging applications. For example, Guo
et al. developed constructs made from hydrophobic QDs coated in membrane lipids
extracted from RBCs.*? The constructs are able to fuse with the cell membrane, allowing
the QDs to be embedded in the membrane for imaging applications as well as tracking
cell movement.

In addition to tracking cell movement using fluorescence imaging, RBC-derived
constructs can be designed for cancer imaging. For example, Li et al. prepared NPs from
gold nanoclusters and pea protein isolate that were coated with RBC-membranes,
resulting in nano-constructs suitable for NIR fluorescence imaging in vivo.°> The RBC-
membrane coating resulted in increased tumor accumulation of the NPs compared to bare
NPs. Another imaging construct developed for cancer imaging is one we have developed
which involves loading nEGs with ICG-BSA for imaging tumor cells.®> We found that
SKOV3 ovarian cancer cells had a higher uptake efficiency of these constructs compared

to free ICG-BSA.
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ICG has also been used in constructs developed for vascular fluorescence
imaging. In 2008 Flower et al. developed the first light-based RBC-derived construct
when they hypotonically loaded RBCs with ICG. These constructs can be used to monitor
blood flow in the retinal capillaries and choriocapillaris®® and characterizing
microvascular vasomotion in the human eye and skin.?” These constructs are fairly simple
since they do not involve sonication/extrusion, and they only incorporate one optical
cargo. They can therefore be prepared in about 70 minutes under sterile conditions,®’
which has allowed for them to be used in one of the only human studies involving light-
based RBC-derived constructs. The only other human study to date, conducted by Wang
et al., focused on combining the constructs developed by Flower et al. with a Monte
Carlo method in order to automate the velocity estimation of erythrocytes in retinal
arterioles and venules in humans.”?

In addition to vasculature imaging, optical cargos that are organic molecules
combined with RBC-based platforms can also be used for blood analyte sensing.
Milanick, Ritter, and Meissner have developed constructs they refer to as erythrosensors
for the in vivo monitoring of blood plasma parameters.*’-%° These constructs are loaded
with glycylglycine conjugated to FITC, a pH sensitive dye. They found that the
erythrosensors were able to respond to changes in extracellular pH as shown by changes
in the measured fluorescence intensity of the constructs.® Theoretically, these
erythrosensors could circulate throughout the body over time and monitor the blood pH
of a patient any time the particles are exposed to an excitation light source. While this is

not a direct imaging application, they also show that the resulting constructs are still

22



visible in epifluorescence micrographs, and they rely on fluorescence emission for their
application. In theory, other dyes that are sensitive to specific blood analyte levels, such
as glucose levels, could also be loaded into RBCs and used as blood analyte sensors over
time.%

2.4.1.2 Upconversion Luminescence Imaging

If an optical cargo is able to take low energy photons and convert them into higher energy
photons it can be used for upconversion luminescence imaging (UCL).>3** UCNPs are a
promising optical cargo due to their low photobleaching and the potential for low
autofluorescence of biological samples.”* Multiple groups have investigated combining
UCNPs with RBC-based delivery constructs, particularly for cancer imaging. For
example, Li et al. prepared NaGdF4:Yb, Tm UCNPs that were then coated with RBC-
membranes.® The resulting constructs showed increased tumor uptake compared to bare
UCNPS, and could be used for UCL, as well as magnetic resonance imaging (MRI) and
positron emission tomography (PET) imaging.®®> Similarly, Rao et al. prepared B-
NaYF4:Er**, Yb** UCNPs coated with RBC-membranes and saw increased tumor uptake
of the resulting constructs compared to bare UCNPs.®’ These examples show that
combining UCNPs with RBC-based constructs have strong potential for use in cancer
imaging and detection. When combined with other treatment modalities, as will be

discussed below, UCNPs represent a promising new optical cargo.
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2.4.2 Phototherapy
2.4.2.1 Photothermal Therapy
When light absorption of an optical cargo results in a temperature increase, the optical
cargo can be used for PTT. Heat generated during PTT can damage and/or destroy the
surrounding cells and has potential applications in the treatment of thrombi,” Port Wine
Stains (PWSs),*! and cancers.”® For example, Li et al. developed gold nanorods coated in
RBC-membranes that are capable of extremely efficient PTT of human lung carcinoma
cells in vitro after 808 nm laser irradiation.”” Piao et al. also used a gold-based optical
cargo when they prepared gold nanocages and coated them with RBC-membranes.”®
These constructs were also capable of PTT in vitro, but also demonstrated strong tumor
PTT in vivo.

Magnetic materials, especially those made from iron oxide, are another promising
PTT agent” commonly used in RBC-derived constructs. It is important to note that since
iron oxide NPs are approved for use as MRI contrast agents in humans,” many of these
constructs are developed for PTT in combination with MRI. For instance, Rao et al.
coated Fe3O4 magnetic NPs with RBC-membranes and demonstrated their efficient MRI
and PTT capabilities for tumors in vivo.!% Similarly, Ren et al. prepared their own Fe3O4
magnetic nanoclusters coated with RBC-membranes and found that their constructs
demonstrated excellent tumor PTT in vivo.*

While light-based RBC-derived constructs designed for PTT are mostly being
investigated for cancer applications, there are other potential uses that are starting to be

explored. We recently developed a model to investigate the treatment of PWSs using EGs
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and nEGs loaded with ICG for PTT of the affected blood vessels.>! The model
demonstrated that these RBC-derived constructs in combination with 755 nm laser
irradiation had higher PTT efficiency compared to just 585 nm laser irradiation,*! which
is currently one of the more common PWS laser treatment wavelengths.!%!

The potential applications for light-based RBC-derived constructs that use PTT as

a therapeutic mechanism increase when multiple light-based mechanisms are combined,

as will be discussed below.

2.4.2.2 Photodynamic Therapy

Optical cargos can be used for PDT when its light absorption generates reactive oxygen
species (ROS) in the presence of adequate oxygen levels.®® Common PDT agents include
tetrapyrrole organic molecules, such as Ce6, synthetic dyes such as methylene blue (MB)
and Rose bengal (RB), as well as various NPs including QDs and UCNPs.!'%? A vast
majority of light-based RBC-derived constructs fabricated for PDT are developed for
cancer applications, which has its own specific challenges researchers must address when
designing their constructs. For instance, many cancers result in hypoxic tumors.!®® Since
one of the main mechanisms of PDT is dependent on converting Oz into ROS, the lack of
oxygen in tumors is a major hurdle to effective PDT.!** In order to enhance PDT for
cancer treatment, a number of groups have investigated incorporating oxygen delivery in
addition to optical cargos in RBC-derived platforms. Two common methods are to use
hemoglobin or perfluorocarbons (PFC) as oxygen carriers.!%* For example, Liu et al.

loaded RBC membranes with complexes made from hemoglobin as an oxygen carrier,
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polydopamine to protect the hemoglobin from oxidation, and MB as an optical cargo.!?®
Here laser irradiation at 660 nm excites the MB, which has shown great promise as a
PDT agent,!* while the hemoglobin and polydopamine ensure there are adequate oxygen
levels at the treatment site.'%> Another example is the construct fabricated by Tang et al.,
where RBCs are functionalized with ferritin nanocages loaded with the photosensitizer
ZnF6Pc.”! The photosensitizer is excited by 671 nm laser irradiation and then the
hemoglobin inside the RBCs provides an oxygen source. These constructs demonstrated
efficient PDT in an in vivo hypoxic tumor model.’!

In addition to usually being hypoxic, many tumors produce large amounts of
hydrogen peroxide (H20:2), which may play a role in tumor metastasis and cell

proliferation.!07-108

In normal cells, catalase is present to decompose H20: into O2 and
water, but many cancer cells also appear to have a catalase deficiency.!%1% RBCs
naturally contain catalase, and Du et al. have already shown that RBC-derived particles
can be developed for catalase delivery in conjunction with a sonosensitizer to enhance
sonodynamic therapy in a hypoxic environment.!!® Therefore, there is potential for
combining catalase and an optical cargo in an RBC-derived platform for enhanced PDT
in a hypoxic tumor environment. However, researchers have also been able to design
optical cargos that take advantage of the high H20: levels in tumors. Zhao et al. designed
a metal-organic framework (MOF) consisting of FeTCPP/Fe>Os that is capable of
decomposing H>O; and promoting the formation of singlet oxygen as well as hydroxyl

radicals.!'! When these MOFs are coated with RBC-membranes they exhibit strong in

vivo PDT after 660 nm laser irradiation. This example demonstrates that by carefully
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designing the optical cargo, RBC-based constructs can overcome the unique challenges

presented by the tumor environment.

2.4.2.3 Combined Phototherapies

In order to increase therapeutic efficacy, many researchers have tried to design RBC-
based constructs that are capable of both PTT and PDT, particularly for cancer
applications. One method to enable both PTT and PDT capabilities to use multiple optical
cargos. For example, Sun et al. embedded Ce6 in RBC-membranes which were used to
coat PB NPs.*° Laser irradiation at 660 nm resulted in Ce6-mediated PDT as well as
membrane rupture, while laser irradiation at 808 nm led to PTT from the PB NPs. /n vivo
results show these constructs, in conjunction with dual laser irradiation, have excellent
tumor growth inhibition abilities.®> Another example is the construct designed by Li and
Zhang where gold nanorods and TiO» NPs are co-coated in RBC-membranes.!!? In
combination with both UV and NIR light irradiation, the constructs are able to be used
for PTT as well as PDT, and have shown promising results for cancer cell destruction in
vitro.

While incorporating multiple optical cargos does allow for these constructs to be
used for both PTT and PDT, it is important to note that many optical cargos are capable
of being used for more than one therapeutic effect. For example, Liu et al. have shown
that Cu2xSe NPs coated with RBC-membranes can be used for both PDT and PTT in the

treatment of tumors after laser irradiation at 1064 nm.*¢

27



By carefully selecting the optical cargo used, researchers can achieve
multifunctionality of RBC-derived constructs without the need for multiple optical
cargos, and limit the need for more than one laser. Simplifying the designed platforms in
this way may ease the process for clinical translation, while still allowing for PTT and

PDT to potentially be performed simultaneously.

2.4.3 Drug Delivery

While a majority of light-based RBC-derived constructs are designed for imaging and
phototherapy applications, there is a small subset of constructs that are being designed
specifically for light-based drug delivery. Hughes et al. conjugated various bioactives
including colchicine, paclitaxel, and methotrexate, to cobalamin.!!* These compounds
were hypotonically loaded into RBCs, and after being illuminated at 525 nm the Co-C
bond between the bioactive and the cobalamin was cleaved, resulting in the drug being
released from the interior of the erythrocytes. Hughes et al. also demonstrated that the
wavelength the bond between the bioactives and cobalamin was cleaved at could be
tuned by conjugating fluorophores, such as Cy35, to the compounds.'!® This finding
suggests that the compounds could be tailored for different light sources; however, most
light-based RBC-derived constructs that are engineered for drug delivery are also

designed for other applications that will be discussed below.
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2.4.4 Combining Applications
2.4.4.1 Imaging and Phototherapy
While there are a number of light-based RBC-derived constructs that are formulated to be
used for only one application (i.e., imaging, drug delivery, or phototherapy), it is far more
common for these constructs to be designed for multiple applications. One of the more
common application combinations is imaging and phototherapy. Similar to how multiple
optical cargos can be incorporated into a construct in order to allow the final product to
be used for both PTT and PDT, using multiple optical cargos can also achieve
multifunctionality with imaging and phototherapy. For example, Wang et al. have
developed RBC-derived theranostic probes that involve ICG-BSA, RB, and UCNPs.?
The ICG-BSA is hypotonically loaded into RBCs and is excited by 808 nm laser
irradiation for imaging and heat generation that causes the release of oxygen from the
RBCs. The UCNPs are then excited by 980 nm laser irradiation resulting in 550 nm light
that excites the RB for PDT using the released oxygen as a source for generating ROS.
Again, it is important to note that many optical cargos are capable of being used
for more than one therapeutic effect. For instance, we have shown that NPs fabricated
from nEGs hypotonically loaded with just ICG were able to be used for imaging as well
as PTT and PDT for tumor treatment.>® These constructs are capable of generating ROS
in vitro. After treatment in vivo, extracted tumors showed higher levels of photo-induced
activation of Capase-3,3° which has been linked to PDT-induced apoptosis.' 4117 It is
interesting to note that in this case the PDT was performed in a hypoxic environment

without extra catalase or oxygen delivery. This could be due to the combined effects of
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PTT with PDT. There have been recent investigations towards using PTT to increase
tumor blood flow and Oz levels, both of which would increase the efficacy of PDT in
hypoxic environments.!%*

In addition, by decreasing the number of optical cargos, researchers can
potentially include additional cargos for other functionalities. Wang et al. designed Fe3O4
magnetic nanoclusters that were loaded with cypate before being coated with RBC-
membranes.% Here, 808 nm laser irradiation of the cypate is used for in vivo fluorescence
imaging and PTT, while the Fe304 magnetic nanoclusters allow the constructs to be used
for MRI. There are a large number of potential optical cargos that can be used to give
RBC-based constructs both imaging and phototherapeutic abilities. By combining them

with other cargos researchers can continue to develop more constructs that can be tailored

to specific disease states.

2.4.4.2 Imaging and Drug Delivery

A less common combination of applications is imaging and drug delivery. In some cases,
the optical cargo is used not only as an imaging agent, but also as a catalyst for drug
release. For instance, Marvin et al. designed a light-response vitamin drug conjugate
composed of Cy5, vitamin B12, and the chemotherapeutic drug taxane.!'® Once the
conjugates are loaded into RBCs, the membrane impermeable B12 ensures the drug
remains inside the carrier until it has reached its target. Then CyS5 is able to be excited by

650 nm wavelength light, cleaving the bond between taxane and B12, resulting in taxane
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being able to leave the RBC carrier.!'® Not only were the constructs able to be used for
site-specific drug release, but they were also used for imaging in vivo.

Another example of an RBC-derived construct that combines drug delivery and
imaging capabilities is the construct fabricated by Liu et al. Zinc gallogermanate
nanostructures are coated with mesoporous silica and then loaded with DOX before being
coated with RBC-membranes.!! The constructs had an NIR signal due to the zinc
gallogermanate nanostructures that was visible in vivo for up to 48 hours, and the anti-
tumor activity of the constructs outperformed a control injection of just DOX.

While both of the previous examples are specifically for cancer imaging and
treatment, there is a clear potential for therapeutic imaging and drug delivery to be
applied to vascular targets. As a prospective RBC-based thrombus therapy, we have
developed nano-sized constructs of ICG loaded nEGs functionalized with tissue
plasminogen activator (tPA).*> The tPA allows the constructs to target the fibrin in the
clot, while the ICG loaded into the nEGs allows for NIR fluorescence imaging of the clot.
We showed that these constructs were able to induce lysis of blood clot models.
Overall, it is clear that RBC-derived constructs have demonstrated their efficient imaging
and drug delivery capabilities; however, there are more common application

combinations that are just as promising.

2.4.4.3 Phototherapy and Drug Delivery
Combining PTT and/or PDT with drug delivery is very common for light-based RBC-

derived constructs, a majority of which are developed for cancer applications. For
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example, Pei et al. developed RBC-membrane camouflaged NPs with a polymeric core
containing dimers of the chemotherapy drug paclitaxel as well as 5,10,15,20-
tetraphenylchlorin (TPC) as an optical cargo for PDT.!?® On the other hand, Wang et al.
recently reported the design of RBC-membrane coated BSA nano-constructs loaded with
ICG for PTT, and gambogic acid as a chemotherapeutic.?® With a large number of
potential optical cargos and chemotherapeutics available, the possible combinations could
result in many different RBC-derived particle formulations. By continuing to investigate
different optical cargo and drug combinations, it is possible that multiple therapies will be
developed and can be tailored to the treatment of specific cancers. However, the most
common drug investigated for use in RBC-derived constructs is DOX. DOX is currently
used to treat various cancers including breast, ovarian, bladder, and lung cancers.'?!

Chen et al. fabricated DOX-based constructs by loading hollow mesoporous PB
NPs with DOX and then coating them in RBC membranes, and demonstrated their strong
PTT and anti-tumor effect in vivo after NIR laser irradiation.’? Another DOX example
was designed by Hui et al. and involves loading DOX and ICG in upper critical solution
temperature (UCST) polymer micelles that are then coated with RBC membranes.?’
These particles were also capable of efficient PTT, and their cytotoxicity in vitro was
increased after NIR laser irradiation.

The previous examples combine drug delivery with either PTT or PDT, but not
both. However, it is possible to design constructs are capable of drug delivery, PTT, and
PDT simultaneously. This can be achieved by using an optical cargo capable of both PTT

and PDT, such as ICG. For instance, Luo et al. loaded graphene oxide QDs with ICG and
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DOX which were then loaded into nEGs.?® The constructs showed strong PTT and PDT
effects in vitro, and in combination with the drug delivery and 808 nm laser irradiation
had an impressive anti-tumor effect in vivo. Another example that incorporates ICG are
the previously mentioned NPs made by Liu et al. RBC-membranes are used to coat
nanocomplexes containing BSA, ICG, and DACHPt as a chemotherapeutic.?*> The
particles were capable of in vitro hyperthermia and ROS generation after NIR laser
irradiation, and demonstrated efficient anti-tumor and anti-metastatic abilities in vivo.
The authors note that the drug release was enhanced by the NIR laser irradiation, which
suggests that the drug release mechanism is mediated by the PTT and PDT effects of the
construct.??

All of these examples illustrate the powerful cancer applications light-based RBC-
derived constructs are capable of when they are designed to combine phototherapy and
drug delivery. However, there are also examples of phototherapy and drug delivery
constructs being used for other potential clinical applications. Shao et al. have developed
Janus-type polymeric micromotors coated with RBC membranes that are capable of
being directed to thrombus sites using NIR light irradiation.!?> Here, the core of the
construct is a capsule made of heparin and chitosan that is partially coated in gold before
encapsulation in nEGs. NIR laser irradiation of the gold coating led to a temperature
gradient around the construct, enabling its directed motion using a thermophoretic
effect.!?? In addition to using NIR light to induce directed movement of the constructs,
the NIR light was able to induce photothermal destruction of thrombus models. The

generated heat also mediated the release of heparin from the constructs to aid in
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thrombolysis. This example demonstrates that in addition to having great promise in the
realm of cancer treatments, light-based RBC-derived constructs can be designed for

phototherapy and drug delivery for vascular applications.

2.4.4.4 Imaging, Phototherapy, and Drug Delivery
As previously mentioned, a common method for increasing the number of applications a
construct can be used for includes using optical cargos capable of more than one
application. By carefully choosing an optical cargo that can be used for imaging and
phototherapy and combining it with a drug, some light-based RBC-derived constructs can
be used for imaging, phototherapy, and drug delivery simultaneously. Here it is very
common to choose an organic molecule as the optical cargo. As previously mentioned,
Ye et al. engineered constructs where the chemo-drug HCPT and ICG co-assembled NPs
are coated with RBC-membranes. Here, ICG is able to be used for fluorescent imaging
after NIR laser irradiation, as well as PTT. The generated heat disrupts the construct’s
membrane, causing the release of the HCPT.?* Similarly, Su et al. developed mesoporous
silica NPs co-loaded with DOX and the NIR dye Ce6 that are coated with RBC-
membranes.!'?* After laser irradiation, Ce6 was not only able to serve as a fluorescent
probe, but also resulted in the generation of ROS. The authors hypothesize the ROS
generation could not only destroy tumor cell membranes, but the EG membranes as well,
leading to the release of DOX from the construct.

PB NPs are another common optical cargo for constructs that can be used for
imaging, phototherapy, and drug delivery. Liu et al. have demonstrated that hollow

mesoporous PB NPs can be loaded with the chemotherapeutic gamabufotalin before
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being encapsulated in RBC-membranes.'?* After 808 nm laser irradiation the constructs
were capable of being used for NIR fluorescence imaging as well as displaying effective
anti-tumor activity from the PTT and drug delivery.'?*

It is important to note that since many optical cargos are capable of being used for
more than one light-based application, it is possible that some constructs are capable of
being used for imaging, phototherapy, and drug delivery, despite only being designed for
one or two of those applications. For instance, since ICG has been used for imaging,
PTT, and PDT,'?* constructs fabricated with ICG can potentially be used for all three
applications even if they were only initially designed for one. Therefore, many light-
based RBC-derived constructs are inherently endowed with multifunctionality,
representing a promising treatment platform that has been particularly studied for cancer

applications.

2.4.5 Specific Considerations for Targeting Cancer Cells

PDT and PTT are two of the more common treatment modalities RBC-derived particles
have been developed to utilize. Both PDT and PTT are being heavily investigated for
their use in the treatment of cancer,!?® so it follows that a large number of light-based
RBC-derived platforms are designed specifically for applications in the treatment of
various cancers. There is a recent review by Sun et al. that covers a number of different
RBC-derived formulations explicitly fabricated for the treatment of cancer,'* with a focus
on platforms that involve the various functionalization methods for conferring NPs with

targeting capabilities. In addition, RBC-derived constructs have also been extensively
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reviewed for their drug delivery abilities,>*7--1°

including their utility in drug delivery for
anti-tumor applications.'? It is therefore no surprise that the vast majority of light-based
RBC-derived constructs are developed for cancer treatment.

In order for RBC-derived constructs to have any anti-cancer efficacy they need to
be able to reach their target efficiently. Targeting various types of cancer cells can be
accomplished using multiple techniques during the design phase for the RBC-derived
particles. For instance, a majority of these formulations are on the nano-scale, meaning
they are capable of passively targeting cancer cells via the enhanced permeability and
retention (EPR) effect.!?” Tumor vasculature is abnormal and hyperpermeable,'?® which
enables NPs to more readily accumulate in tumors compared to healthy tissues. While
many constructs rely only on the EPR effect in order to ensure cancer targeting, the EPR
effect has been shown to be heterogeneous in humans.!?® Researchers have therefore
started to employ various functionalization methods to bestow their constructs with more
active targeting capabilities, bypassing the need for passive targeting via the EPR effect.
Based on our review of the literature, the most common method for functionalizing RBC
membranes involves DSPE-PEG-y lipid insertion. As previously mentioned, DSPE is
able to insert itself into the lipid bilayer of the RBC membranes, resulting in the desired
functional group, y, being attached to the surface of the RBC membranes. Common
functional groups include FA, which is able to target folate receptors overexpressed on a

130,131

number of different cancer cells; as well as various formulations of RGD peptides,

which are able to selectively bind to avfs integrins,!3? which are also expressed on some
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tumor cells.!** Examples of light-based RBC-derived constructs that are functionalized
via DSPE lipid insertion are listed in Table 1.

While there are relatively few functionalized RBC-derived constructs that utilize
light that have been developed, almost all of them have been designed for cancer
applications. For example, Luo et al. designed RBC-derived ICG and DOX-containing
NPs for the chemo-PPT of cervical cancer.?® After functionalizing the NPs with FA, the
researchers saw a significant improvement in the tumor accumulation of their constructs.

Table 1. Examples of RBC-derived Constructs with an Optical Cargo Functionalized
Using DPSE Lipid Insertion.

Optical Cargo Targeting Moiety Target Reference
Upconversion nanoparticles
Fol Folat t 65
(UCNPs) olate olate receptors
UCNPs Folate Folate receptors 54
UCNPs Trlphenylpbosphonlum Mitochondria 54
cation

Black Phosphorus Nanoparticles YSA peptide Ephrin-A2 receptors -

(NPs)
Lipoprotein
Indocyanine Green (ICG) Angiopep-2 peptide  receptor-related 7
proteins receptors
ICG cRGD pentapeptide awvfPs integrin 2
ICG Folic acid Folate receptors 2
Spheric and Cubic Hollow .
Fol Folat t 135
Mesopores Prussian Blue (PB) NPs olic acid olate receprors
PB NPs Hyaluronic acid CD44 receptors 124
ICG-Bovine Serum Albumin (BSA), RGD peptide o integrin ”s
v[23
UCNPs, Rose Bengal (RB) functionalized UCNPs &
ICG-BSA RGD peptide avfPs integrin 19
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anti-epithelial cell
Gold Nanocages adhesion molecule EpCam 61
(EpCam) antibodies

Other groups have also been able to use functionalization to improve the targeting ability
of micro-sized constructs that would not be able to rely on the EPR effect for tumor
accumulation. Wang et al. functionalized RBCs with UCNPs coated in RGD peptides and
saw that the RGD peptides supplied their constructs with tumor targeting abilities in
vivo.?

In addition to functionalization, other targeting methods include the application of
various stimuli, including magnetic and acoustic fields. For instance, Gao et al. showed
that RBC membrane wrapped particles containing Fe;O4 NPs and ICG could be propelled
using an acoustic field and that the direction of these particles could be controlled using a
magnetic field for the targeted delivery of ICG for PDT.%" Other groups have shown that
loading RBC-membrane derived particles with magnetic mesoporous silica NPs,!%¢
Fe304@Cuz-«S NPs,!37 and Fe304 NPs* increased the tumor uptake of the particles when
combined with the application of a magnetic field.

Another recently developed targeting method is combining the RBC membranes
with the membranes of other cells to create hybrid membrane coatings. Liu et al.
combined RBC membranes and platelet membranes and showed that constructs derived
from those hybrid membranes had more tumor accumulation compared to constructs
fabricated from just RBC membranes or platelet membranes.!*® The platelet membranes

give the constructs the ability to target microthrombi, which are created when NIR light

is applied to the tumor, resulting in the enhanced tumor accumulation. A collaborating
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group, Jiang et al., has also had success in enhancing tumor targeting by combining RBC
membranes with MCF-7 cancer membranes to coat melanin NPs.!** They showed that the
cancer membranes were able to be used for the homotypic targeting of MCF-7 cancer
cells and saw enhanced tumor PTT when the RBC:MCF-7 membrane ratio was 1:1.
Wang et al. also used cancer membranes to make hybrid membranes when they fused
RBC membranes with melanoma B16-F10 cell membranes to coat copper sulfide (CuS)
NPs.* They saw that the combination of the two cell membranes allowed for greater
tumor accumulation of the CuS NPs compared to NPs coated with just one type of
membrane. Overall, there are a number of different promising methods for endowing
RBC-derived light-based constructs with the ability to target cancer cells. Since the field
is still fairly young more targeting methods will undoubtably arise as researchers

continue to push the boundaries of the field.

2.5 Trends in Biocompatibility and Toxicology

Overall, the in vitro results for studies with RBC-derived constructs that utilize light have
been very promising. However, in vivo results will ultimately be more important for
clinical translation and will be the focus of our discussion. There are a number of
different experiments researchers have been conducting in order to determine not only the
efficacy of RBC-derived constructs, but also their biocompatibility. For instance, Wan et
al. saw that after a series of injections of their RBC-derived constructs there was no
significant change in the mouse body weight, and there was no visible damage in the
mouse organs as shown by histology.?> Monitoring the mouse body weight and

examining the organ histology are only two of the methods researchers commonly use to
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determine the biocompatibility of drug delivery vehicles. Researchers also look at a
number of blood parameters, such as white and red blood cell counts, mean corpuscular
volume, hemoglobin, hematocrit, and platelet counts. We recently demonstrated that
injection of our micro- and nano-sized RBC-derived constructs did not result in any of
the mentioned blood parameters being outside the normal range.” In addition, we saw
that our RBC-derived particles had minimal effects on hepatic (alanine aminotransferase
(ALT), aspartate aminotransferase (AST), and alkaline phosphatase (ALP)) and renal
(urea nitrogen and creatinine) function assays.

While many of these tests are conducted in healthy mice, they can also be done in
disease models, such as cancer, to demonstrate the effectiveness of the RBC-derived
constructs for their designed application. For instance, Liu et al. showed that tumor
bearing mice showed no organ damage after injections of their RBC-derived constructs
with and without laser irradiation, but also showed that the damage to tumor tissue
increased when the particles were combined with laser irradiation, as shown by
histology.*® Another example is the work done by Pei et al. where they showed that in
tumor bearing mice their RBC-derived constructs combined with laser irradiation led to
no significant changes in mouse body weight, as well as no damage to organs, and no
change in ALT, AST, uric acid, urea, and creatinine serum levels.!?° However, they did
see damage to the tumor when their constructs were used in conjunction with laser
irradiation. In addition, the RBC-membrane coating led to a decrease in liver

accumulation, but an increase of their constructs in the tumor.
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A majority of the in vivo results are similarly effective, but they focus on the
biodistribution of the RBC-derived particles, as well as looking for any obvious signs of
toxicity. However, very few RBC-derived particles have had their immune system
interactions assessed. One example is the work done by He et al. where they looked at the
serum levels of cytokines interleukin (IL)-6, IL-12, and tumor necrosis factor (TNF)-a
24-72 hours after injection of their RBC-derived particles. They saw that the RBC coated
constructs did not induce elevated levels of the investigated cytokines compared to a
control injection at any of the time points.>! Sun et al. also showed that injections of their
RBC-derived constructs did not induce elevated blood serum levels of TNF-a for up to 7
days post-injection compared to a control.®

However, these studies do not look at the immediate immune responses, nor do
they look at the effect of multiple injections of RBC-derived platforms. Rao et al. looked
at the IgM and IgG levels in blood samples of mice that had received two injections of
their NPs, and saw that there were no differences in the IgM and IgG levels compared to
mice that had received one injection of the NPs, suggesting that the adaptive immune
system had not been activated.'*° We have also recently investigated the acute innate
immune response in mice and found that micro- and nano-sized RBC-derived constructs
do elevate the blood serum, liver, and spleen levels of cytokines IL-6, TNF-a., and
monocyte chemoattractant protein (MCP)-1 compared to a negative control (while still
being lower than the levels induced by a lipopolysaccharide positive control) within 6
hours of injection.'*! We also show that a second injection of these particles does not

induce significantly elevated levels of the mentioned cytokines, which further suggests
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that RBC-derived particles do not activate the adaptive immune system. There is a clear
need for more research into the immunogenicity of RBC-derived particles, particularly

when looking at the effect of multiple injections of the particles.

2.6 Outlook

Combining RBC delivery systems with light-based treatment modalities is an exciting
field that is still being developed. Constructs are able to be designed in a number of
different ways, allowing for them to be tailored to specific targets for seemingly endless
applications. We have broadly divided light-based RBC-derived constructs into two main
categories: constructs that use an RBC-membrane as a coating, and constructs that use the
RBC, EG, or nEG as a carrier. Deriving the constructs from RBCs endows their cargos
with immune-escaping capabilities, as well as the potential for increased circulation time.
In addition, numerous methods have been employed to give RBC-derived constructs
targeting capabilities. These methods include functionalizing the constructs with a
targeting moiety; using cargos that can have their motion directed using light, magnetic
fields, or acoustic fields; and combing RBC membranes with other cell membranes
capable of specific interactions with the target.

Many of the studies discussed above have demonstrated that RBC-derived
constructs are very effective for light-based theranostics, particularly for cancer imaging,
phototherapy, and drug delivery. However, we have also highlighted the potential for
light-based RBC-derived constructs to be used in vascular applications as well. In

addition, a majority of the studies suggest that these constructs have excellent
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biocompatibility as well as low toxicity. However, the field is still fairly young, and
before many of these constructs can be used in a clinical setting, there is still a large
amount of work to be done. For example, researchers are just beginning to probe the
potential immune interactions of these constructs. While results are promising,
understanding the potential immune response to any of these constructs is necessary
before clinical translation can be realized.

Using materials that are already approved for human use by the U.S. Food and
Drug administration, such as ICG and MB,!” may help accelerate approval for human
studies. Other potential hurdles to clinical translation are recently reviewed by Singh et
al. and include difficulties with scaling production from a small academic lab to an
industrial scale, and thoroughly understanding the potential dangers of a construct,

142 Tn addition, the constructs need to be

including its cyto-, immuno-, and geno-toxicity.
fabricated in sterile environments using only materials approved for human use (i.e.,
materials that are not labeled “For Research Use Only”). Researchers in the U.S. will also
have to work with Institutional Review Boards for approval for any human studies.

Many of the light-based RBC-derived constructs highlighted here have been
fabricated within the past 10 years. These constructs have frequently only been used in
one animal study that demonstrates the effectiveness of the constructs for light-based
applications. In addition, only some of these studies touch on the biodistribution of the
construct. Therefore, there is a large need for more research into the biological

interactions of the constructs once they are used in vivo. In addition, more effort needs to

be given to standardizing the methods for fabricating these constructs, which will ease
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production scaling difficulties. Overall, despite the urgent need for more research, the
field of light-based RBC-derived constructs is very promising. New constructs are
constantly being developed, increasing the potential for new therapeutics for ultimate

clinical translation.

Chapter 3: The Acute Inmune Response of Micro- and Nano-sized Erythrocyte-

Derived Optical Particles in Healthy Mice

3.1 Abstract

Erythrocyte-derived particles activated by near-infrared (NIR) light present a platform for
various photo-theranostic applications. We have engineered such a platform with
indocyanine green (ICG) as the NIR-activated agent. A particular feature of these
particles is that their diameters can be tuned from micro- to nano-scale, providing a
potential capability for broad clinical utility ranging from vascular to cancer-related
applications. An important issue related to clinical translation of these particles is their
immunogenic effects. Herein, we have evaluated the early-induced innate immune
response of these particles in healthy Swiss Webster (SW) mice following tail vein
injection by measurements of specific cytokines in blood serum, liver, and spleen
following euthanasia. In particular, we have investigated the effects of particles size and
relative dose, time-dependent cytokines response for up to 6 hours post-injection,
functionalization of the nano-sized particles with folate or Herceptin®, and dual
injections of the particles one week apart. Mean concentrations of Interleukin (IL)-6, IL-

10, tumor necrosis factor (TNF)-o, and monocyte chemoattractant protein (MCP)-1 in
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response to injection of micro-sized particles at the investigated relative doses were
significantly lower than the corresponding mean concentrations induced by
lipopolysaccharide (positive control) at 2 hours. All investigated doses of the nano-sized
particles induced significantly higher concentrations of MCP-1 in liver and spleen as
compared to phosphate buffer saline (PBS) (negative control) at 2 hours. In response to
micro- and nano-sized particles at the highest investigated dose, there were significantly
higher levels of TNF-a in blood serum at 2 and 6 hours post-injection as compared to the
levels associated with PBS treatment at these times. Whereas the mean concentration of
TNF-a in liver significantly increased when comparing the levels 2 and 6 hours post-
injection in response to the injection of the micro-sized particles, it was significantly
reduced when comparing 2 and 6 hours following the injection of the nano-sized
particles. In general, functionalization of the nano-sized particles was associated with a
reduction of IL-6 and MCP-1 in blood serum, liver, and spleen, and TNF-a in blood
serum. With the exception of IL-10 in the spleen in response to nano-sized particles, the
second injection of micro- or nano-sized particles did not lead to significantly higher
concentrations of other cytokines at the investigated dose as compared to a single

injection.
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3.2 Introduction
Use of near-infrared (NIR) light provides a capability for relatively deep biomedical optical
imaging and phototherapy on the order of a few centimeters.!*:!44 This increased depth of
optical penetration results from minimal absorption and scattering by biological
components over the NIR spectral band (x~ 700-2,500 nm).!43!45 When combined with
exogenous use of NIR fluorochromes, improved image contrast can be achieved as a result
of reduced autofluorescence. To-date, indocyanine green (ICG) remains as the only NIR
fluorochrome approved for use in humans by the United States Food and Drug
Administration for specific clinical applications including retinal angiography'> and
assessment of liver function.!6

Despite ICG’s usage in both clinical procedures and investigational research,!46:147
ICG has a short half-life in plasma following intravascular administration (on the order of
3-4 minutes) with nearly exclusive uptake by hepatocytes and elimination from the body
by hepatobiliary mechanism.!®!*8 Given the long circulation time of erythrocytes (on the
order of 3-4 months) and their potential biocompatibility, they present an attractive
platform for encapsulation of various cargos including ICG.!>#3:149 We reported the first
results to encapsulate ICG into nano-sized constructs derived from erythrocytes.!>® We
refer to these constructs as NIR erythrocyte-derived transducers (NETs) since they can
transduce the absorbed NIR light to emit fluorescence, generate heat, or mediate the
production of reactive oxygen species.’*!>! We have also demonstrated that NETs can be

functionalized with appropriate antibodies for targeted imaging of specific cell
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receptors.>*!152 Other investigators have also reported the use of erythrocyte-encapsulating
ICG nanoparticles for light-mediated therapeutic applications. 133136

One feature of NETs is that their diameters can be tuned from micro- to nano-sized
via sonication or mechanical extrusion,'®’ thereby providing a capability to develop a
versatile platform for broad biomedical and clinical applications. Nano-sized NETs
(nNETs) (diameter < 200 nm) have relevance to tumor imaging and phototherapy via the
enhanced permeability and retention (EPR) effect.?? Micro-sized NETs (uNETSs) (diameter
> 1 um) have the potential for vascular imaging and photo-thermal treatment of cutaneous
capillary malformations known as port wine stains (PWSs).3!:13!

An important issue related to the use of NETs, as well as other erythrocyte-based
delivery systems in clinical applications, is their potential immunogenic effects. Herein,
we evaluate the early-induced innate immune response to UNETs and nNETs in healthy
Swiss Webster (SW) mice following tail vein injection by measurements of specific
cytokines in blood serum, liver, and spleen after euthanasia. In particular, during this acute-
phase, we investigate the effects of the particles' relative dose (relative number
concentration), and time-dependent changes in the cytokines concentrations at 2, 4, and 6
hours post-injection of the particles. We also evaluate the acute-phase immunogenicity of
nNETs functionalized with folate or Herceptin® as clinically-relevant molecules that
respectively target the folate receptor-a and human epidermal growth factor-2 (HER-2) on
specific tumor types.!3%131.158-161 Finally, we investigate the immunogenic effects of dual

injections administered one week apart.
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3.3 Materials and Methods

3.3.1 Fabrication of NETs
Whole blood was drawn from healthy female SW mice using syringes coated in 2 mg/ml
lithium heparin in nanopure water and stored in a flask containing = 100 pl lithium heparin
solution per 1 ml of mouse blood. Blood from = 20 mice was drawn and pooled together
to get a total volume of 20 ml of whole blood. Erythrocytes were separated from whole
blood via centrifugation (= 2,800x g for 10 minutes at 4°C). The plasma and buffy coat
were removed, and erythrocytes were washed in = 320 mOsm phosphate buffered saline
(PBS) (defined as 1xPBS) (Fisher Scientific). Erythrocytes were spun down (= 2,800x g
for 10 minutes at 4°C), the supernatant was removed, and the 1xPBS wash was repeated.

The intracellular hemoglobin of the erythrocytes was removed by hypotonic
treatment. Specifically, erythrocytes were suspended in 0.25xPBS (= 80 mOsm) for = 10
minutes at 4°C and then centrifuged (= 31,000x g for 20 minutes at 4°C). After
centrifugation the hemoglobin-containing supernatant was discarded, and the erythrocytes
were re-suspended in 0.25xPBS. Hemoglobin depletion steps were repeated until the
erythrocyte pellet was opaque, indicating the formation of erythrocyte ghosts (EGs). The
pellet was then re-suspended in 1xPBS.

To load ICG (MP Biomedicals) into EGs, 1 ml of EGs in 1xPBS was suspended in
I ml of 0.1 M Sorenson’s buffer (NaxHPO4/NaH,PO4, 140 mOsm, pH = 8), and 1 ml of 75
uM ICG in nanopure water. The final concentration of ICG in the loading solution was 25
uM. The samples were allowed to incubate for = 10 minutes at 4°C, then centrifuged (=

56,000-70,000x g for 1 hour at 4°C), and the supernatant removed. The pellet was re-
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suspended in 1xPBS and centrifuged again (= 56,000x g for 1 hour at 4°C). The supernatant
was removed a final time, resulting in a uNETs pellet, which was then resuspended in = 1-
1.5 ml of 1xPBS. We refer to this dose of uNETs solution as 1x puNETs. To reduce the
dose, 1x uNETs were diluted 1:1 with 1xPBS resulting in 0.5x uNETs. Similarly, the 0.5x
UNETs were diluted 1:1 with 1xPBS to get 0.25x uNETs. We note that since the lower
doses of uUNETSs were diluted from the same solution of 1x uNETs, the relative protein and
ICG content as well as the number of particles would be scaled accordingly.

To fabricate nNETs, EGs were formed as described above, and then diluted 1:10 in
1xPBS prior to an extrusion procedure. The diluted EGs were then extruded 3 times
through 800 nm polycarbonate porous filters (Whatman) using a 10 ml automatic
extruder (LIPEX Extruder, Evonik Canada Inc.). The resulting nano-sized EGs (nEGs)
were then centrifuged (= 70,000x g for 1 hour at 4°C), and the supernatant was removed.
The nEGs were resuspended in a volume of 1xPBS that was 10% of the volume of the
supernatant removed, resulting in a 10:1 concentration ratio. The nEGs were then
hypotonically loaded with ICG by adding 1 ml of nEGs suspension in 1xPBS to 1 ml 0.1
M Sorenson’s buffer, and 1 ml 75 uM ICG in nanopure water as described above. The
solution was then centrifuged and washed as described above, resulting in a nNETSs
pellet, which was then resuspended in =~ 1-1.5 ml of 1xPBS. We refer to this dose of
nNETSs solution as 1x nNETs. To reduce the dose, 1x nNETs were diluted 1:1 with
1xPBS resulting in 0.5x nNETs. Similarly, the 0.5x nNETs were diluted 1:1 with 1xPBS

to get 0.25x nNETs. Similar to the uNETs, the relative protein and ICG content as well as
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the number of particles would be scaled accordingly by diluting the 1x solution of

nNETs.

3.3.2 Fabrication of Folate-Functionalized nNETs (FF-nNETs) and Herceptin®-
Functionalized nNETs (HF-nNETs)

To fabricate FF-nNETs, EGs were first prepared as described above. We then prepared a
5 mg/ml solution of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[folate(polyethylene glycol)] (DSPE-PEG-FOL) (2 kDa PEG, Nanosoft Polymers) in =
100°C nanopure water. The nanopure water was heated to fully dissolve the DPSE-PEG-
FOL. We then incubated = 200 pl of the DSPE-PEG-FOL solution with 1 ml of the EGs
suspension in 1xPBS for 30 minutes at room temperature, allowing the insertion of the
DPSE component into the membrane of the EGs. This lipid-insertion method has also been
reported for the functionalization of erythrocyte membrane-cloaked nanoparticles.®® The
DSPE-PEG-FOL bearing EGs were then diluted 1:10 in 1xPBS and extruded as described
above, resulting in DSPE-PEG-FOL bearing nEGs. The DSPE-PEG-FOL bearing nEGs
were centrifuged (= 70,000x g for 1 hour at 4°C), and the supernatant containing any excess
DSPE-PEG-FOL was removed. The DSPE-PEG-FOL bearing nEGs were then re-
suspended in a volume of 1xPBS equal to 10% the volume of the supernatant removed,
resulting in a 10:1 concentration of the DSEP-PEG-FOL bearing nEGs. The DSPE-PEG-
FOL bearing nEGs were then hypotonically loaded with ICG by adding 1 ml suspension
of these particles in 1XPBS to 1 ml of 0.1 M Sorenson’s buffer, and 1 ml of 75 uM ICG in

nanopure water as described above. The particles were then centrifuged and washed, as
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described above. The resulting FF-nNETs pellet was re-suspended in = 1-1.5 ml 1xPBS.
We refer to this dose of particles as 1x FF-nNETs.

To fabricate HF-nNETs, we used a methodology similar to our previous report in
functionalizing nNETs with HER2 antibodies.’> We first prepared a 1 mg/100 pl
Herceptin® (gifted by Genentech) solution in nanopure water. Herceptin® was oxidized
by mixing 30 pl of the Herceptin® solution with 20 pl of 100 mM sodium periodate
(NalOs4) (Acros Organics) in nanopure water and 50 pl 1xPBS. The solution was incubated
at room temperature in the dark for 30 minutes. Excess oxidizing agent was removed by
filtering the oxidized Herceptin® through 100 kDa centrifugation filter tubes (Millipore
Amicon) via centrifugation (= 3,000x g for 5 minutes at room temperature). The oxidized
Herceptin® was re-suspended in 1xPBS and the filtration step was repeated for a total of
three spins. The oxidized Herceptin® was then re-suspended in 100 pl of 1xPBS.

To covalently attach the oxidized Herceptin® to the surface of NETs, we used
DSPE-PEG-amine (DSPE-PEG-NH>») (2 kDa PEG, Nanocs Inc.) as a linker molecule. EGs
in 1xPBS were prepared as described above, and then incubated with 1 mg/ml of the DSPE-
PEG-NH; lipid linker at room temperature for 30 minutes, resulting in lipid insertion of the
DSPE component of the linker. The resulting DSPE-PEG-NH> bearing EGs were then
diluted 1:10 in 1xPBS and extruded as described above. The resulting nano-sized
constructs were then hypotonically loaded with ICG by adding 1 ml suspension of these
particles in 1xPBS to 1 ml of 0.1 M Sorenson’s buffer, and 1 ml of 75 uM ICG in nanopure
water as described above. The particles were then centrifuged as described above, and then

re-suspended in = 150 pl of 1xPBS, resulting in DSPE-PEG-NH; bearing nNETs. The 100
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ul of oxidized Herceptin® was then added to the =~ 150 ul of DSPE-PEG-NH; bearing
nNETs and allowed to incubate for 5 minutes at room temperature. The solution was then
incubated with 10 pl of 20 mM sodium dithionite, as the reducing agent, for 1 hour at 4°C
in the dark, resulting in covalent-coupling between the amine on the PEG lipid linker and
the aldehyde on the oxidized Herceptin® via reductive amination. The resulting HF-nNETs
were washed in 1xPBS as described above, and then re-suspended in = 1-1.5 ml 1xPBS to
produce 1x HF-nNETs.

In order to confirm functionalization with Herceptin®, an aliquot of the HF-nNETs
were also incubated with Goat Anti-Human IgG FITC-labeled antibody (Southern Biotech)
for 1 hour at 4°C in the dark, and washed with 1xPBS as described above. The resulting

solution was characterized as described below.

3.3.3 Characterization of Particles

We used dynamic light scattering (DLS) (Zetasizer Nanoseries, NanoZS90, Malvern
Instruments) to estimate the hydrodynamic diameters of all particles suspended in 1xPBS.
For uNETs measurements, we used a 1:20 dilution in 1xPBS of the 1x solution. For all
other particles, we used a 1:40 dilution in 1xPBS of the 1x solutions to perform the DLS
measurements. All measurements were made with the particle suspensions in polystyrene
cuvettes with a 1 cm pathlength. Measurements were collected three times for each sample,
and used to determine the mean diameter and standard deviation (SD) for each sample

population. For all other characterization measurements (i.e., zeta-potentials and
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fluorescence spectra) we used a 1:80 dilution in 1xPBS of the 1x particle solutions unless
otherwise noted.

We measured the zeta-potentials (Zetasizer Nanoseries, NanoZS90, Malvern
Instruments) of the particles suspended in 1xPBS using folded capillary cells.
Measurements were collected five times for each sample, and used to determine the mean
zeta potential and SD for each sample population.

We acquired the fluorescence spectra of all types of particles in response to photo-
excitation at 720 + 2.5 nm filtered from a 450W xenon lamp using a fluorometer

(Fluorolog-3 spectrofluorometer, Edison). We obtained the normalized wavelength (\)-

dependent fluorescence emission () as follows:

F(A)

A)=_ "\
x(4) oA

(1)
where F' is the fluorescence emission intensity in response to the excitation wavelength
(Aex), and A(Aex) is the absorbance of the sample at Aex.

In order to confirm functionalization of the Herceptin®, an aliquot of the 1x HF-
nNETs was diluted 1:20 in IxPBS, resulting in 0.05x HF-nNETs. Herceptin®
functionalization was confirmed by taking the fluorescence of 0.05x dose of the particles
that were incubated with the FITC-labeled antibody in response to photo-excitation at 488
+ 2.5 nm, and comparing it to the fluorescence of a 0.05x concentration of HF-nNETSs not
incubated with the antibody. The emission of both sets of particles was collected over the

508-750 nm spectral band.
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Further physical and optical characterization of nNETs and uNETs has been
reported in our previous study,'”’ and are not repeated here. These characterizations
included ICG loading efficiency, excitation-emission maps, relative fluorescence quantum
yield as functions of ICG concentration, and the photostability of NETs. We have
previously provided the respective transmission and scanning electron microscopy images

of non-functionalized nNETs, and nNETs functionalized with HER-2 antibodies.?*!>°

3.3.4 Endotoxin Assessment

To quantify the levels of endotoxin associated with uNETs and nNETs, we used the
ToxinSensor™ Chromogenic Limulus Amebocyte Lysate (LAL) Endotoxin Assay Kit
(GenScript). UNETs and nNETs were prepared as described above. To ensure that there
was no endotoxin contribution from the solvent (PBS), particles were suspended in LAL
grade water after the last centrifugation. To retain the same relative amount of RBC
membranes in UNETs and nNETs, we diluted the respective particles by = 30 and 12.5
times in LAL grade water so that the particles had similar absorbance values at 280 nm.
Finally, uNETs and nNETs were diluted by 100 times in LAL grade water.

Once the uNETs and nNETs were prepared, we used the kit according to the
instructions provided in the manufacturer’s manual for endotoxin assessment. Using a
spectrophotometer (Jasco-V670), we obtained the 545 nm absorbance values for three
standard samples consisting of LAL grade water containing different known levels of
endotoxin units (EU/ml), a blank LAL water grade standard without any endotoxin, the

particles (UNETs and nNETs), and 0.5 mg/ml lipopolysaccharides (LPS) as the positive
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control. Absorbance of the blank sample at 545 nm was subtracted from the absorbance
values of all other samples. Using the blank-subtracted absorbance values of the standards,
we then generated a calibration curve relating the endotoxin levels to 545 nm absorbance
values. Endotoxin level of the uNETs and nNETs samples were subsequently determined
from this calibration curve. The absorbance values of LPS were beyond the linear range of

the kit due to their high endotoxin content.

3.3.5 Animal Studies

6-9 weeks old healthy female Swiss-Webster mice (Taconic Biosciences) were used in all
studies under a protocol approved by the University of California, Riverside Institutional
Animal Care and Use Committee (protocol A-20170038). Animals were anesthetized by
the inhalation of 2% isoflurane gas in oxygen. All animals received via tail vein a 100 pl
injection of either 1xPBS (negative control), 0.5 mg/ml LPS (Sigma-Aldrich) in nanopure
water (positive control), and various types of NET particles. The LPS had a manufacturer-
reported potency of > 500,000 EU/mg, which corresponds to > 25,000 EU per mouse
injection.

In Table 2, we provide a description of the various immunogenicity studies aimed
at investigating the effects of particle dose (relative number concentration), time-dependent
cytokines response at various times post-injection, functionalization, and dual injections
set one week apart. Upon termination of a given study, mice were euthanized by inhalation
of COz. The number of animals in each group for all studies was four. Following euthanasia,

we collected the blood by cardiac puncture and extracted the liver and spleen, two organs
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associated with the reticuloendothelial system, for cytokines profiling. Blood was placed
in BD Microtainer® separator tubes (Becton, Dickinson and Company) and allowed to
incubate on ice for 30-60 minutes before being centrifuged at =~ 3,400x g for 15 minutes at
4°C. The supernatant was collected and stored at -80 °C. The livers and spleens were flash
frozen in liquid nitrogen and then stored at -80 °C.

For the organ analysis, all samples were thawed on ice at room temperature. Organs
were weighed, and then suspended in a volume of lysis buffer in ul equal to five times the
organ weight in mg, following a modified version of the protocol by Amsen et al.!®> The
lysis buffer was composed of 150 mM sodium chloride (NaCl), 1% Triton X-100, 5 mM
ethylenediaminetetraacetic acid (EDTA), 50 mM Tris-HCI, and = 3.3 ul of Halt™ Protease
Inhibitor Cocktail (Fisher Scientific Company) per ml of lysis buffer. Following incubation
in the lysis buffer for 5-20 minutes at room temperature, organs were homogenized using
a tissue homogenizer (Omni TH 115, Omni International). The resulting solutions were
placed on ice for at least an hour before being centrifuged at = 3,000x g for 15 minutes at
room temperature and the supernatants were collected. Blood serum supernatants were
allowed to thaw on ice at room temperature. The resulting supernatants for the organs and

serum were then used for the analysis of various cytokines.
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icity studies.
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3.3.6 Cytokines Assessment

A Mouse Inflammation BD™ Cytometric Bead Array (CBA) Kit (BD, Biosciences) was
used to determine the cytokine concentrations in blood serum and homogenized organs.
The kit was run according to the instructions in the manufacturer’s manual. Briefly, we
first prepared a standard solution containing 5,000 pg/ml each of interleukin (IL)-6, IL-10,
tumor necrosis factor (TNF)-a, monocyte chemoattractant protein (MCP)-1, interferon-
gamma (IFN-y), and IL-12p70 by dissolving lyophilized standards provided by the kit in 2
ml of the assay diluent made of a buffered protein solution, according to the kit’s manual.
We chose to assay for these cytokines as they play important roles in inflammation.!®3-165
The standard solution was serially diluted with the assay diluent to get standards with 2,500,
1,250, 625, 312, 156, 80, 40, and 20 pg/ml of each cytokine. The assay diluent was
considered to be a standard without any cytokines. In each assay tube, we added 50 pl of
assay Capture Beads (containing equal amounts of Capture Beads for IL-6, IL-10, TNF-a.,
MCP-1, IFN-y, and IL-12p70), which would bind to the designated cytokine via specific
capture antibodies for each cytokine. To each tube containing assay Capture Beads, we
added 50 pl of either a cytokine standard, a blood serum sample, or a homogenized organ
sample. Finally, we added 50 pl of Mouse Inflammation Phycoerythrin (PE) Detection
Reagent, which contains PE-conjugated anti-mouse antibodies for each of the cytokines,
to all of the assay tubes. The PE served as the reporter molecule during the subsequent flow
cytometry measurements. Solutions were allowed to incubate for 2 hours at room
temperature in the dark, during which time the Capture Beads and PE-conjugated anti-

mouse antibodies would both bind to cytokines present in the sample. At the end of the
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incubation, 1 ml of Wash Buffer was added to each assay tube, followed by centrifugation
for 5 minutes at 200x g at 4°C. We removed the supernatant, and added 300 pl of Wash
Buffer to each assay tube to re-suspend the resulting pellet. The solution was then
transferred to a flow cytometer tube.

Samples were analyzed using a BD LSR II flow cytometer equipped with 488 nm
and 640 nm lasers. The instrument was set up according to BD’s “Guide to Using BD
FACSDiva Software with BD Cytometric Bead Array (CBA) Kits,” and data were
collected using the “Digital Instrument CBA Template” for BD FACSDiva software.
Briefly, the voltages for forward scatter (FSC), side scatter (SSC), PE, and allophycocyanin
(APC) fluorescence, were set to 465-475 V, 190-200 V, 445-466 V, and 365-378 V,
respectively. The exact voltages were determined using cytometer setup beads from the
Mouse Inflammation BD CBA kit on the day of the assay. Once the voltages were set, data
were recorded for each of the cytokine standards, followed by each of the samples.

Data were exported and analyzed using FCAP Array according to BD Bioscience’s
“FCAP Array™ Software Version 3.0 User’s Guide.” Briefly, the flow cytometry data
were filtered of debris, and clustered to form six distinct populations using histograms of
the APC fluorescent signals, one for each of the beads that correspond to the six cytokines
measured (Figure 3). The mean fluorescence intensity (MFI) of the PE fluorescent signal
was measured for each population. The results from the standards for each experiment were
fitted with a 5-parameter logistic curve, and the curve was used to correlate the MFI for
each measurement to a concentration for the selected cytokine (Figure 4). This curve

allowed us to extrapolate concentration values below the limit of detection of each cytokine,
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as well as values above the maximum standard concentration of 5,000 pg/ml. It is important
to note, however, that MFI values above a certain value will correlate to the upper
concentration limit of the 5-parameter logistic curve, resulting in some organ populations
having the same concentration value for all four measurements. Populations with all the

MFTI values mapped to the same concentration value were handled as discussed below.

IL-10 IL-6
300 s 174 163
I MCP-1 " L]
17.8
IFN-gamma
- et | N
200 - TNF-alpha ' |
= 17.2
c IL-12p70| , |
121
U 100 ~ , \j
0 5 Fmnna— T — T 43,' e J‘v e
10 10 10 10 10 10

APC

Figure 3. Representative bead clustering based on APC fluorescence emission for six
separate bead populations corresponding to IL-12p70, TNF-a,, IFN-y, MCP-1, IL-10, and
IL-6. Horizontal bars indicate the range of APC fluorescence intensities associated with
each cytokine bead population.
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Figure 4. Representative 5-Parameter Logistic fits for (a) IL-12p70, (b) TNF-a, (c) IFN-y,
(d) MCP-1, (e) IL-10, and (f) IL-6.

3.3.7 Data Analysis

Concentrations for each flow cytometer measurement were analyzed using GraphPad
Prism. Briefly, all of the results for one experiment were grouped together. Outliers were
detected using a Grubbs’ test (o = 0.05) and removed, resulting in some of the populations
having n = 3 cytokine concentrations. The concentrations were then analyzed using Brown-
Forsythe and Welch ANOVA tests. We used unpaired t-tests with Welch’s correction to
compare the mean of one population with the means of all other populations in that group.
For populations where all of the MFI values were mapped to the same concentration value,

the Welch ANOVA test could not be performed. Instead we compared the mean of the
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population with other population means of interest using an unpaired t-test with Welch’s
correction. Unless otherwise noted, all of the unpaired t-tests with Welch’s correction were
two-tailed (see Table 2). In order to display the cytokine concentrations on a Log 10 scale,
concentration values equal to 0 were set to 0.05 pg/ml for graphical purposes. Statistical
testing was done on the populations with the original 0 pg/ml concentration measurements.
Finally, we used a F-test to compare the variances of two populations of interest if needed.

Statistical methods associated with each immunogenicity study are summarized in Table

2.

3.4 Results
3.4.1 Characterization of NETs
As determined by fitting Lognormal distributions to the dynamic light scattering-based
estimates of hydrodynamic diameters, the mean peak diameters (+ standard deviation
(SD)) of the various types of NETs were as follows: 2,738 + 26 nm for uNETs, 109.26 +
0.592 nm for nNETs, 91.376 + 0.879 nm for FF-nNETs, and 106.81 + 0.93 nm for HF-
nNETs (Figures 5a, b). The mean + SD values of zeta potentials for the particles were as
follows: -14.72 £ 1.32 mV for uNETs, -14.16 £ 0.77 mV for nNETs, -11.86 = 0.56 mV for
FF-nNETs, and -15.08 £ 0.59 mV for HF-nNETs (Figure 5c). FF-nNETs had a
significantly higher zeta potential than all the other particles (p < 0.01 for all comparisons),
and nNETs had a significantly higher zeta potential than HF-nNETs (p < 0.05).

In response to photo-excitation at 720 £+ 2.5 nm, all particle types produced similar

fluorescence emission spectra (Figure 5d). The peak normalized fluorescence emission
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intensity at ~ 800 nm is associated with the monomer form of ICG. These results suggest
that the diameter and the functionalization agent did not affect the fluorescence of the
particles. After incubation with the Goat Anti-Human IgG FITC-labeled antibody, the HF-
nNETs showed an emission peak at # 525 nm (Figure 5e) in response to photo-excitation

at 488 £ 2.5 nm, confirming the conjugation of Herceptin® onto NETs.

3.4.2 Effects of Particle Size and Dose

The respective mean concentration values of IL-6 and TNF-a in blood serum at two hours
post-injection of 50 ug LPS were 20.37 and 2.86 ng/ml, respectively (Figures 6a,g). These
values are comparable to the reported respective values of = 12 ng/ml for IL-6 in blood
serum at three hours, and = 13 ng/ml for TNF-a at one hour post-injection of 50 ug LPS
in C57B1/6/129-Ola mice by Berg et al.!®® As another example of validation, our estimated
respective mean concentrations of 4.05 and 4.90 pg/ml for IL-6 in liver and spleen in
response to PBS injection are also comparable to the reported mean baseline values of =
18 pg/ml in liver and = 20 pg/ml in spleen of C57BL/6 mice.'®’

Mean concentrations of IL-6, IL-10, TNF-a, and MCP-1 in response to uNETs
were significantly lower than the mean concentration of these cytokines in response to LPS,
regardless of uNETs dose or the site of cytokine (blood serum, liver, spleen) (Figures 6a-
c, 6d-f, 6g-1, and 6j-1, respectively). Levels of both IFN-y and IL-12p70 induced by all
doses of uNETSs were not significantly different from the levels induced by PBS in blood
serum, liver, and spleen (data not shown). While some of the uNETs doses did lead to

significantly higher levels of the cytokines compared to the levels induced by PBS, there
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Figure S. Characterization of the various types of NETs. Hydrodynamic diameters of (a)
UNETs and (b) nNETs, FF-nNETs, and HF-nNETs as measured by dynamic light
scattering. We present the average (circles) of three measurements made on each sample.
Error bars are standard deviations from the average values. LogNormal fits to the measured
data are shown as solid traces. (c) Zeta potentials for all particle types in 1xPBS (= 320
mOsm phosphate buffer saline). Average of five measurements (bars) with standard
deviation (error bars) for each sample are presented. Statistical significance of * (p <0.05),
and **(p < 0.01) are indicated. Significance markings directly above FF-nNETs indicates
that the zeta potential for FF-nNETs is significantly different from those associated with
the other particles at the indicated significance level. Bracket indicates that the zeta
potential for nNETs and HF-nNETs are different from each other at the indicated
significance level. (d) Normalized emission spectra (see equation 1 in manuscript) in
response to photo-excitation at 720 = 2.5 nm for all particles in 1xPBS. Data points (circles)
with Gaussian fits (solid traces) are shown. (¢) Raw emission spectra in response to photo-
excitation at 488 + 2.5 nm of HF-nNETs with and without incubation with FITC-labeled
secondary antibody.

were no clear trends between the UNETSs dose and the significantly elevated cytokine levels.
In addition, there were no significant differences between the induced cytokine levels for

different uNETs doses in the blood serum, liver, and spleen. Overall, these results show

64



that while there were some increases in the mean concentrations of IL-6, IL-10, TNF-a,
and MCP-1 relative to those induced by PBS, in general they did not appear to correlate
with the investigated uNETs doses, and are possibly due to variations among the response
of the animals.

The levels of IL-12p70 induced by all investigated doses of nNETs were not
significantly different from the levels induced by PBS in blood serum, liver, and spleen
(data not shown). For IFN-y, the levels induced by all doses of nNETs were not
significantly different from those induced by PBS in blood serum and liver. In the spleen,
only the 0.5x nNETs induced a level of IFN-y that was significantly higher than that
induced by PBS. However, the [[FN-y] induced by the 0.5x nNETs was still significantly
lower than that induced by LPS, and the population mean concentration of IFN-y induced
by the 0.5x nNETs was only ~ 3 pg/ml higher than that of PBS.

The induced IL-10 mean concentration levels in response to all nNETs doses were
significantly lower than those associated with LPS in the blood serum and spleen (Figures
7d,1); however, only the 1x dose of nNETs induced a significantly lower level of IL-10 in
the liver compared to the levels induced by LPS (Figure 7¢). In addition, there were no
significant differences between the levels of IL-10 induced by PBS and any of the nNETs
doses in blood serum (Figure 7d). Only the 0.5x nNETs dose resulted in significantly
higher levels of IL-10 in the liver and spleen compared to PBS (Figures 7e,f). However,

since there were no significant differences between the IL-10 levels induced by any of the
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Figure 6. Effects of uNETs dose on cytokines production at two hours post tail vein
injection. Concentration measurements (as represented by dots) for (a-c) IL-6, (d-f) IL-10,
(g-1) TNF-a., and (j-1) MCP-1 in the blood serum, liver, and spleen, respectively, are shown
with the population mean (horizontal bars). PBS and LPS correspond to negative and
positive controls, respectively. Statistical significance of * (p < 0.05), ** (p < 0.01), and
*#%(p < 0.001) are indicated. Significance markings directly above LPS indicate that the
measured cytokines in response to LPS injection are significantly different with respect to
the values for other injected agents at the indicated significance level. Brackets with
asterisks above them indicate statistically significance between the shown pairs.
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other nNETs doses, these results may be due to variability among the animals response
rather than suggesting a dose-dependent IL-10 response.

Although all doses of nNETs induced significantly lower mean values of TNF-a
compared to LPS in blood serum, liver, and spleen, there did appear to be some dose
sensitivity (Figures 7g-i). Specifically, the 1x nNETs induced significantly higher mean
concentration of TNF-a as compared to 0.5x nNETs, 0.25x nNETs, and PBS injections in
blood serum, liver, and spleen. In addition, the 0.5x nNETs also induced a higher mean
concentration of TNF-a than PBS in blood serum, liver, and spleen, while the 0.25x dose
did not. These results suggest that higher doses of nNETs lead to higher concentrations of
TNF-a; however, even the highest investigated dose of nNETs did not induce a TNF-a
response comparable to that of LPS.

While the 1x nNETs did not induce a significantly lower mean concentration of
MCP-1 in blood serum compared to LPS, it neither induced a significantly higher level
compared to PBS (Figure 7j). Based on the results of the F-tests, the variances in MCP-1
induced concentrations in response to injection of LPS and all doses of nNETs were
significantly higher as compared to the variance associated with PBS injection in blood
serum, liver, and spleen (p < 0.05). The variance in MCP-1 concentrations for the 1x
nNETs in the blood serum was also significantly higher than the variances associated with
injection of the other doses of nNETs (p < 0.05).

All doses of nNETs induced significantly higher mean concentrations of MCP-1 as
compared to PBS in liver and spleen. However, those levels were still significantly lower

than the corresponding levels in response to LPS injection (Figures 7k, 1). There was a

67



dose-dependency effect where 1x nNETs injection resulted in a significantly higher mean
concentration level of MCP-1 in liver as compared to the 0.5x and 0.25x nNETs injections
(Figure 7k), and the 1x and 0.5x nNETs resulting in higher MCP-1 concentrations in spleen

as compared to 0.25x nNETs (Figure 71).

3.4.3 Time-Dependency of Cytokines Response

We used the 1x dose of uNETs and nNETs to investigate the dynamics of the induced
concentration levels of I1L-6, IL-10, TNF-a, and MCP-1 over a six-hour time interval
following injection. We chose the 1x dose of NETs for this study since in general it resulted
in the greatest levels of the cytokines at 2 hours post-injection for both uNETs and nNETs.
IL-12p70 and IFN-y were not investigated further since, for the most part, none of the
investigated doses of uNETs and nNETs investigated resulted in significantly elevated
concentrations of these two cytokines (data not shown).

For uNETs, the induced mean concentrations of IL-6, IL-10, TNF-a, and MCP-1
in blood serum did not significantly change over the time course of 2-6 hours post-injection
(Figure 8). When compared to the cytokine levels produced in response to PBS injection,
only the TNF-a mean concentration levels induced by the uNETs were significantly higher
at 2 and 6 hours after injection (Figure 8c).

The response to the nNETs injection was more varied among the animals. The only
significant difference in the induced cytokine response was for TNF-o whose mean
concentration was significantly higher at 2 hours compared to 6 hours post-injection (p <

0.01) (Figure 8c). Similar to the uNETs, the mean induced concentration of TNF-a. in
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Figure 7. Effects of nNETs dose on cytokines production at two hours post tail vein
injection. Cytokine concentration measurements (as represented by dots) for (a-c) IL-6, (d-
f) IL-10, (g-1) TNF-a, and (j-1) MCP-1 in the blood serum, liver, and spleen, respectively,
are shown with the population mean (horizontal bars). PBS and LPS correspond to negative
and positive controls, respectively. Statistical significance of * (p < 0.05), ** (p < 0.01),
and ***(p < 0.001) are indicated. Significance markings directly above a given agent
indicate that the mean value for that agent is significantly different from all other agents at
the indicated significance level. Brackets with asterisks above them indicate statistically
significance between the shown pairs.

69



(a) —
100000~ L (b) 1000 — Y
~ | &® W v = ’ ¥ it
Z 10000 F | 24 E 100 ' v
1000 )
E ¢ f, B ool s¥ iv3
=~ 100 Ay A ° _— v A * 3
N A e = 11 ° 4
- 10{ ¥ o :
= » 0 =
= 1- ° = 0.11
A vye
0.1- : . 0.01-
PBS LPS 1x pNETs 1x nNETs PBS LPS 1x pNETSs 1x nNETs
Sedsk
(c) i5g (d)
10000+ —i 1000007
= > ﬁ p— S
£ 1000 ¥ ki E T
e ry | o 10000 2 .
£ 1001 ° ) = * 1
= N % = v 3 = 10005 %% ' e .
1
o lo-ii’ a, —, . e - AV 9
z 1{, v (S) 100{ & ' * v
= ' L * ! ¢ = 4 & A s
0.1-4 Fxk ) 10-
f o) f PBS LPS 1x pNETs 1x nNETs
=
PBS LPS 1x pNETs 1x nNETs

A 2 Hours ¥ 4 Hours @ 6 Hours

Figure 8. Concentration of cytokines in blood serum at 2, 4, and 6 hours post-injection of
PBS, LPS, Ix uNETs, and 1x nNETs. Concentration measurements (as represented by
symbols) for (a) IL-6, (b) IL-10, (¢) TNF-a, and (d) MCP-1 are shown with the population
mean (horizontal bars). Statistical significance of * (p < 0.05), ** (p < 0.01), and ***(p <
0.001) are indicated. Brackets with asterisks above them indicate statistically significant
differences between the shown pairs.
response to nNETs at 2 and 6 hours post-injection were higher as compared to the levels
induced by PBS injection (Figure 8c). None of the other cytokines had induced mean
concentration levels that were significantly different from those of PBS at any of the
investigated time points.

Mean values of pNETs-induced concentrations of IL-6 and IL-10 in liver at 2, 4,
and 6 hours post-injection were not significantly different from each other (Figures 9a, b).
Although, the uNETs-induced levels of IL-6 were only significantly higher than those in

response to PBS at 4 and 6 hours post-injection, IL-10 induced levels were not significantly

different from PBS at any of the time points.
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Induced mean concentrations of TNF-a at 4 and 6 hours post-injection of uNETs,
while not significantly different from each other, were significantly greater than the value
at 2 hours (p < 0.05) (Figure 9c¢). At 2 and 6 hours post-injection, there were no significant
differences between the mean concentration of TNF-a induced by the uNETs and the
concentration induced by PBS, but at 4 hours post-injection, the uNETs induced levels of
TNF-a were significantly higher than the level induced by PBS. We observed a similar
trend for the uNETs-induced concentrations of MCP-1, where the mean values of the
induced concentrations at 4 and 6 hours were significantly higher than the mean
concentration at 2 hours (p < 0.05) (Figure 9d). In addition, while the MCP-1 concentration
induced by the uNETs was significantly higher than the concentration induced by PBS for
all three time points, they were still significantly lower than the concentrations induced by
LPS for all three time points.

For the nNETSs, we observed a similar trend for the induced cytokine dynamics in
the liver. Specifically, there were no statistically significant differences between the
concentrations of IL-6 and IL-10 induced by the various doses of nNETs at any of the time
points (Figures 9a, b). Although, the mean concentration of nNETs-induced IL-6
concentration at 4 hours did not have a statistically significant higher value than those at 2
and 6 hours, there was also a significantly higher variance in the measured concentration
at 4 hours as compared to those at 2 and 6 hours (p < 0.05). The nNETs induced levels of
IL-6 were only significantly higher than those induced by PBS 2 and 6 hours post-injection.
However, there were no significant differences between the nNETs and PBS induced IL-

10 levels at any of the time points.
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Similar to the results shown in Figure 8, the wide range in IL-6, TNF-a, and MCP-
1 concentration in liver at 4 hours is possibly due to the variability in response to nNETSs
injection among the animals (Figures 9a, c, d). Mean concentrations of TNF-a and MCP-
1 in liver at 2 hours were significantly higher than the corresponding concentrations at 6
hours post-injection (Figures 9c, d). However, the mean concentrations of these two
cytokines at 4 hours were not significantly different from those at 2 and 6 hours. In addition,
nNETs-induced mean concentration of TNF-o and MCP-1 were only significantly higher
than those in response to PBS at the 2 hours post-injection timepoint.
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Figure 9. Concentration of cytokines in liver at 2, 4, and 6 hours post-injection of PBS,
LPS, 1x uNETs, and 1x nNETs. Concentration measurements (as represented by symbols)
for (a) IL-6, (b) IL-10, (c) TNF-a, and (d) MCP-1 are shown with the population mean
(horizontal bars). Statistical significance of * (p < 0.05), ** (p <0.01), and ***(p < 0.001)
are indicated. Brackets with asterisks above them indicate statistically significant
differences between the shown pairs.
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In response to injection of 1x uNETs and 1x nNETs, there were no statistically
significant changes in the induced concentrations of IL-6 and IL-10 in spleen at 2, 4, and
6 hours (p > 0.05) (Figures 10a, b). While there were no significant differences between
the IL-10 levels induced by the uNETs and PBS at any of the time points, there were
significantly higher levels of IL-6 at 2 and 6 hours post-injection of uNETs as compared
to PBS. There were no significant differences at 4 hours post-injection between the IL-6
levels induced by PBS and the uNETSs. Furthermore, the uNETs induced levels of IL-6
were significantly lower than the levels induced by LPS for all three time points.

For 1x uNETs, there were no significant differences in the mean concentration of
TNF-a in spleen at 2, 4, and 6 hours (p > 0.05) (Figure 10c). In addition, there were no
statistically significant differences between the TNF-a induced concentrations by PBS and
the uNETs at any of the time points. The 1x uNETs-induced mean concentrations of MCP-
1 in spleen at 4 and 6 hours were significantly higher than the mean concentration at 2
hours (p < 0.05) (Figure 10d). Additionally, the MCP-1 concentrations induced by the
UNETs were significantly higher than those by PBS for all three time points. However, the
Ix uNETs-induced mean concentrations of TNF-o and MCP-1 still remained significantly
lower than the LPS-induced concentrations at all three measurement time points (Figures
10c, d).

Mean values of IL-6 and TNF-a concentrations in response to nNETs were only
significantly higher at 2 hours post-injection as compared to the respective values induced

by PBS (Figures 10a, c). There were no statistically significant differences in the mean
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values of IL-10 in response to nNETs at any of the time points as compared to those in
response to PBS (Figure 10b). Mean MCP-1 concentrations induced by the nNETs were
significantly higher than those associated with PBS at 2 and 6 hours post-injection, but not
at 4 hours post-injection (Figure 10d), possibly due to the variability of response among
the animals injected with nNETs. Both TNF-a and MCP-1 mean concentration levels in
spleen at 6 hours were significantly lower than their respective concentrations at 2 hours
(Figures 10c, d). However, the mean concentrations of these two cytokines at 4 hours were

not significantly different from their respective concentrations at 2 and 6 hours.
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Figure 10. Concentration of cytokines in spleen at 2, 4, and 6 hours post-injection of PBS,
LPS, 1x uNETs, and 1x nNETs. Concentration measurements (as represented by symbols)
of (a) IL-6, (b) IL-10, (c) TNF-a, and (d) MCP-1 are shown with the population mean
(horizontal bars). Statistical significance of * (p < 0.05), ** (p <0.01), and ***(p < 0.001)
are indicated. Brackets with asterisks above them indicate statistically significant
differences between the shown pairs.
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3.4.4 Effects of nNETs Functionalization with Folate or Herceptin®

We chose to investigate the effects of functionalization on the acute-phase response at 4
hours post-injection of functionalized nNETs since at the 6-hour time point, concentrations
of TNF-a (Figures 8c, 9¢, 10c) had significantly decreased as compared to the 2-hour time
points. Based on the amounts of folate or Herceptin® used in this study, there was a general
trend in reduction of the induced IL-6 (Figures 1la-c) and MCP-1 (Figures 11j-I)
concentrations in blood serum, liver, and spleen in response to injection of 1x FF-nNETs
or 1x HF-nNETs as compared to the levels resulting from the injection of 1x nNETs. There
was also a similar trend for IL-10 (Figure 11d) and TNF-a (Figure 11g) concentrations in

blood serum following the injection of 1x FF-nNETs or 1x HF-nNETs.

3.4.5 Effect of Dual Injections of NETs One Week Apart

Since the single 1x dose of the nNETs resulted in elevated levels of some of the investigated
cytokines at 2 hours post-injection, we aimed to investigate the effects of a dual injection
of a lower dose (0.5x), which we had found to be less immunogenic (e.g., Figure 71) when
administered at a single dose. Overall there were no statistically significant differences
between the induced cytokine levels in response to either a single injection or dual
injections one week apart to either 0.5x uNETs or 0.5x nNETs (Figure 12). The only
exception was that there was a significantly higher concentration of IL-10 in the spleen
after the second injection of the 0.5x nNETs (Figure 12f). We summarize our key findings

associated with each of the immunogenic studies in Table 3.

75



(a) Blood Serum (b) Liver (c) Spleen
10860 100 1
2 1end . z * 3 . °
) e w * 5}
=3 = = . -
- e . i L 3 e L .
g . ? + 4 o e
i 1004 . = - -
- — - .
- -
. 2 L 3
* - - v v - - $ $ T T
P - AS 0 - - - - -
..‘35 ..-35 ..'35 & S0 & < <8 <
> aa & L & - Al & &
& & & & SIS
A N N\ N N\ N
(d) Blood Serum (e) Liver (f) Spleen

;‘.
_r.

- -
"“ T T T - T T T
A > - g A \d > 4 d
& ..'5& ..l‘& & & & < S <
" 3 > & & N
N <& N v & & A <& Nl
AN iy N iNg i NS
(g) Blood Serum Liver (1) Spleen

[INF=<x] (pg'mh
:
-
-
' F
- -
- -
[TNF-o] (pgiml) =
- ‘"

s pe
[INF-0] {pg'ml)
. § &
.. - .
. .o

LI

-.\Q R \. .,\Q ,\‘ . «. /\'Q ,&\ . &. A
S & & F Y R & & F
> & & > & & N & &
\* \s N - N >
(_l) Blood Serum (k) Liver (1) Spleen

108008 100

.
180004 . *

IMCP-1] {pz/mh
: E
1 1
- -
.r
b
IMCP-1] gpg'mi)
- s
T _§ 5§ 5
. "
IMCP-1]{pg'ml}
. = &
F _§ § %
. .
- -
- '1 -
- -

Figure 11. Concentration of cytokines at 4 hours post-injection of 1x nNETs, 1x FF-nNETs,
and 1x HF-nNETs. Concentration measurements (represented as dots) for (a-c) IL-6, (d-f)
IL-10, (g-1) TNF-a, and (j-1) MCP-1 in the blood serum, liver, and spleen, respectively, are
presented. Horizontal bars represent the mean values associated with a given cytokine
concentration.
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3.5 Discussion

We have focused our studies to the acute-phase of the innate immune response. For the
effects of particle size and dose experiments, we chose to investigate the cytokine
concentrations at 2 hours post-injection since we were interested to know if the acute
response could be elicited within a relatively short time period (e.g., 2 hours). Cytokines
(e.g., IL-6, TNF-a) expressions in response to LPS have been shown to peak in blood
serum between 1 and 3 hours.!% We note that the initial phase of the innate response (prior
to the acute-phase) is primarily due to the complement system of plasma proteins that act
immediately to target the foreign materials (e.g., micro-and nano-particles in blood) for
direct lysis, or facilitating their phagocytosis or an inflammatory response by the sensor

cells of the innate immune system.!'®8

Our findings that there were some cytokines activity
suggests the continued innate response, requiring the involvement of cytokines to augment
the actions of the complement system. Other examples of the interplay between the
complement system activation and cytokines activity include C5a and C3a-mediated

production of TNF-a by macrophages,'%%17

and the reciprocal action of pro-inflammatory
cytokines in amplification of complement system activity.!”!

Macrophages and neutrophils are major inflammatory sensor cells equipped with
innate pattern recognition receptors that stimulate phagocytic responses to engulf and
destroy foreign materials. Whereas neutrophils extravasate out of the blood vessels to enter
an inflamed tissue, macrophages reside in almost all tissues, and are particularly found in

key filtration organs, such as the liver, spleen, and the lungs, where they perform

phagocytic functions.!” In our previous study, we found that about 20%, and 5% of
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administered uNETs were found in the spleen and liver of healthy SW mice at 6 hours post
tail vein injection, respectively.” For nNETs, the respective percentages in spleen and liver
were about 25% and 13% at 6 hours post tail-vein injection. Spleen is the filtration organ
involved in removal of senescent or damaged red blood cells (RBCs) from circulation by
red pulp resident macrophages.!”® Hence, in this study, we particularly assayed for the
presence of cytokines in spleen and liver.

Phagocytic sensor cells can also secrete cytokines, small proteins (about 25 kDa),
to mediate an inflammatory response. Cytokines can either act as synergists or antagonists

with one another,!74-176

and are considered as some of the biomarkers in assessing the
immunogenicity of various nanoparticles.!”* They can act as pro-inflammatory cytokines,
which lead to an immune response, or anti-inflammatory cytokines, which serve to
counteract and control inflammation responses.!’%!77

IL-6 is a pleiotropic cytokine with both pro- and anti-inflammatory roles, promptly
produced by various cells such as endothelial cells, monocytes, mesenchymal cells as well
as immune cells including macrophages.!’®!78 In the initial stages of an inflammatory
response, it moves from the bloodstream to the liver where it acts on hepatocytes to
synthesize and secrete acute-phase proteins with broad specificity for pathogen-associated
molecular patterns into blood.!”® Our results show that as early as two hours post-tail vein
injection of uNETs and nNETs, IL-6 levels in general were elevated, and in some cases
significantly higher than the levels induced by PBS injection (although still at significantly

lower levels than those induced by LPS) (Figures 6a-c, 7a-c). Elevated levels of IL-6 in

blood serum may have been due to production by monocytes.!’”® Mean concentrations of
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IL-6 in blood serum, liver, and spleen at 6 hours were not significantly different than those
at 2 hours post-injection of either 1x uNETs or 1x nNETs (Figures 8a, 9a, 10a).

TNF-a is a pro-inflammatory cytokine produced by activated macrophages.!7>18
It has a range of biological activities, and is also involved in the initiation of the acute-
phase response. TNF-a is a potent activator of endothelial cells, causing expression of
blood clotting proteins, and increased vascular permeability. There was a dose-dependency
effect where 1x nNETs induced a significantly higher concentration of TNF-a. as compared
to 0.5x nNETs and 0.25x nNETs in blood serum, liver, and spleen at two hours post-
injection (Figures 7g-i). At 6 hours post-injection of 1x nNETs, mean concentrations of
TNF-a became significantly lower in blood serum, liver, and spleen as compared to the
respective mean concentrations at 2 hours (Figures 8c, 9¢, 10c).

IL-10 is a potent anti-inflammatory cytokine that can be produced by various cell
types including monocytes, macrophages, and dendritic cells (DCs).!7>176181 Tts main
effects are to suppress macrophage and DC functions by deactivating their cytokine
synthesis.!76:181-183 T general, the uNETs- and nNETs-induced levels of IL-10 were not
significantly different from those induced by PBS in blood serum, liver, and spleen
(Figures 6d-f, 7d-f, respectively). In addition, mean concentrations of IL-10 in blood serum,
liver, and spleen did not change significantly when comparing any of the time points post-
injection of either 1x uNETs or 1x nNETs (Figures 8b, 9b, 10b).

Chemokines are chemoattractant cytokines released during the earliest phases of
infection, inducing directed chemotaxis of neutrophils, monocytes, and other effector cells

of innate immunity from blood into sites of infection.'®* MCP-1 (also designated as CCL2)
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is a member of the CC group of chemokines produced by a variety of cell types including
fibroblasts and endothelial cells, but with monocytes and macrophages as the primary
sources.!9185 Tt is a potent attractant of monocytes, inducing their migration from the
bloodstream to become tissue macrophages.!6%!86 There was a general trend that injection
of uNETs and nNETs at 1x dose led to elevated levels of MCP-1 as early as two hours
post-tail vein injection (Figures 6j-1, 7j-1). Additionally, all investigated doses of nNETs
induced significantly higher concentrations of MCP-1 in liver, and spleen as compared to
PBS (Figures 7k,1). While the mean concentration of MCP-1 in spleen at 6 hours post-
injection of 1x uNETs was significantly higher than its respective concentrations at 2 hours,
the trend was reversed in response to injection of 1x nNETs (Figure 10d).

Overall, it appears that nano-sized NETs were associated with higher induced
concentrations of IL-6, TNF-a,, and MCP-1 (Figures 6,7) as compared to those induced by
micro-sized NETs. Since uNETs and nNETs had similar zeta potentials, it is unlikely that
the zeta potential had a major role in modulating the immune response to uNETs and
nNETs. It has been suggested that the toxicity of nanoparticles can result from their
increased surface-to-volume ratio, giving rise to a greater proportion of reactive surface
molecules to be displayed on the surface compared to interior molecules.!'3” Consistent with
this explanation, nNETs would present a larger fraction of potentially immunogenic
surface molecules that can be recognized by the inflammatory sensor cells. In addition,
conformational changes to some of the immunomodulatory surface proteins during the
fabrication process of nNETs (e.g., formed by extrusion of micro-sized EGs) may result in

our observed cytokine levels. For example, CD47, a transmembrane glycoprotein on RBCs
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impedes phagocytosis through an inhibitory interaction with the signal-regulatory protein-
alpha (SIRP-o.) expressed on macrophages of the reticuloendothelial system.3*!88 However,
conformational changes in CD47 can switch its role from an inhibitory to an activating
molecule, leading to phagocytosis of RBCs.!* It is possible that mechanically-induced
conformation changes to CD47 (e.g., through mechanical extrusion of EGs) would lead to
a more efficient phagocytosis of nNETs and possibly enhanced secretion of specific
cytokines by phagocytic sensor cells.

There was a general trend in reduction of IL-6, TNF-a, and MCP-1 by
functionalizing the nNETs with folate or Herceptin® (Figure 11). Our functionalization
method involved the use of a DSPE-PEG linker inserted into the lipid phase of the particles.
Abrams et al reported that several cytokines including IL-6 and TNF-a were released into
the plasma of mice in which lipid nanoparticles were administered.!*® It is possible that
functionalization of nNETs based on DSPE-PEG lipid insertion was effective in
camouflaging the lipid phase of the particles from recognition by the inflammatory sensor
cells to ultimately reduce the released levels of IL-6, TNF-a, and MCP-1. It is also possible
that the detection capability of the inflammatory sensor cells were reduced due to induced
steric hindrance effects resulting from the presence of folate or Herceptin® conjugated
onto nNETs.

The second injection of either uNETs or nNETs at 0.5x, one week after their
respective first injection, in some cases resulted in elevation of some of the cytokines,
although the differences were not statistically significant (p > 0.05) (Figure 12) (with the

exception of IL-10 in the spleen after the second injection of 0.5x nNETs). Despite this
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finding, the role of the adaptive immune system in generating immunological memory
needs to be further investigated.

Other researchers have also investigated the immunogenicity of erythrocyte-based
constructs. For example, Luk et al have reported that injection of RBC-cloaked
nanoparticles loaded with doxorubicin in C57BL/6 mice did not result in a significant
increase in levels of IL-6 in blood serum 6 hours post-injection.!”! He el al show that
injection of 2D MoSe: nanosheets camouflaged with RBC membranes did not induce
elevated levels of IL-6, IL-12, or TNF-a in the serum of SD mice 24-72 hours post injection
compared to mice injected with saline.’! Similarly, Sun et al report that Chlorin e6
imbedded erythrocyte membrane vesicles containing Prussian blue nanoparticles did not
induce elevated levels of TNF-a in the blood serum of KM mice 1-7 days post-injection as
compared to PBS control group.’> While our results indicate some elevated levels of
inflammatory cytokines during the acute-phase (studies over 2-6 hours), these other studies
suggest that any cytokine elevation due to RBC derived constructs would return to baseline
levels within 24 hours, and remain stable for up to 7 days post-injection.

Since our endotoxin assessment of UNETs and nNETs showed some endotoxic
activity above those for the standard samples (Figure 13), it is possible that the elevations
in some of the cytokine level measurements may have a component due to endotoxins,
possibly introduced during the fabrication process. If this is the case, then some of the
measured cytokine levels may actually over-estimate the acute-phase response. In some
cases, the mean cytokine (TNF-a) levels due to 0.5x and 0.25x uNETs (Figure 6g) and

0.25x nNETs (Figure 7g) were not significantly different than that induced by PBS, and
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comparable to the reported value of ~ 68 pg/ml reported by Sun et al.,* indicating the
absence of an immune response due to NETs-based endotoxicity. Nevertheless, it is
important that for ultimate clinical translation, the processes for particles fabrication and
quality control are made in compliance with good manufacturing practice (GMP)

guidelines.

S- ® Endotoxin Standards
® uNETs
® nNETs

Ll 1 1 I T 1 1

0.00 0.05 0.10 0.15 0.20 0.25 0.3
Absorbance at 545 nm

Figure 13. Endotoxin levels for three standard samples, uNETs, and nNETs. The straight
line is the calibration curve fitting the standard measurements. Samples of uNETs and
nNETs were diluted 1:100 prior to the measurements.

While cytokines are important biomarkers in evaluating the immunogenicity of
particle-based delivery systems such as NETs, additional biomarkers for comprehensive
immunotoxicity evaluation include blood chemistry, hematology, and histology.!*> Our
results from a previous study show that the levels of biomarker enzymes alanine
aminotransferase and aspartate aminotransferase, associated with liver, and creatinine and
urea nitrogen, associated with kidney functions were not altered in a statistically significant

manner at 24 hours post injection of uNETs or nNETs in healthy SW mice.”® Values of
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RBC count, mean corpuscular volume, hemoglobin, and % hematocrit were not altered in
response to injection of UNETs or nNETs. Similarly, histological sections of liver, spleen,
lung, heart, and kidney did not show any pathological alterations. These results are
consistent with those reported by Luk et al where RBC count, platelet count, hemoglobin,
and % hematocrit were not significantly different from those of mice injected with a
sucrose solution,!”! as well as those by Rao et al where the nanoparticles did not induce
hepatic or renal toxicity.!*® While in this study, we have focused on the acute-phase of the
innate immune response, understanding of the complete immune response including the
roles of the complement system as well as the adaptive immune response in generating
long-term immunological memory associated with repeated administration of these

particles, and the interplay between innate and adaptive immunity are needed.

3.6 Conclusions

We have evaluated the acute-phase of the innate immune response to NETs in healthy
Swiss Webster (SW) mice following tail vein injection. In particular, we found that both
Ix uNETs and 1x nNETs resulted in statistically significant higher levels of TNF-a in
blood serum at 2 and 6 hours post-injection as compared to the levels associated with PBS
treatment at these times. Cytokines response to 1x nNETs at 2 hours also included
significantly higher levels of IL-6 in liver and spleen, TNF-a in blood serum, liver, and
spleen, and MCP-1 in liver and spleen as compared to PBS-induced Ilevels.
Functionalization of nNETs with folate or Herceptin® was associated with a general trend

in reduction of IL-6 and MCP-1 concentrations in blood serum, liver, and spleen, and TNF-
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a and IL-10 concentration reduction in blood serum. With the exception of IL-10 in spleen
in response to nNETs, the second injection of pNETs and nNETs at 0.5x did not lead to
significantly higher concentrations of other cytokines as compared to a single injection.
Future studies are needed to evaluate the roles of the complement system and adaptive

immunity in response to these particles.
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Chapter 4: Functionalized Erythrocyte-Derived Optical Nanoparticles to Target

Ephrin-B2 Ligands

4.1 Abstract

Over- or under-expression of Erythropoietin-production human hepatocellular receptors
(Eph) and their ligands are associated with various diseases. Therefore, these molecular
biomarkers can potentially be used as binding targets for the delivery of therapeutic and/or
imaging agents to cells characterized by such irregular expressions. We have engineered
nanoparticles, derived from erythrocytes and doped with the near infrared (NIR) FDA-
approved dye, indocyanine green (ICG). We refer to these nanoparticles as NIR
erythrocyte-derived transducers (NETs). Herein, we functionalized the NETs with the
ligand binding domain of a particular Eph receptor, EphB1, to target the genetically
modified human dermal microvascular endothelial cells (h(DMVECs) with co-expression
of EphB1 receptor and its ligand ephrin-B2. This cell model mimics the pathological
phenotypes of lesional endothelial cells (ECs) in Port Wine Stains (PWSs). Our
quantitative fluorescence imaging results demonstrate that such functionalized NETs bind
to the ephrin-B2 ligands on these hDMVECs in a dose-dependent manner that varies
sigmoidally with the number density of the particles. These nanoparticles may potentially
serve as agents to target PWS lesional ECs and other diseases characterized with over-

expression of Eph receptors or their associated ligands to mediate phototherapy.
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4.2 Introduction
Erythropoietin-production human hepatocellular (Eph) receptors are the most abundant

subgroup of receptor tyrosine kinases, with at least sixteen different receptors being

193

expressed in humans.”” These receptors are divided into two subclasses based largely on

their binding affinities for the two subclasses of ephrin ligands (ephrin-A or ephrin-B), and

are referred to as EphA or EphB receptors.!¥*1%7

EphA receptors tend to bind ephrin-A
ligands; while EphB receptors preferentially bind to ephrin-B ligands.!”>-1®7 These
receptors and ligands are involved in a number of physiological processes involving the
development of the nervous system, angiogenesis, and cell migration, !9%-196.198.199

Over- or under-expression of Eph receptors and their ligands have been associated
with lung, breast, and prostate cancers, as well as melanomas and leukemia.?’ Some Eph
receptors and ephrins have also been reported to play a role in bone homeostasis, and
implicated in myeloma bone disease, osteolytic bone disease associated with breast cancer

I and skeletal deformities including cleft palates and craniosynostosis.???

metastasis,?’
Deregulation of Eph receptor and ephrin ligand signaling has also been implicated in
aberrant synaptic functions associated with neurodegenerative diseases such as

Alzheimer’s disease.?%?

Recently, we found that EphB1 receptors and ephrin-B2 ligands
are co-expressed on the lesional endothelial cells (ECs) of in individuals with port wine
stains (PWSs).2%4

Due to their abundance on a variety of cell types, Eph receptors and their ligands
have become viable targets for therapeutic agents that can be conjugated to various

205-212

targeting moieties including peptides, antibodies, and the ephrins themselves. For
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example, Blevins et al. conjugated a peptide that targets EphA2 and EphA4 to a PEG linker

and a polymer for the delivery of therapeutic plasmids to the pancreas.?’’

Targeting the
Eph/ephrin system has also been done by attaching the targeting agent to a variety of
nanoparticles. For example, various targeting agents have been conjugated to hollow gold
nanospheres, gold-coated silica nanoshells, biosynthesized magnetite nanoparticles,
liposomal nanoparticles, and gold nanorods.?°%-2%8-211 [n addition to delivering therapeutics,
some nanoparticles can deliver imaging and photodynamic therapy agents to specific
cells. 205206212

Recently, use of cells such as erythrocytes, or nanoparticles coated with cell
membranes as therapeutic or imaging platforms has drawn increased
attention ?-33-33:119:.130213-218 A particular feature of erythrocytes that distinguishes them from
other cell types is their naturally long circulation time (=90-120 days) attributed to the
presence of “self-marker” proteins on their surface to inhibit the immune response.'* One
putative self-marker is CD47 glycoprotein, which impedes phagocytosis through signaling
with phagocytes receptor, SIRPa.>*21°-221 Hence, constructs derived from erythrocytes
may provide their cargo available in circulation for prolonged times.® For example, Hu et
al., reported that polymeric nano-constructs coated with erythrocyte-derived membranes
were retained in mouse blood for three days with a circulation half-life of = 8 hours.?!* As
constructs that can be engineered autologously (or from similar blood types), erythrocyte-

derived particles also present a potentially non-toxic, and biocompatible agent delivery

platform.
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We provided the first report of erythrocyte-derived nanoparticles doped with the
FDA-approved near infrared dye, indocyanine green (ICG).!>° We refer to these constructs
as NIR erythrocyte-derived transducers (NETs) since once photo-excited by an appropriate
NIR wavelength, ICG can transduce the absorbed light energy to emit fluorescence,
generate heat, or mediate the production of reactive oxygen species.>* We have previously
demonstrated the effectiveness of antibody-functionalized NETs in targeted imaging of
ovarian cancer cells, as well as NETs functionalized with tissue plasminogen activator as
a theranostic agent for NIR fluorescence imaging and thrombolysis of blood clots in
vitro.33%

Herein we report for the first time the engineering of NETs functionalized with the
ligand binding domain (LBD) of the EphB1 receptor (Figure 14). We chose the LBD of
the EphB1 receptor as the targeting agent since it has a strong binding affinity for the
ephrin-B2 ligand.!”> We demonstrate the effectiveness of such functionalized NETs (F-
NETs) in targeting endothelial cells that over-express the ephrin-B2 ligand by fluorescence

imaging. These optical constructs can potentially be useful to target the ephrin-B2 ligand

on a variety of diseases ranging from cancer cells to PWS ECs.
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Figure 14. Schematic of a PWS EC that co-expresses the EphB1 receptor and ephrin-B2
ligand. F-NETs are functionalized with the LBD of EphB1 to selectively bind to ephrin-
B2.

4.3 Materials and Methods

4.3.1 Fabrication of NETs and F-NETs
Erythrocytes were isolated from either bovine or human whole blood (Rockland

Immunochemicals, Inc. and Innovative Research, Inc. respectively) via centrifugation
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(1000 x g for 5-10 minutes at 4°C). The plasma and buffy coat were removed, and the
erythrocyte pellet was re-suspended in = 320 mOsm phosphate buffered saline (PBS)
(defined as 1xPBS). Erythrocytes were centrifuged (1000 x g for 5-10 minutes at 4°C)
and washed with 1xPBS three times with the supernatant discarded after each wash. The
erythrocyte pellet was then subjected to hypotonic treatment by re-suspension in
0.25xPBS (= 80 mOsm) for 10 minutes followed by centrifugation (20,000 x g for 20
minutes at 4°C). The supernatant containing hemoglobin was discarded, and the
hypotonic treatment was repeated until the erythrocyte pellet was opaque, indicating the
formation of erythrocyte ghosts (EGs).

To form non-functionalized NETs, EGs were extruded sequentially through 400
nm and 200 nm polycarbonate porous membranes (VWR, Inc.) using an Avanti mini
extruder (Avanti Polar Lipids, Inc.), resulting in nano-sized EGs (nEGs). These nEGs were
then suspended in a solution made of equal volumes of 1xPBS, 0.1 M S¢renson’s buffer
(NaxHPO4/NaH;POs4, 140 mOsm, pH = 8), and ICG solution (Fisher Scientific Company).
Concentration of ICG in the loading buffer solution was either 25 uM or 33.33 uM,
depending on the experiment. The solution was then centrifuged (= 56, 000 x g for 1 hour
at 4°C) and the supernatant was removed. The pellet, comprised of NETs, was then re-
suspended in 1xPBS, centrifuged, and washed two times. NETs were re-suspended in
1xPBS for experiments.

To fabricate F-NETs, we proceeded as follows. EGs (as prepared above) were

centrifuged (20,000 x g for 15 minutes at 4°C) and the supernatant was discarded (Figure
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15). We made a solution consisting of 5 mg of a linker, 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-polyethylene glycol-aldehyde (DSPE-PEG-CHO) (2000 Da PEG)
(Nanocs, Inc.) dissolved in 1 ml nanopure water. We added 20 pl of this lipid linker
solution to 1 ml of EGs in nanopore water and let the solution incubate (30 minutes at room
temperature). The resulting lipid-inserted EGs were then filtered through 50k Amicon
Ultra-4 centrifuge filter units (Millipore) via centrifugation (= 1,700 x g for 10-15 minutes
at room temperature) to remove excess linker. As excess lipid-linker and nanopore water
were removed through the filter units, the lipid-inserted EGs remained suspended in
solution by replenishing with 1xPBS. Lipid-inserted EGs were then extruded, and then
loaded with either 25 uM or 33.33 uM ICG in the loading buffer (as described above). The
resulting NETs with lipid-inserted linker were re-suspended in 1xPBS and incubated with
10 pg/ml Recombinant Rat EphB1 Fc Chimera Protein, Cf (R&D Systems, Inc.) (hereafter
referred to as the EphB1 LBD) for five minutes at room temperature in the dark. This
chimera protein is composed of the extracellular LBD of rat EphB1, a short polypeptide
sequence, and human IgG;. We added 5 pl of 20 mM sodium dithionite, as the reducing
agent, to the solution containing the NETs with lipid-inserted linkers, and incubated for
one hour at 4 °C in the dark. The amine group on the C-terminus end of the EphB1 LBD
protein serves as the site for covalent coupling with the aldehyde group on the end of the
lipid linker, induced by reductive amination reaction. During this reaction, the Schiff base
formed at the site of covalent coupling is reduced by the sodium dithionite, irreversibly
converting the imine to a more stable amine. This reaction results in covalent attachment

of the EphB1 LBD to NETs. The resulting pellet, comprised of F-NETs, was then washed
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in 1xPBS and centrifuged as described above before being re-suspended in 1xPBS (Figure

15).

4.3.2 Dynamic light scattering-based measurements of particle diameters

Hydrodynamic diameters of NETs and F-NETs suspended in 1xPBS were measured by
dynamic light scattering (DLS) (Zetasizer Nanoseries, NanoZS90, Malvern Instruments).
All measurements were made with the particle suspensions in polystyrene cuvettes with a
1 cm pathlength. Measurements were collected three times for each sample, and averaged
to calculate the mean diameter and standard deviation (SD) for each population sample.
The percentage of each sample’s population associated with a given diameter was plotted,

and data were fit with a Lognormal function using Igor.

4.3.3 Absorption and fluorescence spectra of NETs and F-NETs

Absorption spectra of NETs and F-NETs suspended in 1xPBS were recorded in the 280-
1000 nm spectral range using a UV Visible spectrophotometer (Cary 50 UV-Vis
spectrophotometer, Agilent Technologies) with an optical path length of 1 cm. Both NETSs
and F-NETs were fabricated using 25 pM ICG in the loading buffer. Suspensions of NETs
or F-NETs, diluted to have absorbance values of one at 800 nm, were designated to have
the relative number density (N*) of 1x when suspended in 1xPBS. To obtain solutions with
a lower N”, the nanoparticle solutions were diluted by increasing the volume of 1xPBS as
desired. To obtain solutions with a higher N*, the nanoparticle solutions were concentrated

using less 1xPBS as desired. We prepared solutions of NETs and F-NETs with N ranging
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Figure 15. Schematic of steps to fabricate F-NETs. 1. Erythrocyte ghosts (EGs) were
formed by depleting the hemoglobin content of erythrocytes. 2. EGs were incubated with
a DSPE-PEG-CHO linker for insertion into the lipid phase of EG’s shell. 3. Micron-sized
EGs (LEGs) with lipid-inserted linkers were extruded to make linker bearing nano-sized
EGs (nEGs). A zoomed-in cross-section of the extruder filters with nano-sized pores for
extrusion of LEGs into nEGs is shown. 4. nEGs with lipid-inserted linkers were loaded
with ICG in a hypotonic solution resulting in formation of nano-sized NETs containing
lipid-inserted linkers. 5. The EphB1 LBD was covalently attached to the terminal end of
lipid-inserted linkers using a reductive amination reaction to functionalize the NETs. For
illustration purposes we also show one of the erythrocyte membrane proteins, CD47.
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from 0.25x (lowest relative number density of nanoparticles) to 2x (highest relative number
density of nanoparticles) for various experiments.

Fluorescence spectra of NETs and F-Nets suspended in 1xPBS in response to
photo-excitation at 720 + 2.5 nm with a 450W xenon lamp were acquired using a

fluorometer (Fluorolog-3 spectrofluorometer, Edison). We normalized the wavelength (\)-

dependent fluorescence emission () as follows:

F(2)
x(A)=-—"A W
( ) 1-10~ %)
where F is the fluorescence emission intensity in response to photo-excitation at a given A,
and A(Aex) is the absorbance of the sample at the excitation wavelength. For this

characterization, both sets of NETs and F-NETs were fabricated using 33.33 uM ICG in

the loading buffer.

4.3.4 Functionalization validation

We validated the functionalization of NETs with the LBD of the EphB1 receptor by using
immunofluorescent staining. Specifically, NETs (control) and F-NETs were fabricated
using 33.33 uM ICG in the loading buffer, and incubated with 10 pl human IgG Fc
Phycoerythrin (PE)-conjugated antibodies (R&D Systems, Inc.) per one ml of NETs or F-
NETs solution for one hour at room temperature in the dark. These antibodies bind to the
human IgG; portion of the EphB1 LBD. Nanoparticles were centrifuged and washed in

1xPBS three times and then photo-excited at 488 + 2.5 nm (450W xenon lamp) to elicit
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emission from the PE. The resulting fluorescence emission spectra were recorded and

normalized as described above.

4.3.5 Human dermal microvascular endothelial cell culture and transfection
Human dermal microvascular endothelial cells (hDMVECs) were cultured in Endothelial
Cell Basal Medium (ECBM) with growth supplement (Cell Applications, Inc.) as
previously described.?’* In order to establish the EC models with co-expression of EphB1
receptors and ephrin-B2 ligands, which mimic the pathological phenotypes of PWS ECs,
we isolated a subset of normal hDMVECs with high expression of surface EphB1 receptors
via biotinylated chimera ephrin-B2-Fc, which contains the extracellular portion of ephrin-
B2 ligands and is capable of binding to EphB1 receptors, and streptavidin-conjugated
magnetic beads. The rationale of this selection is that the ephrin-B2-Fc chimera ligand
binds to EphB17/EphB4* expressing venous hDMVEC subpopulation, while the remaining
arterial ADMVEC subpopulation (EphB17/EphB4-) express ephrin-B2 ligands.
Specifically, 100 pg of the streptavidin-conjugated magnetic beads were incubated
with 2 pg of biotinylated chimera ephrin-B2 Fc at room temperature for 15 minutes before
the ephrin-B2 Fc-magnetic bead complex was removed from solution via magnetic strands.
The bead complex was then incubated with ~5x10> hDMVECsS on ice for 30 minutes. The
cells that bound to the bead complex were isolated and designated as EphB1*/ephrin-B2-
hDMVECs, which have previously been verified to express the EphB2 receptor, with

undetectable ephrin-B2 levels.?*
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Lentiviral vector pLX304-EphrinB2 containing human ephrin-B2 cDNA was
obtained from DNASU (Clone ID: HsCD00446022). Control lentiviral vector pLIM1-
EGFP (enhanced green fluorescent protein) was obtained from Addgene (Plasmid ID:
19319). The third generation lentiviral packaging plasmids were used to produce pLX304-
EphrinB2 and pLIMI-EGFP lentiviruses in Phoenix cells. The ephrin-B2 selected
hDMVEC subpopulation showed a higher level of EphB1 mRNA and a much lower level
of ephrin-B2 mRNA as compared to non-selected heterogeneous hDMVEC populations.?%*
EphB1*/ephrin-B2- hDMVECs were infected by either lentiviruses containing EGFP
(EGFP*/EphB1*/ephrin-B2- hDMVECs) (referred to as control cells) or human EphrinB2
cDNA to over-express ephrin-B2 (EphB1*/ephrin-B2" hDMVECsS) (referred to as ephrin-
B2 cells). The cells were continuously cultured for two weeks to allow the expression of
transgenes for the F-NETs experiments. The ephrin-B2 expression in the hDMVECs was
determined by Western blot assay, as we previously described. Beta-actin was used as the

internal loading control.2%*

4.3.6 Targeting Ephrin-B2 ligands by F-NETs

To determine the effectiveness of the F-NETs to target the ephrin-B2 ligand, we incubated
the control and ephrin-B2 cells with either NETs or F-NETs for 40 minutes at 4°C in the
dark. The incubating solution consisted of 50% human ECBM containing 10% fetal bovine
serum (FBS) by volume, with the nanoparticles in 1xPBS forming the other 50%. Both

NETs and F-NETs were fabricated using 33.33 uM ICG in the loading buffer solution. The
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relative number density of the particles (o) in 1xPBS and ECBM with 10% FBS cell media

was defined as:

p* _ N Vnanoparticles (2)

+Vecus

nanoparticles
where Vianoparticle 1S the volume of NETs or F-NETs suspension in 1xPBS, and Vecgwm is the
volume of ECBM and 10% FBS. Cells were incubated with NETs having p" of 0.5x, and
F-NETs with p" values ranging from 0.03x to 0.5x.

After incubation, cells were stained with 500 ul of 4’,6-diamidino-2-phenylindole
(DAPI) (10-11 uM) for subsequent fluorescence microscopy imaging experiments. DAPI
fluorescence emission in response to photo-emission at 360 + 20 nm by a Xenon/Mercury
arc lamp (Nikon Eclipse Ti-S microscope with an Osram Sylvania XBO75W/2 bulb,
Interlight) was captured by an electron multiplier gained CCD camera (Quant EM-CCD,
C9100-14 Hamamatsu) over the spectral band of 435-485 nm. NIR fluorescence emission
(>770 nm), emanating from ICG in NETs, was captured in response to photo-excitation at
740 + 35 nm. We present falsely colored fluorescent images associated with DAPI-stained

nuclei (blue channel), and ICG emission (red channel).

4.3.7 Image analysis
Acquired NIR fluorescent images of the cells were analyzed using ImageJ software.
Regions of interests (ROIs) were selected on a given image. The mean intensity I value

from a given set of ROIs was calculated as:
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where IR is the fluorescence emission intensity at the j* pixel in the ROI of a given image,
[packeround ig the fluorescence emission intensity corresponding to the background region of
the same image, p is the total number of pixels in a given ROI, n is the number of ROIs,
and m is the number of images obtained from the cell population. Multiple ROIs were
selected from a given image, and multiple images from a cell population were used to

calculate I for each population of cells.

4.4 Results and Discussion

4.4.1 Hydrodynamic diameter distribution of NETs and F-NETs

As determined by fitting Lognormal distributions to dynamic light scattering (DLS)-based
measurements, the average hydrodynamic diameters + standard deviation (SD) of non-
functionalized NETs and F-NETs were 127.96 + 1.58 nm and 156.76 £ 2.52 nm,
respectively (Figure 16). Our previously published transmission electron and scanning
electron microscopic images of NETs have shown that DLS-based measurements of NETs
diameter are consistent with those obtained by electron microscopy.**!>° The increase in
the mean diameter of F-NETs by ~ 28.8 nm suggests that the thickness of the linker and

the LBD coated onto the F-NETs was ~ 14.4 nm. Minelli and Shard measured the thickness
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of 2 kDa thiol terminated methoxy PEG coatings on gold nanoparticles to range from = 3-
16 nm.??? The DPSE-PEG-CHO linker used in our functionalization of NETs has a similar
structure to the linker used by Minelli and Shard. Therefore, our estimate of the coating

thickness is reasonable and consistent with this previous literature.

Number (%)

0 100 200 300 400 500
Diameter (nm)
Figure 16. Hydrodynamic diameters of NETs and F-NETs suspensions. Suspensions were
in phosphate buffered saline and the hydrodynamic diameters were measured by dynamic
light scattering. We present the average (circles) with SD values (error bars) associated
with three measurements of a sample. Lognormal distributions are fitted to the measured

data (solid traces). Black data points and traces correspond to the NETs population, while
the red data points and traces correspond to the F-NETs population.

4.4.2 Absorption and fluorescence spectra of NETs and F-NETs

Absorption spectra of NETs and F-NETs suspensions in 1xPBS as a function of the relative
number density (N*) of the particles are presented in Figure 17a and 17b, respectively.
Absorption at # 795 nm and = 735 nm correspond to the monomeric and H-like aggregate
forms of ICG, respectively.!3%223224 There was a near linear relationship between the
absorbance values at 795 nm and N*. For example, when N* was increased to 2x, the

absorbance value at 795 nm increased from = 1.0 to = 1.8 for both sets of nanoparticles.
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The similar absorbance values at 795 nm for NETs and F-NETs for all N* values suggests

that the loading efficiency of ICG was the same for both sets of nanoparticles.

There was a similar near linear relationship between the absorbance values at 280
nm, the wavelength associated with the protein absorption’? of NETs, and N*. For
example, when N” was increased to 2x, the absorbance value at 280 nm increased from ~
0.8 to ~ 1.4 for both sets of nanoparticles. For the same N*, there were minimal differences
between the absorbance values at 280 nm for NETs and F-NETs. This result suggests that
for a given N”, the population of F-NETs and NETSs had the same amount of proteins, and

the EphB1 LBD did not contribute to the absorbance of F-NETs at 280 nm.
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Figure 17. Absorption spectra of NETs and F-NETs. Absorption spectra of: (a) NETs, and
(b) F-NETs recorded in 1xPBS for various values of N ranging between 0.25-2x. Both
NETs and F-NETs were fabricated using 25 uM ICG in the loading buffer.

In response to photo-excitation at 720 + 2.5 nm, NETs and F-NETs produced nearly
identical fluorescence emission spectra in the 735-900 nm band (Figure 18a), associated
with the monomer form of ICG.??* Successful functionalization of NETs with the EphB1

LBD was evidenced by the drastically different fluorescence emission spectrum of F-NETs
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over the 550-630 nm spectral band, in response to 488 + 2.5 nm photo-excitation, as
compared to that of the NETs (Figure 18b). This band is associated with the fluorescence
emission of the Phycoerythrin (PE) dye??62%7 that was conjugated to the antibodies that
bind to the human IgG; part of the EphB1 LBD. The emission spectra provide evidence
towards successful functionalization of the F-NETs with the EphB1 LBD (Figure 18b),
while at the same time demonstrating that the NIR emission characteristics of F-NETs

remained unaltered as compared to that of NETs (Figure 18a).

(a) (b)

3
35x10 7 ® NET 160x10 7 — NETs with PE
g 30+ ° F-NETs g —— F-NETs :vith PE
.g og 120_
.E opm{
= E s
= TS
(] (7]
= = 404
g g
5o S £ . . :
z 760 800 840 880 Z 500 550 600 650

Wavelength (nm) Wavelength (nm)

Figure 18. Normalized fluorescence emission spectra of NETs and F-NETs. (a)
Normalized fluorescence emission spectra of NETs and F-NETs in response to photo-
excitation at 720 = 2.5 nm. We present the average (circles) with SD values (error bars)
associated with four samples. Gaussian functions fit the data (solid traces). (b) Normalized
fluorescence emission spectra of non-functionalized NETs and F-NETs after incubation
with human PE-labeled IgG Fc antibodies in response to photo-excitation at 488 + 2.5 nm.
All spectral recordings were made with the particles suspended in 1xPBS and N* = 1x.
Both NETs and F-NETs were fabricated with 33.33 uM ICG in the loading buffer.

4.4.3 Targeting Ephrin-B2 ligands by F-NETs
We verified the expression of ephrin-B2 on hDMVECs using a Western blot (Figure 19).

Even when incubated with NETs at the highest p" value (0.5x), there was minimal NIR
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fluorescence emission from the control and ephrin-B2 hDMVECs (image not shown),
suggesting that non-functionalized NETs were not effectively uptaken by either cell type.
We quantified the average NIR emission (I) using equation 3. There were no statistically
significant differences among I values for control hDMVECs whether incubated with
NETs or F-NETs with a p* value of 0.5x (data not shown), suggesting that both particles
were uptaken at about the same levels by the control hDMVECs. These results further
suggest that the interaction of control hDMVECs with either NETs or F-NETs is likely due
to non-specific binding, with uptake of the particles by clathrin-mediated endocytosis or

caveolae-dependent endocytosis.??
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Figure 19. Ephrin-B2 Western blot expression. Western blot showing the expression of
ephrin-B2 in hDMVEC:s infected with an ephrin-B2 lentivirus compared to the ephrin-B2
expression level of hDMVECs not infected with the ephrin-B2 lentivirus. Beta-actin levels
are shown as the internal loading control.

There was also minimal NIR fluorescence emission from control hDMVECs after
incubation with F-NETs, regardless of the p" value investigated (images not shown). This

result suggests that F-NETs were not effective in targeting hDMVECs that lacked the
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ephrin-B2 ligand. NIR emission from the ephrin-B2 hDMVECs emerged when the p value
for F-NETs exceeded 0.12x, suggesting that there was a threshold number density of F-

NETs for effective targeted imaging of ephrin-B2 hDMVECs (Figure 20a).

As the p value of F-NETs increased from 0.03x to 0.5x there was no clear trend in
I values for control hDMVECs (Figure 20b). There were also no statistically significant
differences in I values associated with control and ephrin-B2 hDMVECs when the p* value
of F-NETs was 0.03x or 0.06x. However, for p" > 0.12x there were statistically significant
differences (p < 0.001) between the I values associated with the control and ephrin-B2
hDMVECs. Specifically, for ephrin-B2 cells, there was a sigmoidal relationship between
the I values and p* value of F-NETs (Figure 20c). This result suggests that a threshold
number density of F-NETs (p° = 0.12x) was needed to overcome non-specific binding
between F-NETs and ephrin-B2 hDMVECs. Once this threshold value was exceeded, F-

NETs occupied almost all the available binding positions on the ephrin-B2 hDMVECs.
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Figure 20. Cellular fluorescence of control and ephrin-B2 hDMVECs incubated with F-
NETSs at various p' values. (a) Fluorescent images of control and ephbin-B2 hDMVECs
after 40 minutes of incubation at 4°C with F-NETs solutions. All images are falsely colored
with the blue and red corresponding to DAPI and ICG NIR emission from the NETs,
respectively. Scale bars are 30 pm. (b) Averaged fluorescence intensity (I) (see equation
3) as a function of p’. Cells from 3-4 images were analyzed, resulting in 16-41
measurements for each combination of nanoparticles and cells. Statistical significance of p
<0.001 is denoted by ***, Only statistically significant populations with the same p" value
of F-NETs are indicated. (c) Sigmoidal fit to the I values of the ephrin-B2 hDMVECs

versus the p° value of F-NETs. Error bars in panels (b) and (c) represent standard
deviations.
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A particular application of F-NETs relates to laser treatment of cutaneous capillary
malformations, PWSs. PWSs are currently treated by laser irradiation using visible
wavelengths in the range of 585-595 nm. These wavelengths target the endogenous
hemoglobin to induce photothermal destruction of the PWS vasculatures.??” However, the
melanin pigment within the melanocytes, located in the basal epidermal layer of skin and
residing over the abnormal plexus of dermal blood vessels, has relatively strong optical
absorption over the current laser treatment band. For example, at treatment wavelength of
585 nm, the absorption coefficient of a melanosome is comparable to that of oxy-
hemoglobin.?*® As such, the photons intended to reach the dermal vasculature would be
partially absorbed within the epidermis. The outcome is non-specific thermal injury to the
epidermis and insufficient heat generation within the vasculature, leading to an inadequate

treatment.

An alternative phototherapeutic approach can potentially be developed by using
NIR wavelengths in conjunction with intravascular administration of F-NETs. For
example, by changing the treatment wavelength from 585 to 755 nm, nearly threefold
reduction in the absorption coefficient of a single melanosome can be achieved.?® This
approach offers several advantages: (1) reduced risk of non-specific thermal injury to the
epidermis to potentially allow treatment of individuals with moderate to heavy
pigmentation;*! (2) increased depth of optical penetration to reach deeply-seated blood
vessels (e.g., > 500 um below the skin surface);*!' (3) targeted delivery of F-NETs to the
endothelial cells within the PWS vasculature where there is over-expression of ephrin-B2

204

ligands;="* and (4) heat generation within the blood vessels resulting from the absorption
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of ICG within the F-NETs to induce photothermal destruction of the abnormal vasculature

plexus.

4.5 Conclusions

To the best of our knowledge, we have demonstrated for the first time the fabrication of
erythrocyte-derived nanoparticles containing ICG, and functionalized with the EphBl1
LBD to target cells that express ephrin-B2. Optical absorption and fluorescence
characteristics of NETs remain unaltered upon functionalization with EphB1 LBD. Our
quantitative imaging fluorescence imaging results suggest that the uptake of such
functionalized NETs by ephrin-B2 expressing cells follows a sigmoidal function that

depends on the relative number density of F-NETs in the incubating medium.
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Chapter 5: EphA2 Receptor Targeting Erythrocyte-Derived Nanoparticles

5.1 Abstract

The over- or under-expression of Erythropoietin-production human hepatocellular
receptors (Eph) and their ligands, ephrins, are associated with a number of diseases,
including various cancers. We have developed a peptide, referred to as 147B5, capable of
selectively targeting and degrading EphA2 receptors. We have demonstrated the
successful functionalization of nanoparticles derived from red blood cells (RBCs) with
these peptides. As representative payloads the nanoparticles are loaded with the near
infrared (NIR) FDA-approved dye indocyanine green and the chemotherapeutic Taxol.
We refer to these nanoparticles as 147B5-NIR erythrocyte-derived transducers (147B5-
NETs). Spectral measurements confirm the 147B5-NETs are loaded with ICG. In
addition, the 147B5-NETs are capable of degrading EphA2 receptors on cancer cells and
are uptaken more by EphA2 expressing cancer cells compared to controls. These
nanoparticles represent a potential imaging and drug delivery platform for diseases

characterized by an over-expression of EphA2 receptors.
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5.2 Introduction

Eph receptors are a large subgroup of receptor tyrosine kinases, and together with their
ligands, ephrins, they play a large role in cell signaling.?!? Eph receptors and ephrins are
highly expressed in the developing nervous system and also play a role in the
development of the cardiovascular system.?!? The Eph/ephrin system is involved in a
number of developmental processes, and is important for establishing borders between
cells of different tissues.?! In adults Eph receptors and ephrins are important for synaptic
plasticity, bone homeostasis, and even insulin secretion.?3! However, the over- or under-
expression of Eph receptors and ephrins has been implicated in a number of diseases.
They have been linked to neurodegenerative diseases such as Alzheimer’s disease,?®?
bone remodeling diseases such as osteoporosis,?’? as well as vascular malformations such
as Port Wine Stains.?%*

Eph receptors and ephrins have also been shown to play a role in cancer, and have
been a number of studies aimed at targeting them as a potential cancer therapy.?*? One
Eph receptor of particular interest is EphA2. EphA2 receptors have been shown to be
overexpressed in most solid tumors.?** A number of small peptides and antibodies are
being investigated for their ability to target and stimulate EphA2 receptors, leading to
their phosphorylation, cell internalization, and subsequent degradation.?** This EphA2
activation is thought to require receptor dimerization or clustering, therefore more
effective targeting agents may be those that are dimers.?> However, YSA, an apparently
monomeric peptide that selectively binds to EphA2, has been shown to induce EphA2

receptor phosphorylation.?*> In addition, when YSA was conjugated to the
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chemotherapeutic paclitaxel, it was shown to be more effective at inhibiting prostate
cancer tumor growth in a xenograft model compared to paclitaxel alone.?*3 Therefore,
combining peptides capable of dimerization with chemotherapeutics is a promising
platform for more efficacious cancer therapy.

As another potential cancer treatment we have developed the first nano-sized red
blood cell (RBC) (erythrocyte)-derived constructs loaded with the FDA-approved near
infrared (NIR) dye indocyanine green (ICG).2” We refer to these nanoparticles as NIR
erythrocyte-derived transducers (NETs) since after NIR light excitation ICG is capable of
fluorescence emission, heat generation, and the production of reactive oxygen species.
We have previously demonstrated that NETs can be functionalized in order to target a
variety of cell types including cancer cells that express HER2 receptors,®? and cells that
over-express ephrin-B2 ligands.!>

Herein we fabricate NETs co-loaded with ICG and Taxol as a representative
chemotherapeutic. We demonstrate the successful functionalization of these NETs with a
peptide (147B5) that is capable to binding to EphA2 receptors (147B5-NETs). Here the
147B5 will coat the surface of the NETs, resulting in multiple peptides being in the same
vicinity when binding to EphA2 receptors and potentially leading to the efficient
degradation of the receptors. We show that functionalization does not adversely affect the
optical characteristics of the NETs. In addition, we investigate the effect of 147B5-NETs
on MDA-MB-231 breast cancer cells, which have been shown to express high levels of
EphA2.23¢ The 147B5 peptide is still able to bind to EphA2 receptors, resulting in their

degradation, after being functionalized to the NETs. Finally, these 147B5-NETs are able
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to be selectively uptaken by EphA2 expressing breast cancer cells. Therefore, 147B5-
NETs represent a potential cancer treatment modality that targets EphA2 receptors while

also delivery payloads for imaging, phototherapy, and chemotherapy.

5.3 Materials and Methods

5.3.1 Preparation of Peptide-Conjugated Streptavidin

A solution of 500 nM Streptavidin, Alexa Fluor™ 594 conjugate (ThermoFisher
Scientific) was incubated with 1500 nM of either the 147B5 peptide or the scrambled
147B5 peptide in 1xPBS for 2 hours at 37°C. The peptides were provided by the lab of
Dr. Maurizio Pellecchia. The tubes were inverted every 20-30 minutes to facilitate
solution mixing. Research has shown that biotin binds to streptavidin

noncooperatively,?7-238

so since the incubating solution had a 3:1 molar ratio of biotin to
streptavidin, on average each streptavidin will bind to 3 biotinylated peptides. The

solution was kept at room temperature in the dark for 1 hour before being used to

functionalize the NETs.

5.3.2 Fabrication of Peptide-Functionalized NETs

Whole mouse blood was drawn from female Swiss Webster mice via cardiac puncture.
The syringes were coated in 150 uL of a 2 mg/mL of heparin lithium in milli-Q water.
The collecting tube had 1 mL of the heparin lithium solution added for every 5 mL of
mouse blood collected. The whole blood was washed in = 320 mOsm phosphate buffered

saline (PBS) (defined as 1xPBS) and erythrocytes were separated via centrifugation
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(=2800xg for 10 minutes at 4°C). The supernatant containing the plasma and buffy coat
was removed, and the 1xPBS wash was repeated.

Intracellular hemoglobin was depleted from the erythrocytes via hypotonic
treatment in 0.25xPBS. The erythrocytes were suspended in 0.25xPBS and incubated for
~5 minutes at 4°C before being centrifuged (=31,000xg for 20 minutes at 4°C). The
supernatant containing depleted hemoglobin was removed, and the erythrocytes were
resuspended in 0.25xPBS. The hemoglobin depletion step was repeated until the
erythrocyte pellet was a pale pink and the supernatant was clear, resulting in erythrocyte
ghosts (EGs). EGs were resuspended in 1xPBS.

To ensure that the relative number of EGs from one batch of particles to the next
was consistent, the EGs solution was diluted to have an optical density of 1 at 280 nm,
which corresponds to the proteins on the EGs. These diluted EGs were concentrated
~59.5x, and were resuspended in a solution that was 98% 1xPBS and 2% 5 mg/mL
solution of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotin-(polyethylene
glycol)] (DSPE-PEG-Biotin) (2 kDa PEG, Nanocs Inc.) in milli-Q water. The EGs were
incubated with the DSPE-PEG-Biotin for at least 30 minutes at room temperature,
allowing the insertion of the DSPE component into the membrane of the EGs, resulting in
Biotin-EGs. This lipid-insertion method has been previously demonstrated for the use in
functionalizing erythrocyte-derived particles.® We have previously validated this method
for functionalizing NETs with a variety of functional groups.?333:141.152

In order to scale the Biotin-EGs from the micro- to the nano-scale, the solution

was diluted #30x in 1xPBS. The solution was then extruded through 2000 nm
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polycarbonate porous filters (Whatman) using a 10 mL automatic extruder (LIPEX
Extruder, Evonik Canada Inc.) two times, followed by three extrusions through 800 nm
polycarbonate porous filters (Whatman). The resulting nano-Biotin-EGs were spun down
(=70,000xg for 1 hour at 4°C), the supernatant was removed, and the nano-Biotin-EGs
were concentrated ~6x in 1xPBS.

To load ICG and Taxol into the nano-Biotin-EGs, a 1:1:1 ratio solution of nano-
Biotin EGs, 0.1 M Sorenson’s buffer (NaxHPO4/NaH>PO4, 140 mOsm, pH =8), and a 50
nM Taxol and 75 pM ICG in milli-Q water solution were mixed together. The final
concentrations of Taxol and ICG in the loading solution were #16.67 nM and 25 uM,
respectively. The solution was centrifuged (=70,000xg for 1 hour at 4°C) and the
supernatant containing unloaded ICG and Taxol was removed. The resulting nano-Biotin-
NETs were concentrated ~12x in 1xPBS.

The nano-Biotin-NETs were incubated with either the 147B5 peptide conjugated
streptavidin solution, or the scrambled 147B5 peptide conjugated streptavidin solution, at
a 1:1 ratio for 2 hours at 37°C. The tubes were inverted every 20-30 minutes to facilitate
solution mixing. The solutions were centrifuged (=56,000xg for 1 hour at 4°C) and the
supernatant containing unbound peptide-conjugated streptavidin was removed. The
resulting 147B5-NETs and Scrambled-NETs were concentrated 4x to get the stock

solutions of each nanoparticle.
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5.3.3 Characterization of NETs

To determine the amount of streptavidin conjugated to the NETs, 1:10 dilutions of the
NETs in 1xPBS were prepared. The raw fluorescence emission spectra in response to
photoexcitation at 590 + 2.5 nm filtered from a 450 W xenon lamp using a fluorometer
(Fluorolog-3 spectrofluorometer, Edison) was collected from 605-750 nm. The raw
fluorescence emission spectra were also collected for solutions of 100 nM, 50 nM, 25
nM, 12.5 nM, and 6.25 nM Streptavidin, Alexa Fluor™ 594 conjugate to create a standard
curve relating the streptavidin concentration to the peak emission at 617 nm. The
standard curve was then used to estimate the amount of streptavidin conjugated to each of
the NETs solutions. The streptavidin concentration was multiplied by 3 to get the
concentration of either the 147B5 peptide or the scrambled 147B5 peptide on the NETs.
Concentrations of NETs refer to this calculated peptide concentration.

To characterize the NETs, 1:100 dilutions of the NETSs stock solutions in 1xPBS
were prepared. We used dynamic light scattering (DLS) (Zetasizer Nanoseries,
NanoZS90, Malvern Instruments) to estimate the hydrodynamic diameters of all particles
suspended in 1xPBS. We collected 9 measurements of each sample and present the
average with the standard error of the mean. Optical density spectra of the NETs
suspended in 1xPBS were recorded in the 280 to 1000 nm spectral ranges using a UV
visible spectrophotometer (V670, JASCO) with an optical path length of 1 cm.
Fluorescence emission spectra of the NETs suspended in 1xPBS in response to

photoexcitation at 780 £ 2.5 nm was collected from 795-900 nm using a fluorometer as
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described above. The fluorescence emission spectra of the NETs was normalized using

the optical density of the excitation wavelength as follows:

_F®
X_1—10—A(7Lex) (1)

where F is the fluorescence emission intensity at a given wavelength (1), and A(Aex) is

the optical density of the sample at the excitation wavelength.

5.3.4 Immunoblotting Analysis

MDA-MD-231 breast cancer cells (American Type Culture Collection) and cultured in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% PenStrep (100U/mL penicillin and 100pug/mL streptomycin). Cells
were plated overnight in 6-well plates. Cells were serum-starved for 1 hour prior to being
treated with DMEM (negative control), 1 pg/mL ephrinA1-Fc (positive control), 50 nM
147B5-NETs, 200 nM 147B5-NETs, 50 nM Scrambled-NETs, or 200 nM Scrambled-
NETs. Cells were incubated for 1 hour at 37°C in the dark. Cells were then harvested and
lysed with a lysis buffer (20 mM Tris, pH 7.4, 120 mM NacCl, 1% Triton X-100, 0.5%
sodium deoxycholate, 0.1% SDS, 1% IGEPAL, 5 mM EDTA) supplemented with
EDTA-free protease inhibitor cocktail and PhosSTOP (Sigma-Aldrich). Lysates were
subsequently centrifuged and the supernatants were collected. Supernatants were
subjected to SDS-PAGE and transferred to PVDF membranes. The blots were blocked
with 5% nonfat milk in TBS-T and probed with primary antibodies raised against EphA2

(ThermoFisher Scientific, 374400) or B-tubulin (Santa Cruz Biotechnology, sc-58884) at
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4°C overnight. Blots were then incubated with HRP-conjugated goat anti-mouse
secondary antibody (ThermoFisher Scientific) for 1 hour and protein bands were
visualized using Clarity Western ECL kit (BIO-RAD) and imaged on a FluorChem
(ProteinSimple) imaging system. Scans were processed and analyzed with AlphaView.
For a relative comparison of EphA2 receptor degradation we calculated the ratio between
the pixel intensity of the EphA2 band and the pixel intensity of the corresponding [3-

tubulin band.

5.3.5 Fluorescence Cell Imaging

MDA-MB-231 cells were plated on glass coverslips in 12-well plates overnight at 37°C.
The cells were serum-starved for 1 hour before treatment with DMEM, 200 nM 147B5-
NETs, or 200 nM Scrambled-NETSs. The cells were incubated for 1 hour at 37°C in the
dark. Cells were fixed with 4% paraformaldehyde for 20 min on ice and permeabilized
with 0.2% Triton X-100 in PBS for 5 min. VectaShield antifade mounting medium with
DAPI was added to the coverslips to stain the nuclei and the coverslips were transferred
to glass slides. Images were acquired using an inverted ZEISS LSM 880 confocal

microscope.

5.4 Results and Discussion
5.4.1 Characterization of NETs
The peak hydrodynamic diameters as measured by DLS were 103.82 + 1.01 nm and

112.04 +2.65 nm for the 147B5-NETs and the Scrambled-NETs, respectively,
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confirming the nano-size of the NETs (Figure 21). We have previously shown that DLS
measurements are consistent with the sizes obtained by electron microscopy using TEM?’

and SEM?? images.

184 ® 147B5-NETs
® Scrambled-NETs

0 100 200 300 400 500

Diameter (nm)

Figure 21. Hydrodynamic diameter distributions of 147B5-NETs and Scrambled-NETs.
We present the average (circles) with standard error of the mean (error bars). Lognormal
distributions are fitted to the measured data (solid traces). Blue data points and traces
correspond to the 147B5-NETs. Red data points and traces correspond to the Scrambled-
NETs.

Optical density spectra of the 147B5-NETs and Scrambled-NETs clearly show
successful ICG loading with the characteristic peaks at 795 nm and =735 nm (Figure
22), corresponding to the monomeric and H-like aggregate forms of ICG, respectively, as
we have previously reported.?*!°7223 The two sets of NETs have similar optical density at
280 nm (about 0.2-0.22) and at 795 nm (about 0.25), which corresponds to their protein

and ICG concentrations, respectively.!>” These similar protein:ICG concentration ratios

show that the final NET's formulations had similar ICG concentrations. The similar ICG
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concentrations are also evident in the normalized emission spectra of the NETs after
excitation at 780 nm (Figure 23). Both NETs show a strong emission peak near 800 nm,
which gradually decreases until about 860 nm before leveling off. Again, this is
consistent with our previous results.!>*137 Both the optical density and emission spectra
demonstrate that the peptide functionalization process does not affect the ICG loading

capabilities of the NETs.
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b 0.20- —— Scrambled-NETs
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400 600 800 1000
Wavelength (nm)
Figure 22. Optical density of 147B5-NETs (blue trace) and Scrambled-NETs (red trace)

in 1xPBS over the spectral range of 280-1000 nm. The NETs stock solutions were diluted
1:100 in 1xPBS.
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Figure 23. Normalized emission spectra of 147B5-NETs (blue trace) and Scrambled-
NETs (red trace) in 1xPBS after excitation at 780 nm. The NETs stock solutions were
diluted 1:100 in 1xPBS.

Raw emission spectra were also collected for solutions with known streptavidin,
Alexa-Fluor™ 594 conjugate concentrations in 1xPBS. The emission of these solutions at
617 nm were used to generate a standard curve (data not shown), allowing us to estimate
the streptavidin concentration of our NETs. The 1:10 dilutions of the 147B5-NETs and
Scrambled-NETs were 40.96 nM and 43.43 nM, respectively. The stock solutions
therefore had streptavidin concentrations of 409.6 nM for the 147B5-NETs and 434.3 nM
for the Scrambled-NETs. Each streptavidin molecule is functionalized with three
molecules of the biotinylated 147BS5 or scrambled peptides, so the theoretical peptide
concentrations are 1228.8 nM for the 147B5-NETs and 1302.9 nM for the Scrambled-

NETs. In addition, the strong emission at 617 nm for both sets of NETs demonstrates

their successful functionalization with their respective peptides (Figure 24).
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Figure 24. Raw emission of 147B5-NETs (blue trace) and Scrambled-NETs (red trace)
in 1xPBS after excitation at 590 nm. For comparison the raw emission of streptavidin,
Alexa-Fluor™ 594 conjugate at concentrations of 50 nM (black trace) and 6.25 nM

(green trace) in 1xPBS are also shown. The NETs stock solutions were diluted 1:10 in
1xPBS.

5.4.2 In vitro EphA2 Receptor Targeting and Degradation

To determine if the peptides were able to induce EphA2 degradation MDA-MB-231 cells
were incubated with 147B5-NETs and Scrambled-NETs and then analyzed using a
Western blot. At a peptide concentration of 200 nM the 147B5-NETs showed a
diminished band at 97 kDA, indicating EphA2 degradation (Figure 25a). When
normalized to the expression of B-tubulin (band at 51 kDA), the 147B5-NETs at 200 nM
showed receptor degradation that was slightly stronger than that of cells incubated with a

positive control of ephrinA1 (Figure 25b). 147B5-NETs at a concentration of 50 nM and

123



Scrambled-NETs at 50 nM and 200 nM did not induce the degradation of the receptor.
These results show that the 147B5 peptide is still able to induce EphA2 receptor
degradation after being functionalized to NETs.

The 147B5-NETs were incubated with MDA-MB-231 cells for 1 hour at 37°C
and then fixed to determine if the NETs were uptaken by the cells. Confocal imaging
clearly shows increased streptavidin levels near the cell nucleus after incubation with the
147B5-NETs, as indicated by the increase in the red signal (Figure 26). There was
minimal fluorescence in the red channel for cells that were incubated with just media or
the Scrambled-NETs. This demonstrates that the 147B5-NETs were able to target and be
selectively uptaken by the EphA2 expressing cells.

These results all demonstrate the successful functionalization of NETs with the
147BS5 peptide. Furthermore, they show that the 147BS5 peptides are still capable of
stimulating EphA2 receptor degradation after being functionalized to the NETs, which
not only has the potential to decrease EphA2 receptor levels on breast cancer cells, but
also facilitates the targeted uptake of the NETs by cells expressing EphA2 receptors. This
site-specific targeting also has the potential to allow for the targeted delivery of various
payloads. Here we have demonstrated that the NETs can be loaded with representative
payloads such as ICG, which we have shown is capable of being used for imaging,
photothermal therapy, and photodynamic therapy for cancer in vivo.>* The NETs were
also loaded with Taxol in the loading solution, meaning they have the potential to also

facilitate the site-specific delivery of chemotherapeutics. Therefore, 147B5-NETs
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Figure 25. (a) Western blot demonstrating receptor degradation of EphA2 receptors with
B-tubulin shown as a control. (b) Comparison of EphA2: B-tubulin ratios for controls,
147B5-NETs, and Scrambled-NETs.
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Streptavidin DAPI Merge

Figure 26. MDA-MB-231 cells incubated with media, Scrambled-NETs, and 147B5-
NETs. Shown is the red fluorescence from the Streptavidin, Alexa-Fluor™ 594 conjugate
and the blue fluorescence from the DAPI cell nuclei staining. Scale bar corresponds to 10

pm.
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represent a promising payload delivery platform with the potential for multimodal cancer

therapy.

5.5 Conclusions

We have demonstrated the successful functionalization of NETs with the 147B5 peptide
that specifically targets EphA2 receptors. Characterization measurements indicated that
the functionalization process does not affect the optical characteristics of the NETs.
Fluorescence imaging shows the selective uptake of 147B5-NETs by EphA2 expressing
cancer cells. Western blot analysis shows that the 147B5-NETs are also capable of
degrading EphA2 receptors. These nano-constructs represent a promising payload
delivery system for diseased cell states characterized by an over-expression of EphA2

receptors.
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Chapter 6: Conclusions

These studies demonstrate the versatility of erythrocyte-derived particles loaded with
ICG. In order to offer some context for the field of RBC-derived constructs in the second
chapter we review the current trends for constructs that employ light-based mechanisms
for imaging and therapeutics. We focus on the current methods for developing light-
based RBC-derived constructs, as well as the different applications for which they are
being investigated. While there is still a great deal of research needed before these
constructs can be used clinically, we highlight the great potential of RBC-derived
constructs for cancer and vascular theranostics.

Shifting our focus to NETs, in the third chapter we have found that while uNETs
and nNETs result in significantly higher levels of TNF-a in the blood serum 6 hours
post-injection compared to a negative control of PBS, only the nNETs induced
significantly higher levels of IL-6 in the liver and spleen; TNF-a. in the blood serum,
liver, and spleen; and MCP-1 in the liver and spleen 2 hours post-injection compared to
the negative control. In addition, functionalizing the nNETs with folate or Herceptin was
associated with a reduction in IL-6 and MCP-1 in the blood serum, liver, and spleen; and
lower concentrations of TNF-a and IL-10 in the blood serum. A second injection of
UNETs did not lead to higher levels of any of the cytokines in the blood serum, liver, and
spleen. After a second injection of nNETs only the IL-10 in the spleen was elevated
compared to the levels after a single injection. Overall, these results suggest that NETs
have the potential to be non-immunogenic and do not activate the adaptive immune

system. While we have focused on the acute phase of the innate immune response, more
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studies are needed to determine the immune response over longer periods of time and to
fully assess the adaptive immune response to these particles.

In addition to probing the acute phase of the innate immune response we have
looked at functionalizing nNETs to provide them with targeting capabilities. In the fourth
chapter we detail the fabrication of NETs functionalized with the ligand binding domain
of EphB1 receptors, resulting in F-NETs. Our optical measurements of the nanoparticles
show that the functionalization process was successful, and that the process does not
adversely affect the optical properties of the F-NETs. The EphB1 functionalization was
also shown to furnish F-NETs with the ability to target ephrin-B2 ligand-expressing cells,
as determined by quantifying the NIR fluorescence signal of the cells after incubation
with the NETs. The uptake of F-NETs follows a sigmoidal function based on the relative
number density of the F-NETs in the incubating solution. These results clearly illustrate
the effectiveness of our functionalization method, and emphasize the potential F-NETs
have in the targeted imaging of diseased cell states characterized by an over-expression
of ephrin-B2 ligands.

Finally, in the fifth chapter we continue to explore the potential for nNETs to
target the Eph/ephrin system. We functionalize nNETs with a peptide, 147B5, capable of
binding to EphA2 receptors, leading to receptor degradation. We confirm these 147B5-
NETs are functionalized using fluorescence emission measurements. In addition, optical
density measurements verify the successful loading of ICG, indicating that the
functionalization does not affect the optical characteristics of the 147B5-NETs. A

solution of 147B5-NETs with a peptide concentration of 200 nM is sufficient to degrade
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EphA2 receptors, denoting that the 147B5 peptides are still capable of binding to EphA2
receptors and inducing receptor degradation after being attached to the surface of the
nNETs. Furthermore, MDA-MB-231 cancer cells are shown to selectively uptake the
147B5-NETs using confocal microscopy.

Altogether these findings underline the promise of NETs as non-immunogenic
carriers of ICG for imaging and therapeutic applications. NETs have additionally been
successfully functionalized with various targeting moieties, furnishing them with the
capacity for the site-specific delivery of ICG to diseased cell states, particularly those

characterized by the over-expression of Eph receptors and their ligands.
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