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Immune modulatory therapies usually need to be effectively delivered to lymph nodes to enhance therapeutic
effectiveness. Lymphatic vessels exist throughout the body and can transport 10 — 250 nm therapeutic
nanoparticles to lymph nodes, however, nanoparticle formulations required to maximize this transport,
and the mechanisms governing this transport are poorly understood. Here, we probed the effect of
surface charge, surface poly(ethylene glycol) (PEG) density, shape, and size on nanoparticle
transport across LECs (LECs) and lymph node delivery. Using an established in-vitro lymphatic
transport model, we found PEGylation improved the transport of 100 and 40 nm nanoparticles
across LECs 50-fold compared to non-PEGylated nanoparticles and that transport is maximized
when the PEG is in a dense brush conformation corresponding to a high grafting density (Rf/D =

4.9). PEGylating 40 nm nanoparticles improved transport efficiency across LECs 68-fold compared to



unmodified nanoparticles, demonstrating that the addition of PEG improves transport in a size-
independent manner. We injected these nanoparticle formulations intradermally into C57B1/6J mice and
found that PEGylated 100 nm and 40 nm nanoparticles accumulate in lymph nodes within 4 hours, while
unmodified nanoparticles accumulated minimally. Densely PEGylated nanoparticles also traveled
furthest from the injection site. In this thesis, we also determined that nanoparticles are transported via
both paracellular and transcellular mechanisms, and that both PEG conformation and nanoparticle size
and shape modulates the cellular transport mechanisms. We also expanded our in-vitro lymphatic
transport model to model important physiological conditions including transmural flow and found that
the presence of this flow increased transport across lymphatic barriers in a shape and mechanism-
dependent manner. To further investigate the mechanisms regulating nanoparticle transport, we
generated a computational kinetic transport model that was able to quantify the contributions of both
paracellular and transcellular transport mechanisms, as well as predict transport efficiency as a function
of nanoparticle characteristics including size and surface chemistry. Using transport inhibitors, we can
expand our system of equations to describe precise uptake and transport mechanisms, and the relation
between nanoparticle formulation and mechanism. This computational model is one of the first to
describe transport across lymphatic vessels, and offers some of the first definitions for coefficients used
to quantitatively describe nanoparticles transport across LECs (i.e., permeability). Our computational,
in-vitro, and in-vivo results indicate that nanoparticle surface charge, PEG conformation, and size
are key criteria for nanoparticle design for effective lymphatic delivery with a dense, neutrally
charged coating of PEG maximizing transport across LEC barriers and transport to lymph nodes.
Optimizing nanoparticle formulation and surface characteristics, including PEG density, has the

potential to enhance immunotherapeutic and vaccine outcomes.
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1 Introduction

Therapeutic treatments targeting the immune system are becoming more and more prevalent.
These treatments include classic vaccines as well as caner immunotherapies. Recently, lymphatic
vessels have received significant attention as a potential drug delivery target for immunotherapies.
Lymphatics form the body’s natural conduit between peripheral tissues and the local draining
lymph nodes (Fig. 1), where the adaptive immune response is shaped. Delivery of these treatments
to the draining lymph nodes, where adaptive immunity is formed, amplifies their efficacy, thus
potentially improving their clinical outcomes. Lymph nodes can be indirectly targeted via
lymphatic vessels, which exist throughout the entire body and are mainly appreciated for
transporting cells, fluid, and particulates from peripheral tissues to the local lymph nodes. Research
has shown that lymphatics preferentially transport small particulates between 10 — 200 nm [1-3],
the size range of many therapeutically explored nanocarriers, but several key questions remain
unanswered: how do material properties, like shape and surface characteristics, affect trans-
endothelial transport of nanoparticles and what are the mechanisms involved in this transport?
When studying lymphatic transport, a unique feature of lymphatic physiology needs to be
considered: lymphatic capillaries, where most of the transport from peripheral tissue into
lymphatic circulation occurs, are collapsed under steady-state conditions. During movement
(homeostasis) and inflammatory processes, interstitial fluid flow pushes fluid into the vessels,

effectively expanding them and driving molecules and particulates into the vessel (Fig. 1 top).

1.1 Approach and Innovation

Lymphatics are largely underappreciated in the field of drug delivery. Growing interest in reaching

lymph nodes with immunotherapies has sparked interest in targeting lymphatics with



nanoparticles, but the mechanisms that lymphatics use to transport nanoparticles has remained
largely unknown. Additionally, there exists little research on the nanoparticle properties required
to cross the lymphatics. The research in this dissertation is some of the first to use rational material
design approaches to engineer nanoparticles for improved lymphatic delivery. This research lays
the foundation to explore the connection between improved lymphatic transport-mediated lymph

node delivery and improved vaccine efficacy.
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Figure 1 Lymphatics expand from collapsed state due to interstitial flow (top). Lymphatics
transport materials from peripheral tissues via capillaries and collecting vessels to the lymph nodes
(center). Lymphatics transport materials across the vessel wall via paracellular and transcellular
transport routes (bottom).



In this work we explore how parameters such as nanoparticle size, shape, surface charge, and
surface polymer density affect transport into lymphatic vessels for lymph node delivery. In this
work we used an in-vitro model of lymphatics to probe the effect that these parameters had on
crossing lymphatic barriers, and the mechanism that governed transport across these cellular
barriers. To better recapitulate in-vivo conditions, features like transmural flow were introduced
to the model. We implemented a computational framework to quantitatively describe the kinetics
of this transport. With an understanding of nanoparticle formulation required for lymphatic entry,
we administered these particles in-vivo to probe if this engineering approach ultimately resulted

in improved delivery to lymph node.

1.2 Summary and Dissertation Outline

This dissertation is organized as follows: Chapter 2 provides a literature review on the lymphatic
system and lymphatic vessels. This chapter focuses on the transport functions of these vessels and
how they have emerged as a promising drug delivery target for improving immunotherapy delivery
to lymph nodes. In this chapter I highlight current nanoparticle-based delivery strategies for
reaching lymph nodes through lymphatic vessels, as well as ways that lymphatic endothelial cells
(LECs) can be utilized as therapeutic targets. Chapter 3 contains a study on formulation strategies
to effectively cross lymphatic barriers to reach lymph nodes and reveals the mechanisms governing
nanoparticle entry into lymphatic vessels. In this chapter we introduce a nanoparticle system where
we can tune the conformation of polyethylene glycol (PEG) on the surface of nanoparticles to
probe how surface chemistry affects entry into lymphatics. Using these tools, we were able to
demonstrate that a dense coating of PEG was required for entry into lymphatics and delivery to
lymph nodes. In this chapter we also demonstrated that both transcellular and paracellular transport
are required for transport into lymphatics, and that the cellular mechanisms of transport are

3



dependent on formulation. In chapter 4 we explore the kinetics of nanoparticle transport into
lymphatic vessels, investigating how nanoparticle formulation affects transport pathways using a
quantitative approach. In this chapter we generated a three-compartment model of the lymphatic
endothelium barrier and generated a system of differential equations describing the transport of
nanoparticles using both transcellular and paracellular mechanisms. In this chapter we calculate
some of the first kinetic data, including rate constants, to describe how lymphatics regulate
transport into vessels. Additionally, we also highlighted an interesting phenomenon where
nanoparticle transport across lymphatics is characterized by a rapid uptake and release of
nanoparticles at the basolateral interface. Chapter 5 further explores parameters regulating
lymphatic transport, mainly how the adsorption of protein and transmural flow affect nanoparticle
transport into lymphatics. In this chapter we also explored how nanoparticle shape influences
transport into lymphatics and the mechanisms that govern transport into lymphatics. In this chapter
we were able to generate rod-shaped nanoparticles and impart the densely PEGylated surface
chemistry that was identified in Chapter 3 as critical in facilitating transport into lymphatics. Using
these rod-shaped nanoparticles, we determined that the presence of modeled transmural flow was
key in facilitating the transport of rod nanoparticles across lymphatic barriers. We were also able
to show that rod shaped nanoparticles could effectively reach lymph nodes as well as enter the
cortex of lymph nodes. Chapter 6 summarizes the conclusions of this dissertation and outlines the
ongoing and potential future work on investigating lymphatic drug delivery. In the appendices of
this dissertation, I include work on developing gastrointestinal models that incorporate
physiological relevant mucus. This work is included in the dissertation as it outlines a promising
application for nanoparticles that can effectively enter lymphatics. The GI tract contains a high

density of lymphoid tissues in the body and a high density of lymphatic vessels. This fact,



alongside the fact that oral administration is often the most desirable delivery route, makes
engineering a nanoparticle that can cross both GI and lymphatic barriers a promising strategy to

ultimately producing immunotherapies that are effective and can be taken orally.

Contributions to Engineering

In this thesis we generated 1) a nanoparticle system where we able to tune the surface chemistry
precisely to probe lymphatic transport efficiency, 2) incorporated these nanoparticles into a
computational model of transport into lymphatic to generate quantitative parameters describing
transport efficiency with respect to formulation, and 3) applied successful surface modification
parameters to nanoparticles of different shapes and sizes. These engineering advances can lead to
improved immunotherapies, where improved lymphatic delivery and delivery to lymph nodes is

key in improving outcomes.

Contributions to Science

Completion of this thesis has resulted in the following contributions to science: 1) we identified
that a dense, neutral, coating of polyethylene glycol (PEG) optimizes transport into lymphatics, 2)
we demonstrated that the cellular mechanisms governing transport into lymphatics are formulation
and size dependent, and 3) we identified some of the first quantitative transport parameters to
describe nanoparticle entry into lymphatics. We also performed some of the first experiments
examining how nanoparticle shape effects transport into lymphatics, and demonstrated that under
physiological conditions, rod shaped nanoparticles can effectively reach lymph nodes. Completion
of these experiments has helped characterize how the lymphatics serve as a barrier to drug delivery,

and identified ways that these can be overcome.






2 Targeting Lymphatics for Nanoparticle Drug Delivery

This Chapter is reproduced with permission from:

McCright, J.; Naiknavare, R.; Yarmovsky, J.; Maisel, K. Targeting Lymphatics for Nanoparticle

Drug Delivery. Frontiers in Pharmacology 2022, 13

2.1 Introduction

Lymphatic vessels exist throughout the body and are mainly appreciated for transporting
extracellular fluid and solutes including antigens, cells, extracellular vesicles, and particulates to
draining lymph nodes and eventually into systemic circulation. Lymphatic vessels have
traditionally been thought of as passive transporters; however, recent studies have found that
lymphatic vessels actively transport materials and also play a key role in modulating immunity.
The natural transport functions of lymphatic vessels have been used to deliver immunomodulatory
therapies to lymph nodes to shape immune responses. This can be achieved using nanomaterial
formulations that preferentially drain into lymphatic vessels. In this review we provide an
overview of lymphatic vessel function and physiology, highlight therapeutic formulations
developed to target lymphatic vessels, and thus the downstream lymph nodes to enhance
immunotherapies, and explore how directly targeting lymphatic immune functions modulate

immunity.



2.2 Lymphatic vessel physiology

2.2.1 Initial and collecting lymphatics

Initial lymphatics, also known as lymphatic capillaries, are the entry point for lymph and the initial
pathway into the lymphatics system. Made up of vessels ranging from 10-60 um, initial lymphatics
form a network in interstitial spaces of tissues (Fig 2A [4]) [5]. The lymphatic capillary walls are
made up of single-layered cells that overlap in some areas, giving the appearance of one-way flaps
[6], or microvalves [7]. Although initial lymphatics are blind-ended, it is postulated that the
microvalves embedded within their capillary walls allow for permeation of larger molecules, such
as proteins and particulates [8]. The microvalves of the capillaries connect directly to surrounding
tissues via thin, elastic fibers. These fibers only connect to the external wall of the initial
lymphatics, leaving the internal surface unattached and flexible [5]. Initial lymphatics transport
materials toward collecting lymphatics or collecting vessels. Collecting lymphatics have been
classified as two different types: afferent vessels that transport lymph from peripheral tissue to the
lymph nodes, and efferent vessels that transport lymph away from the lymph node to systemic
circulation (Fig 2B-C) [9]. Typically, afferent lymph consists of red blood cells, monocytes, and
antigen-presenting dendritic cells [10]. Dendritic cells enter the afferent vessels by leaking through
peripheral tissue and blood capillaries into the interstitial space. From there, they can migrate into
initial lymphatics. During inflammation, dendritic cells can be recruited to the lymphatic vessels
by lymphatic endothelial cells (LECs) through increased production of chemokines including
CCL19 [11], CCL21, and CCL22 [12]. These chemokines are ligands for CCR7, which recruits
T and dendritic cells to the lymphoid tissue. They are also important in thymocyte development
and secondary lymphoid organogenesis [13]. The resulting increase of dendritic cells within the

lymph nodes promotes lymph node expansion and additional secretion of chemokines by other



stromal cells recruits lymphocytes to the lymph nodes [12]. Efferent vessels transport lymph from
the lymph nodes to the large vessels, which eventually return the lymph back into blood
circulation. Efferent lymphatic vessels carry lymphocytes, in particular a high proportion of CD4+
T cells and B cells, compared to CD8+ and yd T cells [14]. Efferent lymphatic vessels converge
and carry material towards the thoracic duct and the right lymphatic trunk, then drain material into

venous circulation via four lymphovenous valves where the subclavian and jugular veins meet (Fig

2D) [4, 15].
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Figure 2 Schematic of Lymphatic Vessel Transport Properties A) Discontinuous basement
membrane (red dashed line) and button junctions (dotted lines) allow for lymphatic capillaries to
absorb interstitial solutes, macromolecules, and immune cells. B) Collecting vessels contain
zipper-like junctions (continuous lines) and unidirectional valves. C) Schematic of lymph node
with multiple afferent and a single efferent vessel. D) Lymphatic vascular system consists of (1)
lymphatic capillaries, (2) collecting lymphatic vessels, (3) lymph nodes, and (4) the thoracic duct
and right lymphatic trunk. Image adapted from (Aspelund)




2.2.2 Barrier functions of lymphatic vessels

Lymphatic vessels form a barrier between the interstitial space of tissues and lymph within the
lumen of the vessels. Lymphatics are semipermeable and only allow unidirectional flow. Initial
and collecting lymphatics have different functions, and the unique structures of the vessels enable
those functions. Initial lymphatic vessels are composed of LECs surrounded by an incomplete
basement membrane [16]. Initial vessels facilitate the formation of lymph, so they require high
permeability to allow for the transport of fluid, macromolecules, lipids, and immune cells away
from the interstitial space of tissues. Transport into lymphatics occurs when local fluid
accumulation and tissue stress result in higher pressure in the interstitial fluid than the lumen of
lymphatic vessels. When this occurs, lymph is transported into vessels through paracellular and
transcellular routes [17]. Conversely, if pressure is higher inside the lymphatic vessels, endothelial
cells adhere more closely, preventing lymph from flowing back into interstitial fluid. Collecting
vessels are larger vessels that transport lymph collected form several initial vessels to the lymph
node, requiring lower permeability and a stronger barrier to prevent lymph leakage. Collecting
vessels are surrounded by a continuous basement membrane and perivascular cells. Shear stress
within collecting vessels causes a tightening of the lymphatic endothelial barrier through cell
junction stabilization, and thus enhances barrier functions [16, 18]. This is likely part of a
mechanism to prevent excessive leakage and optimize lymph flow. While shear stress results in
increased barrier function, inflammation generally has the opposite effect. During inflammation,
upregulation of inflammatory cytokines can lead to increased LEC permeability within initial
lymphatics [19]. This occurs through disruption of cell-cell junctions and contraction of the
actin/myosin cytoskeleton within LECs [20]. Impaired lymphatic endothelial barrier function can

result in several pathological conditions. For instance, edema develops if gaps between endothelial

10



cells are too large [5]. Furthermore, in lymphedema, lymphatic vessels experience high levels of

shear stress and stretch and adapt to these conditions by increasing transport [21].

2.2.3 Cell-cell junctions

The junctions of lymphatic vessels are largely composed of the adherens junction proteins VE-
cadherin, B-catenin and pl120-catenin, and the tight junction proteins occludin, claudin-5 and
zonulin-1 (ZO-1), junctional adhesion molecule-A (JAM-A), and endothelial cell-selective
adhesion molecule (ESAM) [22]. Despite the similarities in composition, junctions in initial and
collecting lymphatic vessels differ greatly in morphology and function [23]. Initial lymphatic
vessels have discontinuous junctions, also referred to as button-like. Button junctions are
characterized by discontinuous segments of VE-cadherin at the border of endothelial cells [6].
They are formed by the overlap of the membranes of endothelial cells, which create flap-like mini-
valves [7]. In normal conditions these flaps are closed and prevent flow from the lumen into the
interstitial space. The tips of the flaps have filaments that attach the endothelial cells to the
extracellular matrix. In the presence of a pressure gradient from the interstitial space to the lumen,
these filaments pull on the flaps, creating a separation between the cells that allows fluids and
solutes to enter lymphatic vessels [24]. An advantage of this structure is that drainage into
lymphatics can occur without the dissolution of endothelial cell junctions, maintaining vessel
integrity [10]. Since collecting lymphatic vessels do not exchange materials with surrounding
tissue, they have different types of junctions called zipper-like junctions, which provide a strong
barrier between the vessel and its surroundings through continuous localization of VE-cadherin at
the LEC borders [25]. During inflammation, the alteration of both button- and zipper-like junctions

can increase lymphatic permeability [26].
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2.2.4 Fluid homeostasis

Regulating fluid balance is crucial in bodily function [27]. Most plasma produced by the body is
returned to the bloodstream by veins. However, the excess fluid that is not returned, or leaks
through the blood capillaries, remains behind and accumulates in the interstitial spaces between
tissues. One of the main roles of the lymphatic system is to maintain balance by absorbing that
excess fluid, known as lymph, and returning it back to systemic circulation [28]. Fluid moves
unilaterally through the lymphatic system, first absorbed by the initial lymphatics, transported via
collecting lymphatics across lymph nodes, and eventually enters either the right lymphatic duct or
the thoracic duct, near the base of the neck [29]. Without proper lymphatic drainage, the buildup
of fluid in the interstitial spaces can potentially cause life-threatening conditions [30]. One such
example is lymphedema, which occurs when excess interstitial fluid builds up in tissues, leading
to distension, inflammation, swelling of the limbs, head, and neck, and an increase in fatty tissue

significantly affecting quality of life [31-33].

2.3 Targeting lymphatics for drug delivery

Immunotherapies, including vaccines, have been extremely promising for curing diseases
including cancer, chronic inflammation, and transplantation. Delivery of these treatments to the
draining lymph nodes, where adaptive immunity is formed, amplifies their efficacy, thus
potentially improving their clinical outcomes. One strategy to target lymph nodes indirectly from
peripheral tissues via, e.g., intramuscular or subcutaneous injection, is to use lymphatic transport
functions. Research from the last decade has identified that nanomaterials between 10 — 250 nm
in diameter [34], and up to 1 micron in some studies, can also be taken up by LECs through

macropinocytosis [35]. In the gastrointestinal tract, lymphatics also play a special role in lipid
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absorption: lipids are taken up by lymphatic vessels via chylomicrons, small lipid vesicles into
which dietary lipids are packaged by enterocytes. This can be taken advantage of for drug delivery,
as targeting gastrointestinal lymphatics circumvents therapeutics from being digested via hepatic
first pass metabolism. In this section we describe some of the various nanomaterial-based
strategies for targeting lymph nodes via lymphatic vessels, as well as lipid-based strategies to target

gastrointestinal lymphatics.

2.3.1 Nanomaterial-based lymphatic targeting

Nanoparticle size was one of the first parameters investigated with respect to optimizing lymphatic
drug delivery. A study from the Swartz lab showed that fluorescent 20 — 100 nm, PEG-stabilized
poly(propylene sulfide) nanoparticles accumulated within LNs after tail injection. Importantly,
they were able to visualize the lymphatic network of the mice using fluorescent nanoparticles [36].
This visualization was also dependent on nanoparticle size, smaller 20 nm nanoparticles were
present in higher quantities within lymphatic vessels compared to larger 100 nm nanoparticles.
When lymph nodes were recovered, the 20 — 45 nm nanoparticles were found co-localized with
MHCII" antigen-presenting cells. Additionally, when these nanoparticles were conjugated to
model antigen ovalbumin, they found that the humoral and cellular immune response in mice was
generated in a size-dependent manner. Nakamura et al. also observed a similar phenomenon when
subcutaneously injecting pH-sensitive lipid nanoparticles in inguinal regions of mice. They found
that the 30 nm formulations were transported into lymph nodes and taken up by CD8" dendritic
cells more effectively than 100 nm and 200 nm formulations of the solid lipid nanoparticles [1].
Recent work by our group has also found that polyethylene glycol (PEG)-coated 40 nm
nanoparticles were able to cross lymphatic barriers more efficiently than 100 nm PEG-coated

nanoparticles [37].
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The size range required for targeting lymphatic vessels is now well-established, so many studies
have turned to understanding the surface chemistry requirements necessary for lymphatic
targeting. Varypataki compared anionic poly(lactic-co-glycolic) (PLGA) nanoparticles and
cationic liposomes [38]. They found that the 180 nm cationic liposome vaccine formulations
reached lymph nodes and were more effective in elucidating in-vivo immune response after
subcutaneous injection compared to the 350 nm PLGA nanoparticles. This improved potency and
delivery of cationic liposome vaccines is likely to be at least in part due to the smaller size of the
liposome formulations compared to the PLGA formulations. A study from Nishimoto et al.
examined the effect that charge had on dendrimer delivery to lymph nodes following intradermal
injection [39]. They found that anionic dendrimers accumulated within lymph nodes, with
phosphate-terminal dendrimers recognized by the macrophages, dendritic cells, and B cells in the
lymph node, whereas other anionic dendrimers were not. However, all formulated dendrimers
were <10 nm in diameter, suggesting that they are outside the range of sizes for optimum lymphatic
transport [40]. Research from Kaminskas et al. demonstrated that PEGylation of poly-I-lysine
dendrimers enhanced their transport to the LNs after subcutaneous injection in murine models
[41]. However, similar to the study by Varypataki, there were significant size differences in the
compared formulations. Notably, non-PEGylated dendrimers were under 10 nm in size, falling

outside of the range identified for optimal lymphatic transport [40].

Early studies from Moghimi et al. demonstrated that coating nanoparticles with polyethylene
glycol (PEG)-polypropylene oxide copolymers can enhance LN accumulation of nanoparticles
after intradermal administration in mice [42]. De Koker et al. also demonstrated that modifying
nanoparticle surface chemistry can be engineered to leverage lymphatic transport [43]. They were

able to demonstrate that coating 200 nm mesoporous silica nanoparticles with PEG improved LN
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accumulation of nanoparticles after 12 and 48 hours, compared to uncoated 200 nm silica
nanoparticles. They were also able to demonstrate that PEG-coated nanoparticles were more
effective at priming antigen-specific T cells [43]. Rao et al. also found that 50, 100, and 200 nm
PEG-coated nanoparticles accumulated more in the LN after subcutaneous injection compared to
uncoated PLGA nanoparticles of the same size, suggesting that hydrophilicity is crucial to
maximize lymphatic transport of nanoparticles [44]. However, in this study, the surface potential
of PEGylated nanoparticles was only -36.1 + 14.6 mV, suggesting that the PEG coating was not
very dense. Zhang et al. also demonstrated that the addition of PEG can improve liposome delivery
to lymphatic vessels and lymph nodes [45]. They demonstrated that the addition of 2 kDa PEG to
the surface of 250 nm DOTAP liposomes expedited lymphatic transport and improved LN
retention compared to DOTAP liposomes without PEG. Recent work from our group has closely
examined the role that surface chemistry plays in lymphatic permeability and transport. Using
model 40 and 100 nm polystyrene-core nanoparticles, we found that the addition of PEG improved
lymphatic permeability within a transwell lymphatic model compared to uncoated polystyrene
nanoparticles. Additionally, we observed that increasing PEG density on the surface of the
nanoparticles optimized transport across LEC barriers. Indeed, densely PEGylated nanoparticles
were found to accumulate in draining lymph nodes within 4 hours after intradermal injection. In
addition to identifying optimum surface characteristics for lymphatic delivery, we also provided
some of the first insight on the transport mechanisms involved in the transport of nanoparticles
across lymphatic barriers. We found that both paracellular and transcellular transport mechanisms
were key in crossing lymphatic barriers, with LECs relying on clathrin-mediated endocytosis to

mediate transport of PEGylated nanoparticles [37].
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Other studies have examined how nanoparticle formulation influence where they accumulate
within targeted LNs. A study from Zeng et al. demonstrated that positively charged 30 nm
polyethyleneimine-stearic acid micelles preferentially accumulated in draining LNs compared to
free antigen [46]. They found that the nanoparticles were in the medulla and paracortex of lymph
nodes, where T cells reside, following subcutaneous injection. Additionally, immunofluorescence
imaging of LN sections showed significant nanoparticle accumulation around the border of the
LN, within the subcapsular sinus. This result is consistent with reports that the conduit system
within LNs is incapable of transporting material greater than 70 kDa from peripheral regions of
the LN to central regions [47]. In addition to demonstrating nanoparticles were able to effectively
reach LNs, they also showed that the nanoparticle-based cancer vaccine was more effective in

inhibiting tumor growth compared to free antigen.

Work from the Thomas group has provided some of the most cutting-edge technologies for
delivering nanoparticles to lymph nodes via lymphatic vessels. Recently Schudel et al. generated
a two-stage system inspired by the way particulate antigen is processed by the immune system. An
outer stage comprised of F127 pluronic-containing PEG utilizes lymphatic transport to reach
draining lymph nodes while protecting the cargo from systemic exposure. The second stage utilizes
OND-thiol linkage chemistry programmed to release small molecule cargo when exposed to
lymph. They were able to demonstrate that this technology allows for precise delivery of small
molecules to lymph node — resident dendritic cells as well as controlled release through tuning of
the degradation kinetics of the thiol bond [48]. Additional studies from the group can be

highlighted in a recent review from the group [49].
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2.3.2 Lipid-Based Targeting of Lymphatics

Lymphatics are the key conduit for transporting dietary lipids from the gut into systemic
circulation. Lipids typically enter enterocytes within the gastrointestinal tract through a receptor-
mediated endocytosis or micropinocytosis [50, 51]. In the gastrointestinal epithelium, they are
packaged into chylomicrons and exocytosed from the basolateral side of the enterocyte cell into
the lamina propria, where chylomicrons effectively enter initial lymphatic vessels. Chylomicrons
eventually enter systemic circulation through the thoracic duct that drains into the subclavian vein.
The chylomicron processing pathway provides multiple unique opportunities for engineering drug
delivery strategies as it signifies a route to reach lymph nodes to potentiate immunotherapies, as
well as a way to achieve systemic delivery through an orally administered drug while

simultaneously bypassing hepatic first pass metabolism.

To best utilize the chylomicron processing pathway for lymphatic delivery, therapeutics can be
formulated as a prodrug consisting of a cleavable lipid component that triggers this innate transport
pathway. Several groups have published extensively on how triglyceride-, and other fatty acid-,
mimicking lipid formulations are able to improve the delivery of a variety of drugs to lymphatic
vessels and gut-draining lymph nodes after oral administration [52-55]. Indeed, the researchers’
development of a lymphatic-cannulation technique has allowed them to directly observe the
transport of lymph from the small intestine through lymphatic vessels and lymph nodes that
converge at the superior mesenteric lymph duct [56]. This technique was also applied to examine
the fate of subcutaneously administered, high-density lipoprotein nanoparticles (HDLs), finding
that HDLs preferentially drained via lymphatic vessels, as opposed to blood vessels, and that LN

retention of HDL was positively correlated to increasing the negative charge of HDL [57]. For
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more detailed descriptions of such prodrug formulations, we direct readers to this recent review

[58].

More recently, several groups have used the chylomicron pathway to delivery particulate cargo to
intestinal lymphatics. Mao et al. generated 100-120 nm mesoporous silica nanoparticles that were
coated with diglycerides to trigger chylomicron processing [59]. They demonstrated that resident
lipases within the gastrointestinal lumen cleaved the fats on the surface of the nanoparticle,
prompting uptake and processing into chylomicrons, and further transport into lymphatic vessels.
To confirm that the nanoparticles were being processed as chylomicrons, they probed the
intracellular pathways using a combination of transport inhibitors and confirmed how chylomicron
processing was necessary for transcellular transport of the nanoparticle. They also confirmed that

these chylomicron-like nanoparticles were transported to the lymph nodes via lymphatic transport.

The Bae lab has used a similar strategy of promoting epithelial uptake of nanoparticles via bile-
acid transporter-mediated cellular uptake, followed by chylomicron formation and transport into
intestinal lymphatics. The group showed that 100 nm cationic solid lipid nanoparticles and
carboxylate polystyrene nanoparticles coated with bile acids displayed significantly enhanced
average oral bioavailability (47%) with sustained absorption in rats compared to uncoated
nanoparticles [60-62]. Baek et al. also used a similar strategy to delivery curcumin to the
lymphatics [63]. Solid lipid nanoparticles ranging from 150 — 250 nm were loaded with curcumin
and administered orally. To prevent encapsulated drug release due to low pH conditions of the
stomach, they coated their nanoparticle with chitosan, which also improved nanoparticle uptake
into enterocytes. They found that lymphatic uptake and oral bioavailability of chitosan-coated solid

lipid nanoparticles was 6.3-fold and 9.5-fold higher than that of curcumin solution, respectively.
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A study by Lee et al. also examined how the addition of prodrug on the surface of their orally
administered nanoparticle formulation could promote delivery to lymphatic vessels [53]. Using a
model lipophilic drug, Orilstat, they formulated emulsions containing medium-chain fatty acids,
long-chain fatty acids, or long-chain triglycerides. Orilstat was found in the highest concentration
in lymphatic vessels when coated with the long-chain fatty acids compared to the short-chain fatty
acids and triglycerides. Drug concentration in the lymph peaked 2-3 hours after oral administration
of the drug. Increasing the presence of fatty acids on the surface of the emulsion was also found to

improve nanoparticle transport across intestinal epithelial barriers and into lymphatic vessels.

Recently, Kochappan et al. formulated mycophenolic acid (MPA) to be attached to triglycerides.
They hypothesized that the attached fatty acid would help the immunomodulatory drug reach
lymphatic vessels and lymph nodes through the chylomicron processing pathway [55].
Intraduodenal administration of the MPA-fatty acid conjugate improved drug concentration within
lymph compared to MPA and MPA co-delivered (not conjugated). When examining MPA
concentration within the lymph nodes, they found that the MPA-fatty acid conjugate resulted in a

20-fold higher concentration compared to MPA delivered alone.

2.4 LEC:s as therapeutic targets

In addition to transport and fluid regulation functions, the lymphatic endothelium plays a key role
in immunity through interactions with immune cells. LECs are located throughout the entire body
and produce key chemokines and adhesion molecules that help lymphatic vessels influence

immunity.
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2.4.1 LEC-mediated immunity

Lymphatics are the highway for immune cells that enter peripheral lymphatic vessels within tissues
and migrate to the local lymph nodes. Lymphatic vessels are key for the migration of dendritic
cells, neutrophils, monocytes, and lymphocytes, including B and T cells, many of which migrate
via the CCL21-CCR7 axis [64, 65]. CCR7 is key in not only facilitating immune cell migration to
the lymph nodes, but in directing dendritic cells to other tissues including the lamina propria, lungs,
and skin. An interesting effect of CCR7 presence within lymphatic vessels is that CCR7-dependent
dendritic cell migration decreases lymphatic permeability, indicating cross talk between the
lymphatic network and immune cells [66, 67]. Additionally, dendritic cells preferentially enter
lymphatics at sites where the CCL21 gradient is highest, suggesting that CL21 directly regulates
entry into lymphatics, a finding that is supported by the fact that intravital microscopy has revealed
that CCL21 gradients also enhance dendritic cell migration within lymphatic vessels. CCL21
secreted by LECs also regulates the homing of naive T cells from distant peripheral tissues to

lymph nodes.

While researchers have focused on lymphocyte and antigen presentation cell migration via
lymphatics, more recent data demonstrates that neutrophils, one of the first immune cells to be
recruited to a site of infection or injury, can also enter lymphatic vessels and migrate to the lymph
nodes from these sites of inflammation [68-70]. The significance of this migration is not fully
understood. Studies have indicated that there is a correlation between inflammation and neutrophil
concentration in afferent lymph. Further discussion on the interplay between migratory immune

cells and lymphatic vessels can be found here [66].
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In addition to regulating dendritic migration through the CCL21-CCR7 axis, LECs can interact
directly with dendritic cells, which can impair dendritic cell maturation. Researchers have found
that LECs were able to prevent dendritic cell maturation through ICAM-1/Mac-1 contact-
dependent interactions, as well as through anti-inflammatory prostacyclin synthesis and TGF-3
secretion [71]. Research has also shown that LECs have a key part in regulating T cell activation
through the secretion of nitric oxide within the lymph nodes in the presence of inflammation [72].
One of the more interesting methods in which LECs can modulate immune responses is through
the transfer of antigen to professional antigen-presenting cells, CD4+ cells, and CD8+ cells [73].
Indeed, Tamburini et al. demonstrated that LEC proliferation coupled with antigen capture leads
to prolonged antigen expression within LECs, increasing IFNy and IL-2 production, and enhancing
protection against infections. While the delivery of MHCI and MHClI-restricted antigens resulted
in dysfunctional activation of CD8+ and CD4+ T cell responses, it is unclear what role the

contribution of LEC antigen-presentation played.

2.4.2 Targeting Lymphatic Vessels for Inmunomodulation

With a key role in immunomodulation, lymphatic vessels themselves have emerged as an attractive
therapeutic target. One of the key targets for potentially targeting lymphatic vessels themselves is
targeting lymphatic-specific receptors, such as VEGFR-3 or Lyve-1. VEGFR-3 is part of the
family of vascular endothelial growth factor receptors and is mainly appreciated for promoting
lymphangiogenesis [74]. Lyve-1, or lymphatic vessel endothelial hyaluronan receptor 1, is a
common, integral membrane protein used for identifying LECs, but can also be found in liver
blood sinusoids, embryonic blood vessels, and certain subsets of macrophages [75-77]. Guo and
colleagues targeted LECs via Lyve-1 in vitro, by using Lyve-1-binding PEG to ultrasmall

superparamagnetic iron oxide nanoparticles as a potential MRI contrast agent [78]. Dashkevich et
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al. were able to leverage this VEGFR-3 targeting to prevent cardiac allograft rejection. They
demonstrated that inhibition of VEGFR-3 led to reduced CCL21 production [79]. They found that
this reduced CCL21 production did not affect lymphangiogenesis within the graft but did result in
lower concentrations of CD8+ T cells within the graft. In an additional experiment, they
demonstrated that treatment with a neutralizing monoclonal VEGFR-3 antibody reduced
arteriosclerosis, the number of activated lymphatic vessels expressing VEGFR-3 and CCL21, and
graft-infiltrating CD4+ T cells in chronically rejecting mouse cardiac allografts. Blocking the
interaction between VEGFR-3 on lymphatic vessels and VEGF-C produced by tumors can be a
form of tumor suppression through prevention of tumor lymphangiogenesis, which contributes to
metastasis and tumor growth [80]. Maisel et al. have demonstrated that VEGFR-3 activation in
allergic responses can initiate acute inflammatory response and regulate the adaptive immune
response. They found that blocking VEGFR-3 leads to less inflammation, reduced innate and T-
cell numbers, and reduced inflammatory chemokine levels initially. However, VEGFR-3 blocking
also significantly enhanced memory T cell responses to allergens, suggesting that targeting
lymphangiogenesis in inflammatory conditions may be a double-edged sword [81]. In cancer,
studies have demonstrated that treatment with VEGF-C, the ligand for VEGFR-3, can improve
immunotherapy treatments in melanoma [82]. Fankhauser et al. were able to demonstrate that
while VEGF-C can promote angiogenesis, and subsequent metastasis, it also potentiates
immunotherapy by attracting naive T cells [83]. The group also demonstrated that positive
response to immunotherapy in patients can be correlated with expression of lymphatic-related
markers within the tumors, suggesting that lymphatics have a role in enhancing tumor

immunotherapies.
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2.5 Outlook

Lymphatic vessels have become a tissue of interest in therapeutic design in large part for their role
in transport as well as immunomodulation. Lymphatic vessels can effectively transport
immunomodulatory therapies after non-invasive oral or intradermal/subcutaneous delivery, which
in turn can improve the efficacy of immunomodulatory therapies that need to reach lymph nodes
for improved therapeutic efficacy. While we have scratched the surface of how to target lymphatic
transport, we still have an incomplete understanding of lymphatic functions. Continued exploration
of how targeting lymphatic functions can serve as a therapeutic target will lead to new discoveries
and advances that can further enhance immune modulatory therapeutics and lead to new

treatments.
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3 Nanoparticles with Dense Poly(ethylene glycol) Coatings with Near Neutral Charge are

Maximally Transported Across Lymphatics and to the Lymph Nodes

Chapter reproduced with permission from:

McCright, J., et al., Nanoparticles with dense poly(ethylene glycol) coatings with near neutral
charge are maximally transported across lymphatics and to the lymph nodes. Acta Biomaterialia,

2022. 145: p. 146-158.

3.1 Introduction

Lymphatic vessels exist throughout the entire body and are known for transporting cells, fluid, and
particulates from peripheral tissues to the local draining lymph nodes (LNs), where the adaptive
immune response is formed [84]. In recent years, lymphatics have received increasing attention as
potential drug delivery targets to transport immune modulatory therapies to the LNs without
requiring direct injections. Delivering immunotherapies, including vaccines, to the LNs has been
shown to potentiate their therapeutic effects, particularly crucial as efficacy of many
immunotherapies still requires improvement. Recent studies have demonstrated that nanoparticles
between 10 - 250 nm in diameter are transported preferentially via lymphatic vessels from
peripheral tissues to LNs, highlighting that the transport functions of lymphatics can be taken
advantage of for drug delivery [2, 34, 38, 85].

While the size required for lymphatic entry is well established, conflicting data about the
nanoparticle surface chemistry required to maximize lymphatic transport exist. Early studies on
how size affects nanoparticle delivery to LNs demonstrated that 20 nm poly(ethylene glycol)
(PEG)-stabilized nanoparticles were able to reach, and remain within, lymph node-resident

dendritic cells compared to larger 100 nm nanoparticles [2]. Another study on the effects of
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nanoparticle size found that large 500 - 2000 nm, virus-like nanoparticles were taken up by skin-
resident dendritic cells following intradermal injection, while smaller 50 - 200 nm virus-like
nanoparticles were trafficked to the LNs via lymphatic drainage [85]. Combined, these initial
studies provide evidence that the optimum nanoparticle size to reach LNs through lymphatic
transport is within the 10 - 250 nm range.

Early studies demonstrated that coating nanoparticles with certain poloxamines, PEG-
polypropylene oxide copolymers, can enhance LN accumulation of nanoparticles after intradermal
administration. It was hypothesized that PEG chain length may contribute to some poloxamines
enhancing nanoparticle transport more than others [42]. One study comparing cationic liposomes
and anionic poly(lactic-co-glycolic acid) (PLGA) nanoparticles demonstrated that cationic
liposomes accumulate to a greater extent in the LN after subcutaneous injection, compared to
anionic PLGA nanoparticles [38]. However, there is a large size discrepancy between the two
systems: cationic 180 nm liposomes were well within the lymphatic targeting size range, while
anionic 350 nm PLGA nanoparticles were likely too large to preferentially enter lymphatic vessels.
Another study demonstrated that positively charged 30 nm polyethyleneimine-stearic acid micelles
preferentially accumulated in draining LNs compared to free antigen [46]. Another group
demonstrated that coating 200 nm poly(methacrylate) nanoparticles with PEG markedly improved
LN accumulation of nanoparticles after 12 and 48 hours [43]. Researchers also found that 50, 100,
and 200 nm PEG-coated nanoparticles accumulated more in the LNs after subcutaneous injection
compared to uncoated PLGA nanoparticles of the same size, suggesting that hydrophilicity is vital
to maximize lymphatic transport of nanoparticles [44]. However, in this study, the surface potential
of PEGylated nanoparticles was only -36.1 £ 14.6 mV, suggesting that the PEG coating was not

very dense, as the methoxy-ended PEG would shield the negative charge of PLGA and reduce the
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nanoparticle surface potential. Similarly, researchers reported that PEGylation of poly-l-lysine
dendrimers enhanced their transport to the LNs after subcutaneous injection. But it is unclear if
the addition of PEG or the increase in size is primarily responsible for the improved LN
accumulation, as dendrimers increased from 4 nm to 14 nm in diameter going from out of range
to within range of size requirements for preferential transport by lymphatics [41]. Combined, these
results suggest that hydrophilicity through addition of PEG, for example, may be beneficial for
enhancing nanoparticle transport by lymphatics, but also highlight the importance to more
critically assess the effect of surface chemistry, particularly PEG density, on nanoparticle transport
by lymphatics.

PEGylating nanoparticles is a strategy that has been used extensively to enhance nanoparticle
interactions with biological materials. PEGylation can improve nanoparticle drug delivery by
reducing charge interactions with extracellular matrix and by preventing opsonization and
phagocytosis by immune cells [86, 87]. Most notably, the chemotherapeutic drug doxorubicin,
formulated as PEGylated liposomes, is one of the few FDA-approved nanoparticle treatments. The
addition of PEG enhanced the circulation time of the chemotherapeutic, improving the overall
efficacy [86-91]. PEG coatings can be optimized by modulating the density and molecular weight
(MW) of PEG itself on the surface of nanoparticles. As PEG density on the nanoparticle surface
is increased, the conformation of PEG transitions from a “mushroom” conformation that is more
self-coiled to a “dense brush” conformation that is more linear, due to steric hindrances [92]. PEG
conformation has been shown to be critical in enhancing nanoparticle transport across biological
barriers. For example, to cross the mucus barrier, researchers have found that nanoparticles need
to be in the “dense brush” conformation [93, 94]. Similarly, researchers have shown that only small

(<100 nm) nanoparticles coated with PEG in the dense brush conformation effectively penetrate the
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interstitial tissue in the brain [95]. Additionally, tumor interstitial tissue penetration has also been
improved by PEGylating nanoparticles: the addition of PEG to the surface of model, 60 nm
negatively charged polystyrene (PS) nanoparticles (in an “intermediate brush” conformation)
enhanced nanoparticle diffusion through breast cancer xenograft slices ex vivo compared to
nanoparticles coated with PEG in the mushroom conformation [96]. These results demonstrate
that the conformation of PEG on the surface is a key parameter that can affect nanoparticle delivery
across biological barriers. However, how PEG density modulates nanoparticle transport by
lymphatic vessels, and thus what the PEG density requirements are to maximize nanoparticle
transport to the LNs and the mechanisms used by lymphatics to transport nanoparticles, remain
poorly understood.

Here, we investigated the effect of PEG surface density on nanoparticle transport by lymphatic
vessels and identified the PEG density required to maximize nanoparticle transport. We generated
a library of nanoparticles coated with varying PEG densities, thus different PEG conformations,
and tested their transport by LECs (LECs) using an established in vitro lymphatic transport model
and in vivo after intradermal injection in mice [17]. Our resulting nanoparticle design criteria
maximize nanoparticle transport to the LNs via lymphatic vessels, and therefore may enhance
efficacy of immunotherapies and streamline the design of lymphatic targeting nanoparticle

formulations.
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3.2 Materials and Methods

3.2.1 Nanoparticle Formulation

100 nm or 40 nm fluorescent carboxyl (COOH)-modified PS nanoparticles (Thermo Fisher
Scientific, F8801) were covalently modified with 5 kDa MW methoxy-PEG-amine (NH2)
(Creative PEGworks), as previously described [95]. Briefly, PS-COOH particles were
suspended at 0.1% w/v in 200 mM borate buffer (pH = 8.2). Nanoparticles were generated with
the following PEG concentrations: 350 uM (theoretical 100% PEG coverage of COOH groups),
175 uM (50% COOH groups), 87.5 uM (25% COOH groups), and 35 uM (10% COOH groups).
PEG was conjugated to nanoparticles using 7 mM N-Hydroxysulfosuccinimide (NHS) (Sigma)
and 0.02 mM 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) (Invitrogen). Carboxyl-
terminated and amine-terminated 5 kDa PEG was used to generate PEGylated nanoparticles
with different surface charges. The reaction was allowed to proceed on a rotary incubator at
room temperature for at least 4 hours. Nanoparticles were collected using 100k MWCO
centrifugal filters (Amicon Ultra; Millipore) and washed with deionized (DI) water.

Nanoparticles were resuspended at 1% w/v in DI water and stored at 4°C.

3.2.2 Nanoparticle Characterization

Dynamic light scattering (DLS) was used to measure the hydrodynamic diameter and
polydispersity index (PDI) of nanoparticles. Phase analysis light scattering (PALS) was used for
measuring {-potential (NanoBrook Omni). Measurements were performed using a scattering angle

of 90° at 25°C. Measurements were based on intensity of reflected light from scattered particles.

3.2.3 PEG Density Characterization

PEG density was determined using a previously published method [97]. Briefly, SkDa PEG-
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NH2 (Creative PEGworks) conjugated to fluorescein isothiocyanate (FITC) was conjugated to

fluorescent (AlexaFluor®555) 100 nm carboxyl-modified nanoparticles. A FITC-PEG-NH2

standard curve was generated in DI water to calculate the PEG amount on the nanoparticle
surface using a plate reader (Tecan Spark Multimode Microplate Reader). From these
measurements, PEG grafting distance (D) and PEG density were estimated using the Flory

radius of PEG (Rf). The Flory radius of a polymer chain is defined as Rf ~ aN*>, where N is the
degree of polymerization, and o is the effective monomer length. An unconstrained 5 kDa PEG
chain has a Rf of 5.4 nm and occupies 22.7 nm?. PEG density and conformation can be correlated
to the ratio of Rf/D, with Rf/D < 1-1.5 yielding a mushroom conformation, 1-1.5< Rf/D > 4

yielding a brush conformation, and Rf/D > 4 yielding a dense brush conformation.

Quantification of PEG on the surface of nanoparticles was performed using Fourier-Transform
infrared (FTIR) spectroscopy (Vertex — 70 Bruker). PEGylated nanoparticle samples were
scanned over a range of 400 — 4000 cm™'. The peak corresponding to the C-O-C ester linkages
found in PEG chains was identified at 1083 cm™ [98]. To quantify the amount of PEG on the
surface of the nanoparticles, the intensity of the 1083 cm™ peak was measured for known
amounts of PEG, and a standard curve was generated. Using the same calculations as above, the
R#/D value, which corresponds to the conformation of the PEG on the surface of a nanoparticle,

was determined [98, 99].
3.2.4 Nanoparticle Uptake

Immortalized human LECs (hiLECs, [100]) were seeded at a density of 200,000 cells/cm? onto
collagen (Corning)- coated plates and cultured in endothelial growth media-2 (EGM2, Lonza) at
37°C and 5% CO2 overnight. hiLECs were incubated with 0.05% w/v nanoparticles for 3 h and

uptake was assessed by flow cytometry or fluorescence microscopy. For fluorescence microscopy,

29



samples were fixed with 2% paraformaldehyde (PFA, ThermoFisher) and imaged using a Zeiss
Axio Observer. For flow cytometry, cells were released from the substrate using Accutase®
(Innovative Cell Technologies), fixed with 2% PFA, and flow cytometry was performed using a

BD FACSelecta. Data was analyzed using FlowJo software (Tree Star) and FIJI (ImagelJ).
3.2.5 Lymphatic Transport Model

Nanoparticle transport across LECs was assessed using an established in vitro model that
recapitulates in vivo lymphatic transport [17]. Briefly, primary human dermal LECs (hLECs,
Promocell C-12217) were seeded on 1.0 um pore size, 12 mm transwell inserts (Falcon) at
200,000 cells/cm? and cultured in EGM2 (Lonza) at 37°C and 5% CO2 for 48 h. Cells were
pretreated with 1 um/s transmural flow to simulate the tissue microenvironment. hLECs were
treated with 1% w/v nanoparticles on the apical side and the basolateral compartment was
sampled every 3 h for up to 24 h. Fluorescence intensity was measured using a plate reader
(Tecan) and nanoparticles transported was calculated using a standard curve. Transport
experiments were performed in EGM2 without growth factors to avoid the confounding effects
of growth factors. To probe the transport mechanism the following transport inhibitors were
used: 100 nM Adrenomedullin (Abcam ab276417), 62.5 uM Dynasore (Sigma D7693), or 62.5
uM Amiloride (Sigma A7410). Transport inhibitors were applied 2 hours prior to introduction

of nanoparticles. Effective permeability was estimated using the following equation:

Pe _ CrowerVlower

ff = " roc , where C = concentration, Viower = volume of the basolateral compartment,
initial

S = surface area, and t = time. hLEC monolayer integrity was confirmed after experiments using

immunofluorescence.
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3.2.6 Immunofluorescence Staining

Cells were fixed in 2% PFA for 15 minutes and incubated with mouse anti-human VE-Cadherin
(BD Sciences) at 4°C overnight. Secondary antibodies conjugated to Alexa Fluor® 488 or 647
were used for detection (Thermo Fisher). Slides were mounted using DAPI (4',6-diamidino-2-
phenylindole)-containing Vectashield (Vector Laboratories Inc., Burlingame, CA) and imaged

using a Zeiss Axio Observer. Image processing was performed using FIJI (NIH).
3.2.7 C57Bl/6J Lymphatic Delivery Model

10 pL of 5 mg/mL, fluorescently-labeled nanoparticles was intradermally administered to female
C57Bl/6J mice (8-12 weeks old) in their forelimbs. Fluorescence intensity was measured using
IVIS Spectrum Fluorescent & Chemiluminescent Imaging System (Caliper Life Sciences) over a
12h time period. Distance of nanoparticle transport was calculated from centroid of injection site
to maximally distant pixel of fluorescence signal using ImagelJ. This pixel length was then
converted to centimeters. Mice were anesthetized with isoflurane prior to nanoparticle injection
and during imaging. Mice were euthanized after the final time point (8 or 12 h). Draining LNs
were collected and homogenized to quantify the fluorescence signal from nanoparticles using a
plate reader (Tecan). LNs were also fixed in 4% PFA for 6 hours and treated with a sucrose
gradient. Tissues were then embedded within OCT (ThermoFisher), sectioned, and stained for
FITC-B220 (BioLegend). Slides were mounted using DAPI (4',6-diamidino-2- phenylindole)-
containing Vectashield (Vector Laboratories Inc., Burlingame, CA) and imaged using a Zeiss Axio
Observer. Image processing was performed using FIJI (NIH). All procedures were approved by

the University of Maryland, College Park IACUC.
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3.2.8 Statistics

Group analysis was performed using a 2-way ANOVA, followed by Tukey’s post-test. Unpaired
Student’s t-test was used to examine differences between only two groups. A value of p < 0.05
was considered significant (GraphPad). All data is presented as mean + standard error of the mean

(SEM).
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3.3 Results

3.3.1 Increasing PEG density on nanoparticles neutralizes surface (-potential

The conformation of PEG on the surface of nanoparticles has been shown to affect how the
nanoparticle interacts with surrounding tissues and cells [95, 97, 101]. In this study, we generated
differentially PEGylated nanoparticles to determine how tuning PEG grafting density modulated
surface PEG conformation and nanoparticle transport by LECs. We generated PS-COOH
nanoparticles with varying PEG density, R¢/D of 4.9 +0.1,2.4+0.1, 1.7+ 0.1, and 1.3 £ 0.1 (Fig
3A). These R¢/D values can be correlated to the conformation of PEG on the nanoparticle surface
(Fig 3B). PEG grafting to the surface of the nanoparticle and R¢/D values were confirmed using
FTIR (Fig 3C-D). The 1083 cm™! peak corresponds to C-O-C ester linkages characteristic of PEG
chains. FTIR spectra of the additional nanoparticle formulations can be seen in the supplemental
materials (S1). As expected, we found that increasing PEG density on nanoparticles slightly
increased their diameter: unmodified PS-COOH nanoparticles had a diameter of 108 = 1 nm, while
addition of PEG increased nanoparticle diameter to 120 — 150 nm (Fig 3E). PEGylation also
neutralized the negative surface charge of PS-COOH nanoparticles, from a (-potential of -22.4 +
33mVt0-29+25mV (R/D=4.9),-5.1+3.5mV (R/D=24),-4.7+2.5mV (R¢/D =1.7), and
-10.2 £ 6.6 mV (R¢/D = 1.3) (Fig 3F). These {-potential measurements demonstrate that the
addition of any PEG is sufficient to largely shield the negative surface charge of the PS
nanoparticles. Neutrally charged PEG was applied to the surface of nanoparticles since neutrally
charged nanoparticles were transported most efficiently across LEC barriers in-vitro (S2). In
addition, we confirmed stability of PEGylated nanoparticle formulations in EGM-2 media over 24

hours to ensure no aggregation occurred during the experimental time (S3).
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3.3.2 Dense brush PEG coatings on nanoparticles maximize their transport across LECs

We next sought to assess the effect of PEG density on nanoparticle transport by lymphatics. We
used an in vitro transendothelial transport model (Fig 4A), where a monolayer of primary human
LECs was cultured on the bottom of a collagen-coated transwell (Fig 4B) to simulate transport
from the interstitium into the lymphatic vessel [17]. We found that the unmodified PS-COOH
nanoparticles were minimally transported across LECs (0.03 £+ 0.03%, Fig 4B) while 1.4 + 0.3 %
of densely PEGylated PSPEGr#b = 49 were transported after 6h (Fig 4B). By 24h there was a ~90-
fold increase in transport, with 4.2 + 0.7% PSPEGr#p =49 vs 0.05 + 0.05% PS-COOH transported
(Fig 4A). We found that the effective permeability (Pefr) of the monolayer to nanoparticles also
increased from 0.02 + 0.02 pL/hr-cm? for PS-COOH to 1.9 + 0.3 pL/hr-cm? for PSPEGrsD - 4.9,
without affecting the endothelial integrity (Fig 4C-D). Interestingly, any addition of PEG
significantly increased nanoparticle transport by LECs after 24h (Fig 4C), but 1 <R#D <3 led to
less transport than R¢/D = 4.9 (Fig 4C). We also found that both PEGylated and unmodified
nanoparticles were internalized by LECs (Fig 4D). To further probe if the effects of PEG density
on nanoparticle transport across LECs translate across different nanoparticle sizes, we modified
40 nm PS-COOH nanoparticles with PEG (S4). We found that higher PEG density on 40 nm
nanoparticles (R#D = 4.4) enhanced nanoparticle transport across LECs compared to lower PEG
density (R#D = 0.9) (Fig 4E). Mass balance of nanoparticles in the top and bottom well were
confirmed with >95% recovered after 24 hours (S5). These results indicate that the addition of
PEG enhances the transport of nanoparticles across lymphatics and that “dense brush” PEG

coatings maximize this transport.
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transport model and representative image showing monolayer of LECs via VE-cadherin (green)
and nuclei via DAPI (white). B) Representative images of LEC monolayer stained for VE-
cadherin (green) and DAPI (blue) C) Percent of 100 nm NP transported across LEC monolayer
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monolayer over time. Data presented as mean + SEM (*p<0.05; **p<0.01; #p<0.01 comparing
PSPEGR{/D=4.4 and PSPEGR{/D=0.9).



3.3.3 PEG density on nanoparticles affects cellular mechanisms used by LECs to transport

nanoparticles

To elucidate the mechanisms used by LECs to transport nanoparticles, we first investigated how
PEG density on nanoparticles affects their uptake by LECs, as uptake is the first step in
transcellular transport of materials. Using fluorescence microscopy and flow cytometry, we found
that uptake of all nanoparticles by hiLECs was comparable, as indicated by the similar median
fluorescence intensities (MFI) and similar number of cells positive for nanoparticles (> 85% for
all nanoparticles, Table 1) at 3h, 6h, and 8h. Next, we investigated the cellular mechanisms
involved in this transport using small molecule transport inhibitors to block the different cellular
mechanisms. Several cellular mechanisms have been shown to be involved in nanoparticle
transport across cellular barriers, including macropinocytosis, clathrin and/or caveolin-mediated
endocytosis (micropinocytosis), as well as paracellular transport. We used amiloride to block
macropinocytosis, adrenomedullin to reduce paracellular transport (by tightening cell-cell
junctions, Fig S5A), and dynasore to inhibit the dynamin motor required for vesicle-based
micropinocytosis. We found that 100 nm PSPEGr#p =49 were not transported by macropinocytosis
(Fig 5B). However, both adrenomedullin and Dynasore reduced 100 nm PSPEGr¢#D = 4.9 transport
(Fig 5B), suggesting that both paracellular transport and micropinocytosis mechanisms are
involved in nanoparticle transport by lymphatics. We also found that for the low PEG density, 100
nm PSPEGr#p-13 transport was reduced when each pathway was inhibited, suggesting paracellular
transport, micropinocytosis, and macropinocytosis are all involved in transport of 100 nm

PSPEGr#p-13 across LECs (Fig 5C).
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Table 1: PEG conformation does not affect nanoparticle (NP) uptake in LECs. Median
fluorescence intensity (MFI, imaging, n = 8) and % hiLECs positive for nanoparticles (flow
cytometry, n = 3-4) after 3h., 6h, 8h.

Incubation
3h 6 h 8h
Time (h):
NP %NP+ %NP+ %NP+
Rf/D MFI MFI MFI
type LECs LECs LECs
1.16 + 1.27 + 1.11 +
PSPEG | 49+0.1 91+1 92+1 94 +1
0.36 0.28 0.18
0.93 + 1.02 £+ 1.05+
PSPEG | 2.4+0.1 86+ 1 89+2 92 +2
0.27 0.19 0.25
091 =+ 0.93 + 1.12+
PSPEG | 1.7+0.1 91 +1 90 +1 92 +4
0.23 0.31 0.35
0.93 + 1.05+ 0.98 +
PSPEG | 1.3£0.1 91 +1 92 +1 91 +2
0.30 0.24 0.12
1.15+ 0.98 + 0.95+
PS - 91 +1 91 +1 89 +2
0.23 0.17 0.27
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To further probe the mechanisms of transport, and the nanoparticle characteristics regulating
lymphatic transport, we used differentially PEGylated 40 nm nanoparticles (S3). When 40 nm
densely PEGylated nanoparticles (PSPEGr#p-44) were introduced to the transport model, we
found that dynasore, adrenomedullin, and amiloride were each able to reduce transport (Fig 5D),
suggesting that paracellular transport, micropinocytosis, and macropinocytosis are all involved in
40nm PSPEGRr#p=4.4 transport across LECs. The transport of the 40 nm PSPEGr#p-0.9 was affected
by transport inhibitors in a similar fashion as the 100 nm PSPEGr#p = 4.9, with adrenomedullin and
Dynasore reducing transport, but amiloride having no significant effect, (Fig S5E), suggesting that
only micropinocytosis and paracellular transport are involved. To further investigate the specific
micropinocytosis mechanisms, we used fluorescent microscopy to determine if nanoparticles
colocalized with known endocytosis mediators. We found that 100 nm PEGylated nanoparticles
colocalized with clathrin in LECs, suggesting that clathrin-mediated endocytosis is one of the
mechanisms involved in 100 nm PSPEGr¢#p =49 transport by LECs (Fig SF, S6(13)). The central
localization of the nanoparticles is indicative of endocytosis, where early endosomes are often
trafficked towards the center of cells [102]. The mechanisms by which PEG density modulates

nanoparticle transport mechanisms used by LECs are currently under investigation in our lab.
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Figure 5 Both paracellular and transcellular transport mechanisms regulate Nanoparticle
transport across LECs in-vitro. A) Trans-endothelial electrical resistance (TEER) of the LEC
monolayer after treatment with transport inhibitors. B) Transport efficiency of 100 nm
PSPEGR{/D=4.9 nanoparticle in the presence of transport inhibitors. C) Transport efficiency of
100 nm PSPEGR{/D=1.3 NP in the presence of transport inhibitors. D) Transport efficiency of
40 nm PSPEGR{f/D=4.4 nanoparticle in the presence of transport inhibitors. E) Transport
efficiency of 40 nm PSPEGR{/D=0.9 nanoparticle in the presence of transport inhibitors. F)
Confocal fluorescence image of PSPEGR{/D=4.9 within LECs treated with the vehicle control
and G) confocal fluorescence image of 100 nm PSPEGR{/D=4.9 within LECs treated with
Dynasore Scale bar: 30 um. (n = 3-4) Data presented as mean + SEM (*p<0.05; **p<0.01).

3.3.4 Densely PEGylated nanoparticles accumulate in the LNs in vivo

To confirm that our in vitro findings are representative of in vivo lymphatic transport, we probed
nanoparticle accumulation in the LNs over 12 h after intradermal injection in mice. We found that
minimal amounts of 100 nm PS-COOH nanoparticles were transported to the LNs even after 12 h,
while 100 nm PSPEGr#p = 49 nanoparticles were transported to the LNs as early as 4 h after
injection (Fig 6A). We measured the distance from injection site and found that after 12 h, 100 nm
PS-COOH beads traveled 0.24 £ 0.04 cm from the injection site, whereas 100 nm PSPEGrsp =13
traveled 0.61 + 0.01 cm from the injection site (Fig 6B). 100 nm PSPEGgrsp - 49 traveled the
furthest from the injection site, measuring 0.73 + 0.04 cm from the nanoparticle injection site.
Distance traveled was significantly higher for 100 nm PSPEGr#p=49 at 8 h and 12 h compared to
both 100 nm PS-COOH and PSPEGr#p-1.3. Both PEGylated 100 nm nanoparticle formulations
significantly improved distance traveled compared to unmodified 100 nm PS-COOH nanoparticles
(Fig 6B), further indicating that a dense coating of PEG optimizes transport of nanoparticles to
LNs. When we quantified fluorescence in draining LNs, we found that both100 nm PSPEGRr#p=4.9
and PSPEGrep-=1.3 accumulated in the LN after 8h whereas 100 nm PS-COOH had a significantly
reduced signal (Fig 6C-F). To examine the size dependence on in-vivo transport we intradermally
administered densely PEGylated 40 nm nanoparticles (PSPEGr#p=44), sparsely PEGylated 40 nm
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nanoparticles (PSPEGrsp-09), and 40 nm PS-COOH nanoparticles thenmeasured transport to
draining LNs via IVIS. Like the 100 nm formulations, PEGylated 40 nm nanoparticles began to
appear in draining LNs 4 h after intradermal injection (Fig 7A). Similar to our findings with 100
nm nanoparticles, the addition of some PEG increased the distance 40 nm nanoparticles traveled
from 0.29 £+ 0.05 cm by 40 nm PS-COOH to 0.69 + 0.09 cm by 40 nm PSPEGr#Dp=09. 40 nm
PSPEGr¢#p-=4.4 were found to travel furthest from the injection site, with 0.88 + 0.06 cm after 12h
(Fig 7B). When we quantified fluorescence in draining LNs, we found that both 40 nm
PSPEGr#D=4.4 and PSPEGr#p=09 accumulated in the LN after 8h whereas 40 nm PS-COOH had a
significantly lower signal (Fig 7D-F). We then examined nanoparticle localization within draining
LNs using IF imaging. IF imaging confirmed IVIS results, with no PS-COOH signal observed in
the LNs after 8h. PSPEGr#p-49 was observed within the LN after 8h for both 40 nm and 100 nm
nanoparticle sizes. PEGylated formulations appear to be localized within the subcapsular sinus,
suggesting that lymphatic drainage through the afferent lymphatic vessels mediated transport to

the LN (Fig 7C, 6C).
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Figure 6 Dense-Brush PEG Coating Required for Improved Lymphatic Targeting In-Vivo. A)
Representative images of intradermally injected 100nm Nanoparticles in C57B1/6J mice up to 12h
post injection measured using IVIS. White arrow indicates accumulation within lymph nodes. B)
Nanoparticle transport measured as maximal distance of fluorescent signal from injection site. C)
Lymph node sections stained for DAPI (nucleus) and B220 (B-cells) after injection of 100 nm PS
or PSPEGR{/D=4.9 nanoparticles. D) Nanoparticle accumulation within LN measured as average
fluorescence signal over the area of dissected LN (MFI/LN) and as E) Peak fluorescence signal.
F) Fluorescence signal of homogenized lymph nodes. (n = 6) Data presented as mean £ SEM
(*p<0.05; **p<0.01, *** p<0.001; #p<0.01 comparing PSPEGR{/D=4.9 and PSPEGR{/D=1.3).
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Figure 7 Dense-Brush PEG Coating Required for Improved Lymphatic Targeting In-Vivo. A)
Representative images of fluorescent signal from intradermally injected 40 nm Nanoparticles in
C57Bl/6J mice at different times post injection measured using IVIS. White arrow indicates
accumulation within lymph nodes. B) Transport measured as maximal distance of fluorescent
signal from injection site.. C) Lymph node sections stained for DAPI (nucleus) and B220 (B-cells)
with nanoparticles seen in red for 40 nm PS and PSPEGR{/D=4.4. D) Nanoparticle accumulation
within LN measured as average fluorescence signal over the area of dissected LN (MFI/LN) and
as E) peak fluorescence signal. F) Fluorescence signal of homogenized lymph nodes. (n= 6) Data
presented as mean + SEM (*p<0.05; **p<0.01; #p<0.01 comparing PSPEGR{/D=4.4 and
PSPEGR{/D=0.9).
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Supplemental Data Figures
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Figure 8 Supplemental Figure 1: FTIR Spectra of 100 nm PSPEG Formulations:
Representative spectra of PS, PSPEGR{/D = 1.3, PSPEGR{/D = 2.4, and PSPEGR{/D =4.9
with ester linkage indicated at 1083 cm-1 peak.
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Figure 9 Supplemental Figure 2: Effect of Nanoparticle Charge on In-Vitro Lymphatic
Transport. PEG-amine polymers with charged terminal groups were grafted to the surface of PS
Nanoparticles: C-PEG: Carboxyl-PEG coated nanoparticles, M-PEG: Methoxy-PEG coated
nanoparticles, N-PEG: Amine-PEG coated PEG. A) DLS measurements of PEGylated
nanoparticle diameter. B) Phase-Analysis Light Scattering (PALS) measurement of NP zeta-
potential. Data shown as mean + SEM (n = 3-6). The relatively low degree of positive charge on
the amine nanoparticles is likely due to the pKa of amines (~11) being further from neutral then

the carboxyl pka (~5.0). C) Transport efficiency over a 24-hour period. D) Transport efficiency at
the 24-hour mark (*p<0.05, n = 3-6).
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Figure 11 Supplemental Figure 3: /00 nm PSPEGRf/D=4.9 Stability Formulation
Stability over Time in EGM-2. A) Dynamic Light Scattering (DLS) measurement of
PEGylated NP diameter and B) Phase Analysis Light Scattering (PALS) measurement of
NP { — potential over 24 hours. (n=5)
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Figure 10 Supplemental Figure 4: 40 nm PSPEG Formulation: A) Dynamic Light
Scattering (DLS) measurement of PEGylated NP diameter and B) Phase Analysis Light
Scattering (PALS) measurement of NP { — potential. Data shown as mean £ SEM (n = 4)
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3.4 Discussion

In this work, we investigated the effects of PEG surface density on nanoparticle transport across
lymphatics. We found that in vitro, addition of any amount of PEG to nanoparticle surfaces
increased their transport across lymphatics compared to hydrophobic nanoparticles, and a “dense
brush” of PEG (R#/D > 4) on nanoparticles maximized this transport. Grafting charge-
functionalized PEG on the nanoparticle surface, we also identified that neutrally PEGylated
nanoparticles were transported most efficiently across LEC barriers compared to negatively
charged and positively charged PEGylated nanoparticles. We further found that densely
PEGylated nanoparticles were more effectively transported to skin-draining LNs after intradermal
injection compared to nanoparticles with lower or no PEG coating. Finally, we found that
macropinocytosis, micropinocytosis, and paracellular transport mechanisms mediated transport of
PEGylated nanoparticles across lymphatics, but that macropinocytosis did not occur in all PEG
conformations. In summary, we identified that “dense brush” PEG coatings maximize nanoparticle

transport into the lymphatics and thus the down-stream LNs.

PEG has been used to modulate nanoparticle transport across endothelial barriers, including blood
endothelium, lymphatic endothelium, and the blood-brain barrier. Generally, PEG has been shown
to enhance systemic circulation and blood endothelium needs to be targeted using additional
vectors such as [ICAMI or sugars that target specific ligands on the blood endothelium [103, 104].
This is likely due to the high flow rates in blood vessels that cause nanoparticles not to come into
close contact with endothelial cells for long enough to allow uptake and transport across the
endothelium [105, 106]. A recent study used 100 nm poly(lactic acid)-PEG nanoparticles with
surface PEG ranging from 1 — 10 kDa to probe the effects of PEG MW on transcytosis across brain

vascular endothelial monolayers [107]. PEG density on the surface of the nanoparticles was
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maintained at 17-20 PEG/100nm?. It was found that the higher molecular weight PEG polymers
displayed improved transport across the monolayers, with 60% translocation efficiency of
nanoparticles coated with 5 kDa and 10 kDa MW PEG and only 20% translocation efficiency of
nanoparticles coated with 1 kDa PEG. Interestingly, the maintained PEG density translates to R#/D
> 2 for nanoparticles coated with 5 kDa and 10 kDa, while R#/D <1 for 1 kDa coated nanoparticles,
indicating that PEG on 1kDa nanoparticles was in mushroom conformation, while PEG was in
brush conformation for 5 kDa and 10 kDa nanoparticles. Another study by Rabanel et al suggested
that SkDa PEG coatings increased uptake of nanoparticles into brain endothelial cells, but PEG
MW did not have any effect on transport across them [108]. Kim et al demonstrated that
PEGylating ionizable lipid nanoparticles reduced their uptake in the liver [109]. They hypothesized
that this was due to reduced ApoE protein on the nanoparticle surface, which is one of the key
mechanisms that leads to nanoparticle uptake in the liver. Additionally, work by Williams et al
showed that PEG enhanced kidney accumulation of nanoparticles and that this was likely due to
endocytosis of nanoparticles by the peritubular endothelium [110]. Our findings showed that
PEGylation enhances nanoparticle transport across LECs, suggesting that the type of endothelium
and other factors such as contact time can affect whether PEG improves transendothelial transport
of nanoparticles. For transport into lymphatic vessels, our findings that PEG enhances nanoparticle
transport across lymphatics are corroborated by prior work indicating that nanoparticles and
liposomes with PEG coatings (with undefined PEG densities) transport effectively to the LNs.
Collectively, these results run counter to the traditional motivation of adding PEG to the surface
of nanoparticles in that instead of preventing uptake, PEG seems to assist in transcellular transport
mechanisms. The mechanism as to why this occurs is being investigated, it is likely that it has to

do with PEG effects on the proteins adsorbing on the surface of nanoparticles and the changes in
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surface stiffness of PEGylated nanoparticles compared to non-PEGylated nanoparticles. Our work
adds an additional layer of understanding that a high PEG density maximizes this transport [38,

41-44, 46].

Surface PEG conformation on nanoparticles has been shown to affect nanoparticle uptake by cells
[111]. Several studies have shown that as PEG density increases on nanoparticles, uptake by
macrophages and dendritic cells [112-117], as well as cancer cells [112, 118], is reduced.
PEGylation appears to have differing results depending on the cell type — PEGylation reduces
nanoparticle uptake by macrophages and dendritic cells, as indicated by studies demonstrating that
PEG needed to be in a brush conformation to evade uptake and clearance by macrophages [116].
However, addition of PEG to the surface of nanoparticles increased their uptake by neutrophils
[97] and several cancer cell types (HeLA, MDA-MB231, VK2) [112, 119]. Interestingly, several
studies suggest that changes in protein corona on nanoparticle surface with changing PEG density
may in part be responsible for modulating cellular uptake [111, 112, 114, 118]. One study
demonstrated that without a protein corona, some PEG, but not high density/ MW PEG, could
increase uptake by prostate cancer cells compared to no PEG, and without protein, no PEG was
optimal [118]. Another study demonstrated that a double layer of PEG, with a second layer having
a mushroom conformation (low density of PEG, R¢/D < 1.5) reduced protein binding affinity but
not total protein binding on the nanoparticle surface. They found that this second layer of PEG
reduced nanoparticle uptake by liver sinusoidal endothelial cells [111]. In our studies, we found
that PEG density did not affect nanoparticle uptake by LECs, and that it only modulated
nanoparticle transport across LECs (Table 1). The non-phagocytic nature of LECs may account

for some of these differences. Additionally, we are currently investigating effects of the protein
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corona on nanoparticle transport across lymphatics, as changes in protein corona appear to be

strongly linked with differential uptake and transport of nanoparticles.

Nanoparticle transport across biological barriers, like the endothelium, has been shown to be
governed by macro- and micropinocytosis, as well as paracellular transport mechanisms. Studies
have shown that larger nanoparticles (>200 nm in size) are transported across cellular barriers via
macropinocytosis, while smaller nanoparticles are often transported by various mechanisms of
micropinocytosis. Here, we found that densely PEGylated 130 nm nanoparticles are transported
via micropinocytosis, likely clathrin-mediated endocytosis, and paracellular transport routes
across LECs. This is consistent with prior studies showing that albumin, a 10 nm globular
nanoparticle-like protein, is transported across lymphatics via both clathrin- and caveolin-
mediated, as well as paracellular transport mechanisms. Additionally, researchers have
demonstrated that macro- and micropinocytosis are involved in transport across endothelial cells
in tumors and the blood brain barrier [120-126]. Rabanel et al demonstrated that nanoparticles
coated with 5 kDa PEG were taken up primarily via macropinocytosis pathways in brain
endothelial cells [108]. Tehrani et al found that inhibiting micropinocytosis reduced transcytosis
across brain endothelial cells by 60% for 5 kDa PEG-coated nanoparticles, while transcytosis of 2
kDa PEG-coated nanoparticles was reduced only by 25% after inhibiting micropinocytosis [107].
These findings suggest that nanoparticle uptake and transcytosis pathways may differ with
different MW and density of PEG, corroborating our findings. A study aiming to improve the
circulating time of nanoparticles found that maintaining PEG surface conformation within the
intermediate brush domain prevented non-Kupffer cell uptake in the liver. They observed that
these intermediately PEGylated nanoparticles were the least preferentially taken up by endothelial

cells, accounting for the improved circulation times, and the densely PEGylated nanoparticles were
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taken up at higher rates [111]. Additionally, studies have demonstrated that nanoparticle transport
across brain microvascular endothelium can be enhanced by taking advantage of existing receptor-
mediated transcytosis, such as that of albumin (clathrin/caveolin-dependent) [124, 127-130].
Altogether, a variety of factors appear to influence transendothelial transport mechanisms, and
data from the literature and our study suggest that there may be differences in mechanisms

depending on the tissue, type of endothelium, and pathological condition [126].

For nanoparticles to reach cells within a tissue, including lymphatic vessels, they need to cross the
extracellular matrix (ECM). The ECM forms a hydrogel-like structure composed of fluid, solutes,
fibrillar proteins, and proteoglycans, such as collagen. Studies on nanoparticle-ECM interactions
have demonstrated that size, shape, and charge are key considerations when designing nanoparticle
therapies that need to cross ECM barriers. Large nanoparticles are restricted from crossing the
ECM barrier through steric hindrance via the mesh spacing produced by fibers within the ECM.
This spacing can become extremely restrictive within tissues. For example, the basement
membrane mesh of the subcapsular sinus of the LN forms a tight mesh that prevents molecules
larger than 70 kDa from entering the LN via afferent lymphatic vessels [47]. This restrictive barrier
can be observed in action in our study here, where IF images of LN slices show nanoparticles
sequestered on the edge of the LN, within the subcapsular sinus. One way to overcome this barrier
is to utilize multistage and programmable drug delivery platforms. A recent study designed PPS-
core nanoparticles coated with PEG that contained tunable thiol-reactive oxanorbornadiene (OND)
linked cargo. PEG coating allowed for improved delivery to lymph nodes, while the degradation
of the OND-linkages allowed for precise release of cargo within lymph nodes [48]. Restrictive
extracellular spacing can be seen in many other tissues, with the spacing often estimated between

20-60 nm in diameter, suggesting that tissues are impermeable to >100 nm sized particles [131].
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However, this notion has been challenged recently: Nance et al have demonstrated that particles
as large as 114 nm in diameter were able to diffuse within human and rat brain tissue. Indeed, their
study highlighted that the pore size within in-vivo ECM is highly heterogenous, with them
concluding that within the brain tissue samples, more than one quarter of all pores were >100 nm
in diameter [95]. Our studies similarly suggest that skin ECM may be permeable to nanoparticles

up to 150 nm in diameter.

Surface chemistry is another key factor affecting nanoparticle transport across ECM barriers.
Several studies have demonstrated that nanoparticles with charge opposing that of the fibrous
materials of a hydrogel, like ECM, have reduced diffusion within the gel or ECM space [132-136].
Additionally, some studies suggest that repulsive charges can enhance nanoparticle diffusion
across ECM barriers compared to attractive charges, but this effect may be minimal [132-136].
Most studies indicate that neutral charge leads to the highest diffusion of nanoparticles across ECM
[95, 134, 136], suggesting that PEGylating nanoparticles as we have done in our studies also
enhances their transport across ECM. However, fewer studies have assessed how PEG density
affects nanoparticle transport across the ECM. One study found that increased PEG density can
enhance nanoparticle diffusion through collagen-based ECM materials [137], but this was not
recapitulated in matrigel-based gels. Furthermore in this study, PEG density changes are a result
of using PEG chains with different molecular weights (MW), which could also affect diffusion,
e.g., due to entanglement with ECM chains for larger MWs. Another study has demonstrated that
increasing PEG density enhanced liposome diffusion in collagen-based ECM hydrogels [138], and
similarly previous work has shown that dense PEG coatings enhanced nanoparticle diffusion

through brain ECM [95]. In our studies here, we show that PEG density modulates nanoparticle
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transport to the LNs, which may be due to both reduced transport across LECs as well as ECM,

based on these existing studies, and is a current topic of investigation in our lab.

In summary, our study demonstrates that the addition of PEG to the surface of hydrophobic
nanoparticles, particularly as dense PEG coatings (R#/D >4), enhances nanoparticle transport into
lymphatic vessels. Our results are consistent with prior work demonstrating that PEG enhances
uptake and transport across other endothelial barriers as well as the cellular mechanisms involved
in this transport. Our study is the first to directly correlate PEG density and efficiency of lymphatic
transport of nanoparticles. Additionally, it is the first to demonstrate that densely PEGylated
nanoparticles are transported via both micropinocytosis and paracellular transport mechanisms,
but not macropinocytosis, by LECs. Furthermore, we demonstrated that PEG density and size can
affect the cellular mechanisms used to transport nanoparticles across lymphatic barriers. Thus, our
work highlights that dense PEG coatings are the optimal strategy to formulate nanoparticles that
maximize transport across lymphatics and to the LNs. Our work also sheds new light onto the
effects of PEG density on cellular mechanisms of nanoparticle transport. Our findings are

particularly crucial for future development of immune modulatory therapeutic strategies.
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4 Para- and transcellular transport kinetics of nanoparticles across LECs

This article is being reviewed for publication:

Jacob McCright, Jenny Yarmovsky, Katharina Maisel, bioRxiv 2023.04.12.536598; doi:

https://doi.org/10.1101/2023.04.12.536598

4.1 Introduction

Nanoparticle-based drug delivery has received significant attention in past decades, culminating
in the recent COVID-19 lipid nanoparticle-based RNA vaccines. Nanoparticles provide several
advantages to free drug formulations: they can increase drug stability [139] and load [140], be
targeted to specific tissues or cells [141], and facilitate sustained release of drugs from the
nanoparticle core [142]. To enter the relevant cellular compartments, nanoparticles are required to
be transported across various biological barriers, including cell monolayers at the intestinal
epithelium or blood and lymphatic endothelium, for example. Nanoparticle transport across these
cellular barriers occurs via paracellular or transcellular transport mechanisms. Transcellular
transport mechanisms include micropinocytosis, macropinocytosis, and/or exocytosis on both
sides of the cell layer (Figure 14A), often with concentration gradients driving the dominant
direction of the transport. Nanoparticle transport across cellular barriers can be modeled using
systems of differential equations utilizing kinetic theories also applied to pharmacokinetic models
[143]. A complex system of equations can be used to define the contributions of the individual
transport mechanism to the overall transport of nanoparticles (Equations 1-3), with nanoparticle
concentration within model compartments represented by C, and the rate constants associated with
different transport mechanisms represented by k. This system of equations can be applied for

transport across any system of single cell layers or other three-compartment models. These
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equations can be formulated as follows for the system in Figure 14A modeling an endothelial cell

barrier:

ac
(1) a_tl = —(ky + ky + k3)Cy + kyC3 + ksC,
aC,
@) 2= —lks + ke)Cz + Uy + k2)Cy + U7 + ko) s
0Cs
(3) 7= —lks+ ks +ke)Cs + keCy + k3 Cy

Lymphatic vessel-targeted drug delivery has received significant attention in recent years, largely
owing to the fact that lymphatic vessels transport nanoparticle-sized materials from the peripheral
tissue to the draining lymph nodes, where the adaptive immune response is shaped. Delivering
therapeutics that modulate the immune response directly to the lymph nodes has been shown to
enhance their efficacy. Nanoparticles 10-250 nm in size have been shown to be preferentially
transported by lymphatic vessels and will accumulate effectively in the lymph nodes. Recent
studies have shown that both transcellular and paracellular mechanisms are key in nanoparticle
entry into lymphatic vessels [35, 144, 145]. Research from our group has shown that the specific
transport mechanisms used by LECs are dependent on nanoparticle surface chemistry, specifically
PEG density [145]. We found that coating 100 nm nanoparticles with hydrophilic, neutrally
charged poly(ethylene glycol) (PEG) leads to nanoparticle transport via both micropinocytosis and
paracellular transport. Using computational models to study the kinetics behind these findings can
aid in our understanding of how nanoparticle surface chemistry affects transcellular processes
[146-151] [152]. Here, we sought to model the kinetics of nanoparticle transport across lymphatic

vessels. In this paper, we derive the equations and rate coefficients describing transport kinetics of
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nanoparticles, taking into account both transcellular and paracellular mechanisms. Additionally,
we use transport data collected experimentally and simplify Equations 1-3 into a four-part
problem of endocytosis, exocytosis, and paracellular transport, with the assumption that transport
is driven in the direction of the concentration gradient from the interstitial tissue into the lumen of
the vessel (Figure 14B, Equations 4-6). The resulting mathematical and computational
framework can be used to extrapolate transport kinetics across similar cell layer problems and
could be integrated with more complex machine learning-based techniques, like artificial neural

networks, to predict the contribution of different transport mechanisms.

ac

4) a_tl = —(ky + k3)C; + k,C,
ac

(5) a_tz = _(kz + k4)Cz + k1C1

3,
(6) W == k3C1 + k4C2
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Figure 14 Figure 1: Cellular mechanisms used to transport nanoparticles across cell barriers such
as epithelial surfaces and vessel walls. A) complex transport considering all potential variables
and B) simplified transport considering only endocytosis, paracellular transport, and exocytosis.
nanoparticle-rich compartment, C2 =
intracellular compartment, C3 = nanoparticle-poor compartment. Full arrows and associated k
values represent the kinetics of exocytosis (brown), micropinocytosis (blue), macropinocytosis

Concentrations depict each compartment with C1

(black), and paracellular transport (pink).
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4.2 Methods

4.2.1 Nanoparticle Formulation

Fluorescent carboxyl (COOH)-modified polystyrene (PS) nanoparticles (Thermo Fisher
Scientific) were covalently modified with 5 kDa MW methoxy-PEG-amine (NH2) (Creative
PEGworks), as previously described [95]. Nanoparticles with different PEG conformations were
generated using previously described methods [153]. Briefly, PS-COOH particles were suspended
at 0.1% w/v in 200 mM borate buffer (pH = 8.2). PEG was conjugated to nanoparticles using 7
mM  N-Hydroxysulfosuccinimide (NHS) (Sigma) and 0.02 mM  1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) (Invitrogen). The reaction was performed on a rotary
incubator at room temperature for at least 4 hours. Nanoparticles were collected using 100k
MWCO centrifugal filters (Amicon Ultra; Millipore) and washed with deionized (DI) water.

Nanoparticles were resuspended at 1% w/v in DI water and stored at 4°C.

4.2.2 Nanoparticle Characterization

Dynamic light scattering (DLS) was used to measure the hydrodynamic diameter and
polydispersity index (PDI) of nanoparticles. Phase analysis light scattering (PALS) was used for
measuring (-potential (NanoBrook Omni). Measurements were performed using a scattering angle

of 90° at 25°C. Measurements were based on intensity of reflected light from scattered particles.

4.2.3 PEG Density Characterization

PEG density was determined using a previously published method [97, 153]. Briefly, SkDa PEG-
NH2 (Creative PEGworks) conjugated to fluorescein isothiocyanate (FITC) was conjugated to
fluorescent (AlexaFluor®555) 100 nm carboxyl-modified nanoparticles (Creative PEGworks).

Using FITC-PEG-NH2 standards, PEG grafting distance (D) and PEG density were estimated
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using the Flory radius of PEG (Rf) based off of fluorescence intensity. The Flory radius of a
polymer chain is defined as Rf ~ aN*>, where N is the degree of polymerization, and a is the
effective monomer length. An unconstrained 5 kDa PEG chain has an Rf of 5.4 nm and occupies
22.7 nm?. PEG density and conformation can be correlated to the ratio of Rf/D, with Rf/D < 1-1.5
yielding a mushroom conformation, 1-1.5< R{/D > 4 yielding a brush conformation, and Rf/D >4

yielding a dense brush conformation.

4.2.4 Nanoparticle Transport

LEC permeability was assessed using an established in vitro model that recapitulates in vivo
lymphatic transport [17]. Briefly, primary human LECs (hLECs, Promocell C-12217) were seeded
on 1.0 pm pore size, 12 mm transwell inserts (Falcon) at 200,000 cells/cm2 and cultured in EGM2
(PromoCell) at 37°C and 5% CO2 for 48 h. Cells were pre-treated with 1 pm/s transmural flow to
simulate the interstitial fluid flow experienced in the tissue microenvironment. hLECs were treated
with 10 ug/mL nanoparticles in the top compartment and both top and bottom compartment were
sampled every 1 h for up to 24 h. Fluorescence intensity was measured using a plate reader (Tecan)
and nanoparticles transported was calculated using a standard curve. Transport experiments were
performed in EGM2 without growth factors to avoid confounding effects of growth factors on
transport mechanisms. To probe transport mechanism, the following transport inhibitors were
used: 100 nM Adrenomedullin (Abcam ab276417), 62.5 uM Dynasore (Sigma D7693), or 62.5
uM Amiloride (Sigma A7410). Transport inhibitors were applied 2 hours prior to introduction of
nanoparticles. LEC monolayer integrity was confirmed after experiments using

immunofluorescence.
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4.2.5 Computational Model Solving

Equations 1-3 were generated to model the three-compartment model of nanoparticle transport
across LECs (Figure 1A). The following assumptions were made to simplify the model 1)
Transport between cells is unidirectional along the concentration gradient since [C1] >> [C3] (k4
= 0) and 2) Reuptake of nanoparticles from compartment C3 to C2 is negligible (k7, k8 = 0).

Under these assumptions, equations 1-3 become equations 4-6 (Figure 1B).

Experimental data of C1 and C3 were used to extrapolate C2, assuming that nanoparticle mass and
fluorescence was conserved. This data was normalized to C = C/Ctotal. The normalized
concentration over time data was used to estimate k parameters using MatLab ‘lsqcurvefit’
function. Levenberg—Marquardt, or the damped least-squares method, was used to solve the

nonlinear least squares optimization problem:

min ||F (x, xdata) — ydata||§ = minZ(F(x, xdata;) — (ydata;))?
X X
i

For parameter estimation, k values were constrained to be positive to match the kinetics outlined
in equations 4-6 and Figure 1B. In the presence of Adrenomedullin, parameter k3 was set to zero,

as the addition of Adrenomedullin prevents paracellular transport.

64



4.3 Results

4.3.1 Transport Efficiency of Nanoparticles Across LECs can be Fitted to a Three-Compartment

Kinetic Model

To be able to fully model the transport kinetics within the three compartments (Figure 15A), C1
(top compartment, interstitial tissue where nanoparticles are injected), C2 (intracellular), and C3
(bottom compartment, vessel lumen that leads to the lymph nodes), we first collected data on
concentration change over time within C1 and C3 (Figure 15B). We formulated 40-150 nm
PEGylated nanoparticles [95, 153] from unmodified 103 + 5 nm and 40 + 2 nm. Addition of PEG
increased nanoparticle diameter to 122 &+ 6 nm (partial PEG) and 142 + 3 nm (dense PEG), and 43
+ 2 nm (partial PEG) and 49 + 3 nm (dense PEG). Pegylated nanoparticles also displayed a near-
neutral { — potential. Using these nanoparticles, we found that C1 was reduced to 60-70% of the
initial nanoparticle concentration placed in the top well, after which C1 increased again when
nanoparticles were exocytosed into the top compartment (Figure 15B). We also confirmed that
densely PEGylated nanoparticles were transported the most efficiently compared to partially
PEGylated nanoparticles, with 5.3 + 0.2% nanoparticles transported into C3 for densely PEGylated
100 nm nanoparticles, compared to 4.1 & 0.2% for partially PEGylated nanoparticles (Figure 15B).
Similarly, 40 nm densely PEGylated nanoparticles had 7.9 + 0.5% of nanoparticles transported

into C3, compared to 5.5 = 0.2% for the partially PEGylated nanoparticles (Figure 15B).
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estimate the kinetics (k) parameters in the system of differential equations (Table 2). Based on

these k values, we can see that the initial uptake and release of nanoparticle at the top compartment

interface (k1 and k2) is the dominant reaction, indicated by the order of magnitude difference

compared to k3 and k4. Another trend to note is that k3, describing paracellular transport, is the

smallest parameter. This indicates that cellular mechanisms, including endocytosis and

micropinocytosis are driving nanoparticle transport across LEC barriers. Importantly, transport

trends with respect to formulation are captured within the model. k4, a key parameter for

measuring the transport of nanoparticles into the simulated vessel, increases from 0.13 ug mL! hr

! for the larger 100 nm PSPEGrep-4.9 nanoparticles to 0.26 ug mL" hr! for the smaller 40 nm

PSPEGRr#p=4.7 nanoparticles.

Rate Constants | 100 nm | 100 nm | 40 nm | 40 nm
(ug mL' hr'!) [ PSPEGRrip=4.9 PSPEGRr#D-13 PSPEGRr#p-4.7 PSPEGRr#D-0.8
kl 1.9 1.5 1.5 1.2

k2 3.9 3.5 4.0 3.2

k3 0.013 0.012 0.014 0.011

k4 0.13 0.074 0.26 0.21

Table 2 Calculated K values of system of differential equations describing nanoparticle
transport across LECs for different nanoparticle formulations.
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Figure 16 Nanoparticle Transport Across LECs can be Modeled With our Three
Compartment Kinetic Model Normalized experimental concentration data (stars) fitted
against system of differential equations (solid line).
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4.3.2 Size and surface chemistry of nanoparticles affect their transport via macropinocytosis

across LECs

Next, we investigated how the kinetics changed for different cellular transport mechanisms. Again,
we used partially and densely PEGylated, 40 — 150 nm nanoparticles. As in our prior study, we
found that 100 nm densely PEGylated nanoparticles were not transported by macropinocytosis but
that both paracellular and transcellular transport were involved, indicated by reduced transport
upon introduction of transport inhibitors (Figure 17A). Interestingly, for partially PEGylated
nanoparticles, all transport mechanisms were involved in nanoparticle accumulation in C3 (Figure
17A). The introduction of transport inhibitors generally reduced the depletion of nanoparticles
from C1: for both 100 nm PSPEGr#p=4.9 and PSPEGr#p=13, inhibiting micropinocytosis reduced

this phenomenon the greatest, albeit not significantly different (Figure 17).
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Figure 17 Kinetic Model Captures Transport Mechanisms Governing NP Transport Across
LECs. Percent transport of 100 nm fully PEGylated (PSPEGR{/D=4.9) and partially
PEGylated NP (PSPEGR{/D=1.3) in the (A) bottom (C3) and (B) top (C1) compartments in
the presence of transport inhibitors. Data presented as mean £ SEM (*p<0.05) n = 2-4
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This transport data including transport inhibitors was then incorporated into our three-
compartment kinetic model and fitted to the system of differential equations using a non-linear,
least-squares, curve fitting algorithm, resulting in curve fitting (Figure 17C-D). Solved parameters
k for equations with respect to nanoparticle formulation can be found in Tables 3-4. From these k
values, we can see trends in the presence of inhibitors similar to the control transport experiments:
For both densely and partially PEGylated nanoparticles, k1 and k2 (uptake and re-release of
nanoparticles into C1) are larger than k3 and k4 (transcellular and paracellular transport of

nanoparticles into C3).
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Figure 18 Kinetic Model Captures Transport Mechanisms Governing NP Transport Across LECs.
Percent transport of 100 nm fully PEGylated (PSPEGR{/D=4.9) and partially PEGylated NP
(PSPEGR{/D=1.3) in the presence of transport inhibitors. Normalized experimental concentration

data (stars) fitted against system of differential equations (solid line) including different transport
inhibitors. A) Fully PEGylated 100 nm Rf/D=4.9 nanoparticles, B) Partially PEGylated Rf/D=1.3

nanoparticles
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Our computational model captures how the inclusion of transport inhibitors affects mechanisms
used for transport. Removing paracellular transport resulted in an increase in k1l for partially
PEGylated nanoparticles. When micropinocytosis was inhibited, k1 dropped from 1.9 to 1.0 pg
mL"! hr'and 1.5 to 0.7 ug mL™! hr! for densely and partially PEGylated 100 nm nanoparticles,
respectively. k3, which represents paracellular transport, in contrast increased nearly 10-fold,
suggesting that an increased concentration gradient drives more nanoparticles across LECs via
paracellular transport. Even though our experimental data suggests that inhibition of
macropinocytosis does not significantly modulate densely PEGylated, 100nm nanoparticle
transport across LECs, our computational data shows a reduction in k1 upon treatment with
amiloride from 1.9 to 1.2, suggestive of the complex relationship between the regulation of

different transcellular transport mechanisms that exist in biological systems.
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Table 3 Calculated k values of system of differential equations describing transport of 100 nm
PSPEGR{/D=4.9 across LECs in the presence of different transport inhibitors.

Rate 100 nm | +Amiloride +Dynasore +Adrenomedullin
Constants | PSPEGrep=4.9

k1 0.19 0.12 0.10 0.070

k2 0.39 0.30 0.36 0.22

k3 0.0013 0.002 0.02 0

k4 0.013 0.010 0.0041 0.0088

Rate 100 nm | +Amiloride +Dynasore +Adrenomedullin
Constants | PSPEGrgp=1.3

k1 0.15 0.10 0.07 0.090

k2 0.35 0.28 0.26 0.22

k3 0.00012 0.001 0.02 0

k4 0.0074 0.010 0.0057 0.0055

Table 4 Calculated k values of system of differential equations describing transport of 100 nm
PSPEGR{/D=1.3 across LECs in the presence of different transport inhibitors.
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4.4 Discussion

In this study we probed how nanoparticle formulation parameters, including size and surface
chemistry, influenced both the transport efficiency and transport mechanism into lymphatic
vessels. We found that increasing the density of PEG on the surface of nanoparticles improved
transport efficiency, with maximal transport efficiency occurring with the smaller, 40 nm densely
PEGylated nanoparticles. We also observed that nanoparticle transport mechanism is dependent
on formulation, notably that macropinocytosis does not drive transport for the 100 nm fully
PEGylated nanoparticles as it does for other formulations. Using these experimental results, we
fitted our data into a set of differential equations describing the three-compartment problem
including endocytosis, exocytosis, and paracellular transport. This computational framework
produced parameters to describe transport kinetics and allow for the quantitative analysis of

driving mechanisms of transport and formulation parameters.

Lymphatic vessels exist throughout the entire body and are known for transporting cells, fluid, and
particulates from peripheral tissues to the local draining lymph nodes, where the adaptive immune
response is formed. Lymphatics are important drug delivery targets as they transport immune
modulatory therapies to the lymph nodes and improve vaccine and immunotherapy efficacy [3]. A
study from Triacca et al provided some of the preliminary evidence that LECs themselves serve
as significant barriers todelivery into lymphatic vessels [17]. Developing the in vitro lymphatic
transport model that is also used in this study, they demonstrated that when micropinocytosis was
inhibited with Dynasore, transport efficiency of albumin and dextran across the LECs decreased
significantly — a clear indication that LECs serve as barriers. We also recently demonstrated first
insights on the transport mechanisms involved in the transport of nanoparticles across lymphatic
barriers. We found that both paracellular and transcellular transport mechanisms were key in
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crossing lymphatic barriers, with LECs relying on clathrin-mediated endocytosis to mediate
transport of PEGylated nanoparticles [153]. Our current study is an extension of this work,
demonstrating that macropinocytosis, in particular, is affected by both size and surface chemistry.
Others have demonstrated that macro- and micropinocytosis are involved in nanoparticle transport
across endothelial cells in tumors and the blood brain barrier [120-126]. Rabanel et al demonstrated
that nanoparticles coated with 5 kDa PEG were taken up primarily via macropinocytosis pathways
in brain endothelial cells [108]. Tehrani et al found that inhibiting micropinocytosis reduced
transcytosis across brain endothelial cells by 60% for 5 kDa PEG-coated nanoparticles, while
transcytosis of 2 kDa PEG-coated nanoparticles was reduced only by 25% after inhibiting
micropinocytosis [107]. These findings suggest that endocytosis drives nanoparticle uptake and
that transcytosis pathways may differ with nanoparticle size and different amounts and density of
PEG, corroborating the results in this study. Additionally, studies have demonstrated that
nanoparticle transport across brain microvascular endothelium can be enhanced by taking
advantage of existing receptor- mediated transcytosis, such as that of albumin (clathrin/caveolin-

dependent) [124, 127-130].

Computational methods and frameworks to model drug delivery into tissues and across endothelial
barriers have been used to study the regulation of nanoparticle transport and to guide nanoparticle
design to target tissues of interest. One of the key considerations when applying a computational
model to physiological phenomena is deciding what type of model to employ. In our study, we
generated a three-compartment model of the lymphatic endothelium and used the Levenberg—
Marquardt algorithm for parameter estimation to solve our non-linear least squares parameter
optimization problem for our system of ODEs. This algorithm was used as it is more robust than

the more common Gauss-Newton algorithm, especially when the data is not well-behaved or the
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starting parameters are far from the solution parameters, as is often the case when modeling
physiological data. [154] Saqlain et al endeavored to model levodopa concentration in the brains
of Alzheimer's patients using a classical system of ODEs and a novel approach using stochastic
differential equations[155]. They found that the stochastic model better fit the physiological data.
This shift to stochastic modeling has correlated with the emergence of neural network-based and
artificial intelligence-based modeling for drug delivery[156]. Lu et al employed a novel neural-
ODE system to predict T-DM1 conjugate concentration in patients based on patient characteristics
(age, sex, race, height, weight, region) and dosing regimen[157]. They validated the
implementation of the neural-ODE system against lightGBM and LSTM methods for predicting
pharmacokinetics and found that their neural-ODE system better recapitulated the clinical data
compared to traditional models. Cattaneo and Zunino generated a computational model based on
fundamental filtration and transport to model the interplay between blood perfusion, fluid
exchange with the interstitial volume, mass transport in the capillary bed, and transport through
the capillary walls and into the surrounding tissue at the microscale level[158]. In their work, they
solved for the transport of small molecule drugs and nanoparticles from capillaries into
surrounding tumor spaces. Using this model, they were able to quantitatively demonstrate that
using nanoparticle intermediaries for drug delivery was an optimal delivery strategy compared to
bolus injection of free drug in the tumor site. Groh et al also employed a computational model to
examine drug transport into tumors [151]. In this study they simulated solid tumors, and through
the solving of their computational model, were able to identify key pharmacokinetic parameters

that govern how far model drugs penetrate model tumors.

In addition to computational modeling of drug delivery on the larger tissue level, studies have also

sought to model drug and nanoparticle transport across, and interactions with, cells and cell layers.
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Wei-Chun Chou et al developed a pharmacokinetic model to examine gold nanoparticle kinetics
in rat models. Through the development of their model, they examined how size affected
kinetics[159]. Interestingly, based on their physiological data, they were able to modify a classical
pharmacokinetic modeling framework to hypothesize nanoparticle-specific pathways and kinetics
with respect to size. While their model focused on uptake and clearance of nanoparticles at the
organ scale, formation of their model indicated that classical approaches employed for small
molecule pharmacokinetic modeling did not translate to nanoparticle modeling and that
administration route-specific data and modeling is needed to improve approaches to modeling
nanoparticle pharmacokinetics. A key consideration from their study is that the lymphatics and
lymph nodes were not included in their model, highlighting the gap in knowledge regarding
nanoparticle pharmacokinetics in these key tissues. A recent paper from Khan et al employed a
similar transwell-based model as outlined in our study [152]. They generated a three-compartment
model and fitted observed transport data to a system of kinematic equations to solve for the
transport coefficients governing their model. This study highlighted how artificial neural networks
(ANNSs) can be used as a method to statistically model and solve kinematic transport equations
similar to the ones set forth in our study. In their model, they observed a steady accumulation of
nanoparticle within the intracellular compartment, in contrast to the rapid uptake and release
observed in our model. Collectively, these studies demonstrate the utility of computational models
and how they can be employed to better understand how the transport of key agents in tissues of
interest is regulated. Our work builds on these concepts by using computational methods to
examine what mechanisms are driving transport, as well as using these methods to quantitatively

describe how formulation parameters can affect transport efficiency.
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One of the interesting findings from our study is the nanoparticle uptake and release back into the
top well. This phenomenon has been observed in other studies, including one by Georgieva et al,
that showed how caveolin-mediated uptake of nanoparticles by endothelial cells peaked at 30 min
before release back into the environment [160]. This relatively rapid uptake and release of
nanoparticles is similar to what occurred in our study, reinforcing that endocytosis pathways are
key when examining nanoparticle transport. Another study from Fiorentino et al observed a similar
phenomenon where 20-100 nm PS nanoparticles were rapidly taken up by blood outgrowth
endothelial cells and released back into cell culture within four hours. Furthermore, they observed
that nanoparticles localized with caveolin and that inhibiting endocytotic pathways with chemical
inhibitors, including Dynasore, prevented nanoparticle uptake [161]. This endocytosis-mediated
uptake and translocation of nanoparticles is similarly observed in our study, with the
administration of the micropinocytosis inhibitor Dynasore decreasing the rapid uptake of
nanoparticles seen in untreated controls. Rapid uptake and release of nanoparticles has been
observed in a variety of cell types, including epithelial cells, fibroblasts, and macrophages [162-

165].
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5 Extracellular Cues and Nanoparticle Shape Influence Transport Mechanism and

Efficiency Across Lymphatics

5.1 Introduction

Lymphatics exist throughout the body and are appreciated for the transport of materials to the
lymph nodes where immune responses are formed. This has caused lymphatic vessels to become
potential drug delivery targets to transport immune modulatory therapies to the LNs without
requiring direct injections. Delivering immunotherapies, including vaccines, to the LNs has been
shown to potentiate their therapeutic effects, particularly crucial as efficacy of many
immunotherapies still requires improvement. Recent studies have demonstrated that nanoparticles
between 10 - 250 nm in diameter are transported preferentially via lymphatic vessels from
peripheral tissues to LNs, highlighting that the transport functions of lymphatics can be taken
advantage of for drug delivery [1, 2]. Additionally, studies outlined earlier in this thesis have
identified the key nanoparticle surface chemistry required for transport across lymphatics, and the
mechanisms governing lymphatic transport: nanoparticles with PEG in a dense brush conformation
on the surface of nanoparticles utilize both transcytosis and paracellular transport mechanisms.
Interestingly, we have observed that densely PEGylated nanoparticles do not rely on
macropinocytosis to cross lymphatic barriers. This change in transport mechanism could be the
result of changes in the protein corona formed on nanoparticles in a formulation dependent manner
[111, 118, 166]. In addition to protein corona formation, other key physiological phenomena like
transmural flow have been shown to affect lymphatic physiology and transport, and needs to be
incorporated into our models to better recapitulate in-vivo conditions within our transport model.
While we have identified key formulation parameters including size, charge, and surface chemistry
that facilitate lymphatic transport, there remains a need to understand how the lymphatic
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environment in-vivo can affect lymphatic transport, critically, 1) the formation of the protein
corona on nanoparticle surface post injection, and 2) the effect that physiological interstitial flow

has on lymphatic transport.

When nanoparticles and other foreign materials enter biological environments, the surrounding
molecules and proteins quickly adhere onto the surface creating a protein corona. This adsorption
has been demonstrated to influence drug delivery applications of nanoparticles. Some studies have
demonstrated that the formation of protein corona on the surface of nanoparticles can hinder
nanoparticle transport across endothelial and epithelial barriers by blocking nanoparticle
interactions with the cell membrane [167, 168]. However, many other studies have indicated that
the formation of protein corona on the surface of nanoparticles can improve transport and uptake
of nanoparticles across, especially if protein components are ligands for corresponding receptors
on cells of interest. This role of the protein corona with regards to improved nanoparticle transport
is of special interest with regards to lymphatics. Albumin, one of the most ubiquitous proteins
found in the body, and a common component of the protein adsorbed on foreign material, has been

utilized to improve lymphatic transport [169, 170].

Another key consideration for drug delivery into lymphatics is the interstitial fluid flow that
continuously drives fluid and material into initial lymphatic capillaries, and on through collecting
lymphatic vessels into lymph nodes. Indeed, this interstitial flow into lymphatics is considered to
be a major contributor to the transport of material into lymphatics [52]. It has also been found that
the presence of interstitial flow is key in facilitating cellular transport mechanisms within the
lymphatics, suggesting that investigating the transport of nanoparticles in lymphatics under
standard conditions does not fully recapitulate the mechanisms present in-vivo [17]. When

considering the importance of flow for lymphatic drug delivery, an emerging nanoparticle
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formulation parameter to consider is shape. Studies have demonstrated that rod-shaped
nanoparticles can align with flow and have improved circulating times compared to traditional
spherical nanoparticles [171-175]. Another draw of using rod-shaped nanoparticles is that they
have been found to better diffuse through extracellular matrix and mucus barriers [176-179]. This
further makes rod shaped nanoparticles an attractive candidate for lymphatic delivery as the
extracellular matrix is one of the key barriers for entering and traversing the lymphatics after

intradermal or intraperitoneal administration of nanoparticles.

In this chapter, we aim to examine the effects of protein corona formation, interstitial flow, and
nanoparticle shape on the delivery of nanoparticles into lymphatic vessels, as well as how these
parameters effect the transport mechanisms governing transport into the lymphatic vessels. We
used a previously established model for lymphatic transport incorporating simulated transmural
fluid flow to examine how flow promotes transport in a shape and mechanism dependent manner
[17]. To explore the effect of protein corona, we employed polyethylene glycol (PEG) coated
nanoparticles that we have previously identified to effectively cross lymphatic barriers and reach
lymph nodes and examined how parameters like PEG density effected corona formation and
subsequent transport. To generate rod-shaped nanoparticles we employed a previously established

stretching method and incorporated them in in-vitro and in-vivo lymphatic models [180].
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5.2 Methods

5.2.1 Nanoparticle formulation

Rod shaped nanoparticles were generated using a previously described mechanical stretching
method [181]. 20 mL of 5% w/v solution of polyvinyl alcohol (PVA) was mixed using a
magnetic stir bar and heated at 130 °C for at least 1 h until fully dissolved. Once dissolved, 100
nm, fluorescent carboxyl-coated polystyrene nanoparticles (ThermoFisher) were mixed into the
PVA solution 0.1% w/v. To plasticize the film, 320 pL of glycerol was also added to the
PV A/nanoparticle solution. The solution was then poured into a 12 x 12 cm mold and left to dry
overnight uncovered. Once the film fully dried, 9 x 5 cm films were cut from the film and
submerged in toluene for three hours to liquefy the nanoparticles. The films were loaded on an
Arduino-controlled mechanical stretcher and stretched to up to 2 times the size of the marked
grid and left to dry overnight. The film was cut along the grid marks and any non-uniformly
stretched portions were discarded. The remaining film sections were submerged in isopropanol
to remove any residual toluene. After 24 h, the film sections were removed and then put into a
30% isopropanol solution, which was then mixed and heated at 130 °C for an hour until the film
had fully dissolved. The dissolved films were centrifuged for 30 min at 26,000xg, and the
supernatant was discarded. The pellet was re—suspended in 30% isopropanol at 130 °C and after
1 h, centrifuged at 26,000xg. This process of PVA film dissolution and washing was repeated
three times. To separate the rods from the spheres, solutions of stretched nanoparticles were

washed at 12,000xg for 100 nm for 20 min. Stretched nanoparticles were stored in DI H20.

To PEGylate the nanoparticles, 40 nm, 100 nm, 100 nm stretched, or 200 nm fluorescent carboxyl
(COOH)-modified PS nanoparticles (Thermo Fisher Scientific, F8801) were covalently modified

with 5 kDa MW methoxy-PEG-amine (NH2) (Creative PEGworks), as previously described
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[95]. Briefly, PS-COOH particles were suspended at 0.1% w/v in 200 mM borate buffer (pH =
8.2). 350 uM PEG was conjugated to nanoparticles using 7 mM N-Hydroxysulfosuccinimide
(NHS) (Sigma) and 0.02 mM 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
(Invitrogen). The reaction was allowed to proceed on a rotary incubator at room temperature for
at least 4 hours. Nanoparticles were collected using 100k MWCO centrifugal filters (Amicon
Ultra; Millipore) and washed with deionized (DI) water. Nanoparticles were resuspended at 1%

w/v in DI water and stored at 4°C.
5.2.2 Nanoparticle characterization

Dynamic light scattering (DLS) was used to measure the hydrodynamic diameter and
polydispersity index (PDI) of nanoparticles. Phase analysis light scattering (PALS) was used for
measuring {-potential (NanoBrook Omni). Measurements were performed using a scattering angle

of 90° at 25°C. Measurements were based on intensity of reflected light from scattered particles.
5.2.3 Transmission Electron Microscopy

Stretched nanoparticles were diluted 100x in ultrapure H20 and 25 pL was placed on a square of
Parafilm. A PELCO® copper mesh grid (400 mesh Cu, Ted Pella) was inverted and placed on this
droplet for 30 s. After, the grid was washed 4 times for 30 s by placing on a 25 uL droplet of
ultrapure H20. After drying, the grid was imaged using transmission electron microscopy (JEM-

2100, 200 kV, JEOL Ltd).
5.2.4 PEG density characterization

PEG density was determined using a previously published method [97]. Briefly, SkDa PEG-
NH2 (Creative PEGworks) conjugated to fluorescein isothiocyanate (FITC) was conjugated to

fluorescent (AlexaFluor®555) 100 nm carboxyl-modified nanoparticles. A FITC-PEG-NH2
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standard curve was generated in DI water to calculate the PEG amount on the nanoparticle
surface using a plate reader (Tecan Spark Multimode Microplate Reader). From these
measurements, PEG grafting distance (D) and PEG density were estimated using the Flory
radius of PEG (Rf). The Flory radius of a polymer chain is defined as Rf ~ aN*>, where N is the
degree of polymerization, and o is the effective monomer length. An unconstrained 5 kDa PEG
chain has a Rf of 5.4 nm and occupies 22.7 nm?. PEG density and conformation can be correlated
to the ratio of Rf/D, with Rf/D < 1-1.5 yielding a mushroom conformation, 1-1.5< Rf/D > 4

yielding a brush conformation, and Rf/D > 4 yielding a dense brush conformation.
5.2.5 Lymphatic transport model

Nanoparticle transport across LECs was assessed using an established in vitro model that
recapitulates in vivo lymphatic transport [17]. Briefly, primary human dermal LECs (hLECs,
Promocell C-12217) were seeded on 1.0 um pore size, 12 mm transwell inserts (Falcon) at
200,000 cells/cm? and cultured in EGM2 (Lonza) at 37°C and 5% CO2 for 48 h. Cells were
pretreated with 1 pm/s transmural flow to simulate the tissue microenvironment. For
experiments examining the effect of flow on transport, 1 um/s or 0.5 pum/s flow rates were
maintained throughout experiment by generating a fluid head within the transwell as previously
described [17]. hLECs were treated with 1% w/v nanoparticles on the apical side and the
basolateral compartment was sampled for up to 24 h. Fluorescence intensity was measured using
a plate reader (Tecan) and nanoparticles transported was calculated using a standard curve.
Transport experiments were performed in EGM2 without growth factors to avoid the
confounding effects of growth factors. To probe the transport mechanism the following transport
inhibitors were used: 100 nM Adrenomedullin (Abcam ab276417), 62.5 uM Dynasore (Sigma

D7693), or 62.5 uM Amiloride (Sigma A7410). Transport inhibitors were applied 2 hours prior
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to introduction of nanoparticles. To examine the effect of albumin protein corona formation on
lymphatic transport, 100 nm PEGylated nanoparticles were incubated in 10 mg/mL albumin for
30 min. Nanoparticles were collected and separated from protein solution via centrifugation at
17,000 x g for 20 minutes and washing with DI water twice before pellet was collected before

being administered to the transport model at 1% w/v.

5.2.6 Immunofluorescence staining

Cells were fixed in 2% PFA for 15 minutes and incubated with mouse anti-human VE-Cadherin
(BD Sciences) at 4°C overnight. Secondary antibodies conjugated to Alexa Fluor® 488 or 647
were used for detection (Thermo Fisher). Slides were mounted using DAPI (4',6-diamidino-2-
phenylindole)-containing Vectashield (Vector Laboratories Inc., Burlingame, CA) and imaged

using a Zeiss Axio Observer. Image processing was performed using FIJI (NIH).

5.2.7 C57Bl/6J lymphatic delivery model

10 pL of 5 mg/mL, fluorescently-labeled nanoparticles was intradermally administered to female
C57Bl/6] mice (8-12 weeks old) in their forelimbs. Fluorescence intensity was measured using
IVIS Spectrum Fluorescent & Chemiluminescent Imaging System (Caliper Life Sciences) over a
12h time period. Distance of nanoparticle transport was calculated from centroid of injection site
to maximally distant pixel of fluorescence signal using ImagelJ. This pixel length was then
converted to centimeters. Mice were anesthetized with isoflurane prior to nanoparticle injection
and during imaging. Mice were euthanized after the final time point (8 hr). Draining LNs were
collected and homogenized to quantify the fluorescence signal from nanoparticles using a plate
reader (Tecan). LNs were also fixed in 4% PFA for 6 hours and treated with a sucrose gradient.
Tissues were then embedded within OCT (ThermoFisher), sectioned, and stained for FITC-B220

(BioLegend). Slides were mounted using DAPI (4',6-diamidino-2- phenylindole)-containing
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Vectashield (Vector Laboratories Inc., Burlingame, CA) and imaged using a Zeiss Axio Observer.
Image processing was performed using FIJI (NIH). All procedures were approved by the

University of Maryland, College Park IACUC.
5.2.8 Protein Corona Analysis

Nanoparticles were incubated in fetal bovine serum or 10 mg/mL albumin for 30 min.
Nanoparticles were collected and separated from protein solution via centrifugation at 17,000 x g
for 20 minutes and washing with DI water twice before pellet was collected. The amount of protein
on the nanoparticle surface was quantified using Pierce micro BCA assay kit (ThermoFisher).
Absorbance at 562 nm was measured using a plate reader (Tecan Spark Multimode Microplate

Reader).
5.2.9 Statistics

Group analysis was performed using a 2-way ANOVA, followed by Tukey’s post-test. Unpaired
Student’s t-test was used to examine differences between only two groups. A value of p < 0.05
was considered significant (GraphPad). All data is presented as mean + standard error of the mean

(SEM).
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5.3 Results

5.3.1 Protein Corona Forms Rapidly on PEGylated Nanoparticles and Improves Transport Across

Lymphatics

Shape has been shown to affect how nanoparticles interact with surrounding tissues and cells [172,
174]. In this study we used PEGylated nanoparticles that have been previously shown to improve
transport across lymphatic vessels and reach lymph nodes [153]. Using the mechanical stretching
technique, we generated rod-shaped nanoparticles. When stretched and PEGylated 100 nm
nanoparticles increased in size from 142 nm to 201 nm, making the rod shaped nanoparticles closer
in size to the 200 nm PEGylated nanoparticles (198 nm) (Fig 19A). When the R¢/D of the
nanoparticles was calculated, all formulations and shapes had PEG in dense brush conformation
(3.5—-4.5) (Fig 19B). When the surface charge of the fully PEGylated spherical nanoparticles and
rod-shaped nanoparticles was measured, they were near neutral (> -5 mV), suggesting dense PEG
coverage in conjunction with the R¢/D calculations (Fig 19C). PDI of the nanoparticles measured
via DLS indicated that the rod-shaped nanoparticles had a slightly non-uniform distribution of
sizes with a PDI >0.2. This higher PDI is likely due to the anisotropic shape of the nanoparticles
as well as the fact that the stretching process is not completely efficient: imaging via electron
microscopy reveals a heterogenous sample containing both rods and spheres. This is likely due to
the fact that the rod-shaped nanoparticles are anisotropic and the stretching protocol is not

completely efficient (Fig 19D-E).

As a preliminary way to understand the formation of the protein corona on the surface of
nanoparticles, and how this effects nanoparticle transport into lymphatics, we incubated 40 nm and

100 nm nanoparticles with a dense coating of PEG (full PEG) and sparse coating of PEG (0.1PEG)
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in a 10 mg/mL albumin solution and FBS. We found that between formulations, the amount of
protein adsorbing to the surface of the nanoparticles remained consistent. In this preliminary
experiment, we observed that 40 nm PSPEGrep=09 nanoparticles having measurably more FBS
protein on the surface compared to the fully PEGylated nanoparticles. (Fig 20A). We then
examined if the addition of protein on the surface of the nanoparticles improved transport across
LEC barriers using our transwell based model. Particularly, we examined the role of albumin, an
extremely abundant protein that is known to be actively transported into lymphatics and is known
to be a major protein corona component. The addition of albumin correlated with an increase in
transport efficiency for both PEGylated 100 nm nanoparticles, and non-PEGylated 100 nm
polystyrene nanoparticles. Indeed, the pre-incubation of the polystyrene nanoparticles resulted in
a significant increase in transport efficiency, becoming comparable to the efficiently transported
100 nm PEGylated nanoparticles (Fig 20B). When examining IF images of the LEC model, we
see that there is an increase in the polystyrene nanoparticle signal when they are pre-incubated in

albumin (Fig 20C-D).
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Figure 19 Formulation of PEGylated Rod-Shaped Nanoparticles A) Diameter of nanoparticles
measured using DLS B) Calculated R#/D of nanoparticles. C) Surface charge of nanoparticles
measured via PALS D) PDI of nanoparticles measured by DLS. E) TEM images of nanoparticles
after stretching and PEGylation protocol. Data presented as mean = SEM (*p<0.05) n = 3-4
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5.3.2 Interstitial Fluid Flow Improves Nanoparticle Transport Across Lymphatics

The fully PEGylated PSPEGr#p=458 100 nm spherical nanoparticles were administered to a
previously described in vitro transendothelial transport model of primary human LECs was
cultured on the bottom of a collagen-coated transwell (Fig 21A) to simulate transport from the
interstitium into the lymphatic vessel [17]. When looking at spherical PSPEGr#p-4.8 nanoparticle
transport in the presence of modeled transmural flow, we observed that the presence of any
transmural flow increased transport efficiency at least 5 fold after six hours (Fig 21B). After IF
imaging of the LEC model, we observed that LECs treated with flow trended towards internalized

higher amounts of fluorescent nanoparticles (not significant) (Fig 21C-D).
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Figure 21 Interstitial Fluid Flow Improves Nanoparticle Transport Across Lymphatics A)
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5.3.3 Interstitial Fluid Flow Enhances Rod-Shaped Nanoparticle Transport Across Lymphatics

We then administered the fully PEGylated 100 nm PSPEGrep=4.8 spherical nanoparticles, the rod
shaped PSPEGr#p=43 nanoparticles, and the 200 nm fully PEGylated PSPEGr#p=42 nanoparticles
to our lymphatic transport model to examine how shape effects the transport efficiency across
lymphatics. We saw that rod shaped nanoparticles and 200 nm nanoparticles were transported
similarly while the 100 nm nanoparticles exhibited significantly higher transport efficiency (Fig
22A). We saw that when we inhibited micropinocytosis with Dynasore, and when we inhibited
macropinocytosis with amiloride, there was a significant decrease in transport efficiency of rod
PSPEGr#p=43 nanoparticles. Importantly, when paracellular transport was inhibited with
adrenomedullin, closing the spaces between cells, we observed the greatest decrease in transport
efficiency (Fig 22B). Simulated transmural flow drives the transport of fluid into lymphatic vessels
in vivo and has been shown to effect LEC permeability [17]. We wanted to probe how the presence
of physiologically relevant transmural flow affected the transport of rod shaped nanoparticles
across lymphatic barriers. Interestingly, we saw that in the presence of model flow, rod shaped
nanoparticles were transported up to 6-fold more efficiently compared to static conditions. This is
a marked increase compared to the 3-fold increase observed with respect to the spherical
nanoparticles in the presence of transmural flow (Fig 22C). When the transport mechanisms of
rod shaped nanoparticles was observed under flow conditions, we saw similar trends to the static
conditions, where inhibition of paracellular transport through the introduction of adrenomedullin
caused the greatest reduction in transport efficiency (Fig 22D). IF imaging of LEC models
indicated that there was intracellular uptake of the rod shaped nanoparticles. Notably, when
paracellular transport was inhibited, we observed an increase in nanoparticle signal within the cells

(Fig 22D-E).
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Figure 22 [nterstitial Fluid Flow Improves Rod-Shaped Nanoparticle Transport Across
Lymphatics A) Transport efficiency of nanoparticles across lymphatic transport model. B)
Transport efficiency of rod-shaped nanoparticles across lymphatic model in the presence of
different transport inhibitors. C) Transport efficiency of 100 nm spherical nanoparticles and rod
shaped nanoparticles across lymphatic transport model in the presence of flow and fold increase
of transport compared to static conditions. D) Transport efficiency of rod-shaped nanoparticles
across lymphatic model in the presence of different transport inhibitors and interstitial flow. E)
MFT of IF images from lymphatic model. Data presented as mean F) IF images of hLECs with
VE-Cadherin stained in green, nucleus in blue, and nanoparticles in red. Data as + SEM (*p<0.05)
n=3-4
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5.3.4 Rod Shaped Nanoparticles Reach Lymph Nodes More Efficiently Compared to similarly

Sized Nanoparticles

To confirm our observed transport trends on lymphatic transport in-vitro with delivery to lymph
nodes, we intradermally injected the spherical 100 nm and 200 nm nanoparticles, as well as the
rod shaped nanoparticles. IVIS imaging of the fluorescent nanoparticles indicated that the 100 nm
nanoparticles and the rod shaped nanoparticles are present in lymph nodes after 8 hrs (Fig 23A).
This time frame is indicative of lymphatic vessel mediated transport as opposed to cell migration
mediated transport which typically requires over periods over 12 hrs [3]. Lymph nodes were
collected after 8 hours and homogenized for fluorescence measurement. We found that the
fluorescence signal of the rod shaped nanoparticles was similar to that of the spherical 100 nm
nanoparticles, despite the rod nanoparticles being closer in size to the 200 nm spherical
nanoparticles (Fig 23B). Furthermore, when examining the localization of the rod-shaped
nanoparticles in collected lymph nodes, we saw that there seems to be nanoparticle signal in the

cortex of the lymph node (Fig 23C).
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Figure 23 Rod Shaped Nanoparticles Reach Lymph Nodes More Efficiently Compared to similarly
Sized Nanoparticles A) IVIS imaging of C57B1/6J after intradermal injection at Oh and 8h. B) MFI
of homogenized lymph nodes at 8h. C) IF images of sectioned lymph nodes with nucleus in blue
and nanoparticles in red. Data presented as mean = SEM (*p<0.05) n = 3-4 mice
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5.4 Discussion

In this chapter we sought to determine how nanoparticle shape affects transport across lymphatics,
and ultimate delivery to lymph nodes. Our key findings from this chapter are as follows: 1) the
introduction of simulated transmural flow significantly and rapidly increases the uptake and
transport efficiency of nanoparticles across lymphatic barriers, 2) rod shaped nanoparticles in the
absence of interstitial flow were transported poorly across lymphatic barriers, but in the presence
of flow had transport efficiency comparable to the spherical counterparts, 3) rod shaped
nanoparticles were primarily transported paracellularly, 4) rod-shaped nanoparticles had improved
lymph node delivery to lymph nodes in-vivo compared to similarly sized nanoparticles, and 5)
protein corona formation, particularly the presence of albumin, improved nanoparticle transport

across LECs.

Nanoparticle shape has recently been shown to be a key characteristic that can improve drug
delivery efficiency by improving transport across mucus and extracellular matrices, as well as
improving circulation times. In our study, we stretched 100 nm nanoparticles into 200 nm long
rods with approximately 40-60 nm diameter narrow axis. When compared to similarly sized 200
nm spherical nanoparticles, the rod-shaped nanoparticles were transported more efficiently across
lymphatic barriers and to lymph nodes. This was true especially in the presence of interstitial flow.
This could be explained by previous findings indicating that rod shaped nanoparticles can align
with flow [172, 182]. Indeed, the Discher group was one of the first to observe that nanoparticle
shape was a key factor in improving tumoral administration of nanoparticles [172-174]. This
improved delivery of nanoparticles within tissues has been hypothesized by them and other groups
to be due to the fact rod-shaped nanoparticles can diffuse effectively through the extracellular

matrix thanks to the narrow axis and rod shape allowing the particles to “roll” through the matrix
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if the matrix pore size is less than that of the nanoparticle [172, 176, 178, 179, 183]. This improved
transport through extracellular matrix is mirrored in our findings where rod shaped nanoparticles
reached lymph nodes more effectively than similarly sized spherical nanoparticles. This could also
explain our result where we observe improved entry of the nanoparticle into the cortex of lymph

nodes after intradermal injection.

Groups have also examined how nanoparticle shape governs the uptake and transport mechanisms
used to internalize nanoparticles. Liu et al showed that micropinocytosis and macropinocytosis
pathways were employed in the uptake of rod-shaped bio-nanoparticles in epithelial and
endothelial cells [184]. Xie et al also examined how nanoparticle shape effects uptake of rod-
shaped nanoparticles in macrophages and the mechanisms driving uptake in macrophages. They
found that clathrin and caveolin mediated endocytosis drove the uptake of 100 nm rod shaped
nanoparticles [185]. Other studies from Dasgupta et al and Xu et al observed similar results where
cellular mechanisms drove transport of rod shaped nanoparticles into endothelial an epithelial cells
[186, 187]. Collectively, these results on the cellular mechanisms governing rod shaped
nanoparticle transport are replicated in the transport mechanism data in this chapter, where
inhibition of micropinocytotic and macropinocytotic transport with Dynasore and amiloride,

respectively, hindered nanoparticle transport across lymphatics.

Protein corona formation after administration has been shown to be a key factor in nanoparticle
drug delivery. In this study, we provide some of the first insights on how this corona formation
impacts transport across lymphatics. There exists data indicating that the formation of the protein
corona on the surface of nanoparticles is sometimes beneficial, and sometimes harmful for
nanoparticle-based drug delivery. Some studies have demonstrated that the formation of protein

corona on the surface of nanoparticles can hinder nanoparticle transport across endothelial and
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epithelial barriers by blocking nanoparticle interactions with the cell membrane [167, 168]. To
combat this, many formulation strategies, including the one outlined in this chapter employ PEG
to impart stealth characteristics to nanoparticles. However, studies have shown that the addition of
PEG can alter the formation of protein corona on the surface of nanoparticles. Seneca et al
demonstrated that even at low PEG density apolipoprotein Al and clusterin stealth proteins and
that high PEG density is required to prevent protein adsorption [188]. Abstiens et al created a
library of different nanoparticles with combinations of PEG terminal groups: positively charged
amines, negatively charged carboxyl groups, a combination of the two (zwitterionic), or non-
charged methoxy groups [189]. They found that amine-coated Nanoparticles presented faster and
higher protein absorption, and lower stability in serum. Carboxyl-PEG and methoxy-PEG
Nanoparticles showed lower PC assembly. Interestingly, the lowest protein absorption was
observed in zwitterionic-PEG Nanoparticles. Partikel et al also demonstrated that protein
adsorption on PLGA- and PLGA-PEG-NP didn’t depend on NP size within the range of 100 and
200 nm, however, PEGylation led to a significant reduction in protein corona formation [166].
These above results correlate with our findings in this chapter where the charged nanoparticles,
hydrophobic PS nanoparticles displayed the most significant protein corona formation compared
to the PEGylated nanoparticles. An interesting consequence of this increased protein adsorption
on the surface of PS nanoparticles is that when incubated in albumin, the presence of a pre-formed
protein corona significantly improves nanoparticles transport efficiency. This increased transport
efficiency due to the presence of albumin is a strategy that has been employed extensively by other
groups. Notably the Irvine groups has generated numerous lymphatic vessel and lymph node

targeting vaccine assemblies employing the innate albumin shuttling of lymphatics [169, 190].
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In summary, this chapter indicates that rod shaped nanoparticles could be a promising lymphatic
drug delivery platform, and that albumin adsorption on the surface of nanoparticles could improve
lymphatic drug delivery. This study is one of the first to examine how lymphatics regulate the
transport of rod-shaped nanoparticles and on the delivery of rod-shaped nanoparticles to lymph

nodes via lymphatic vessels.
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6 Conclusions and Future Directions

Therapeutic treatments targeting the immune system including classic vaccines as well as caner
immunotherapies are becoming more and more prevalent. Recently, lymphatic vessels have
received significant attention as a potential drug delivery target for immunotherapies. Lymphatics
form the body’s natural conduit between peripheral tissues and the local draining lymph nodes,
where the adaptive immune response is shaped. Delivery of these treatments to the draining lymph
nodes, where adaptive immunity is formed, amplifies their efficacy, thus potentially improving
their clinical outcomes. Lymph nodes can be indirectly targeted via lymphatic vessels, which exist
throughout the entire body and are mainly appreciated for transporting cells, fluid, and particulates
from peripheral tissues to the local lymph nodes. The objective of this dissertation was to
understand optimum nanoparticle formulation strategies for effective delivery into lymphatic

vessels and the understand the mechanisms governing transport of nanoparticles.

Chapter 3: Nanoparticles with Dense Poly(ethylene glycol) Coatings with Near Neutral Charge

are Maximally Transported Across Lymphatics and to the Lymph Nodes

In this chapter we introduce a nanoparticle system where we can tune the conformation of
polyethylene glycol (PEG) on the surface of nanoparticles to probe how surface chemistry affects
entry into lymphatics. Using these tools, we were able to demonstrate that a dense coating of PEG
was required for entry into lymphatics and delivery to lymph nodes. In this chapter we also
demonstrated that both transcellular and paracellular transport are required for transport into

lymphatics, and that the cellular mechanisms of transport are dependent on formulation.

The future directions of this work would be to transition away from using polystyrene

nanoparticles to using biocompatible nanoparticles, such as PLGA. Additionally, incorporating a
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therapeutic into the nanoparticles would be beneficial to further understand the therapeutic
potential of these formulation parameters. Preliminary work from our lab has demonstrated that
we are able to generate 50-150 nm densely PEGylated PLGA nanoparticles, indicating that the
findings in this chapter with respect to surface chemistry can be applied to more clinically relevant
systems. In conjunction to the inclusion of a therapeutic agent, it would be beneficial to introduce
these nanoparticles to a disease model. By making loaded nanoparticles a treatment for disease,
we can answer the question: how much transport is necessary? Treatment outcome can be observed
as a function as delivery efficacy. This application would directly address the link between
improved lymphatic delivery to improved therapeutic outcomes. Additionally, it would be
important to understand how nanoparticle transport across lymphatics is affected by disease
conditions. Indeed, preliminary work published with a collaboration has demonstrated that the
presence of external factors like cigarette smoke significantly lowers the barrier function of

lymphatic vessels [191].

Chapter 4: Para- and transcellular transport kinetics of nanoparticles across LECs

In this chapter we further examined the kinetics of nanoparticles across LECs. In this chapter we
built a three-compartment model and system of differential equations to describe the transport of
nanoparticles across lymphatic barriers. This chapter produced some of the first quantitative
kinetic values to describe transport across lymphatics relating transport mechanism as well as

nanoparticle formulation.

The future directions of this work would be to enhance the current computational model. One
potential improvement would be the incorporation of more advanced statistical modeling of the

transport data, possibly through machine learning. In a similar approach, incorporation of machine
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learning could lend predictive power to the computational model, identifying optimum

nanoparticle formulations outside of the parameters that we have experimented on.

Chapter 5: Extracellular Cues and Nanoparticle Shape Influence Transport Mechanism and

Efficiency Across Lymphatics

In this chapter we examined how two extracellular phenomena 1) transmural flow across
lymphatics, and 2) the adsorption of protein on the surface of nanoparticles in the form of a protein
corona affects nanoparticle transport across lymphatics. In this chapter we also introduced the
parameter of nanoparticle shape on transport across lymphatics. While much of the experiments
in this chapter are preliminary with n < 3 for some, are fer interesting trends are emerging. Our
key findings from this chapter are as follows: 1) the introduction of transmural flow significantly
and rapidly increases the uptake and transport efficiency of nanoparticles across lymphatic
barriers, 2) rod shaped nanoparticles in the absence of interstitial flow were transported poorly
across lymphatic barriers, but in the presence of flow had transport efficiency comparable to the
spherical counterparts, 3) rod shaped nanoparticles were primarily transported paracellularly, 4)
rod-shaped nanoparticles had improved lymph node delivery to lymph nodes in-vivo compared to
similarly sized nanoparticles, and 5) protein corona formation, particularly the presence of

albumin, improved nanoparticle transport across LECs.

The future of this work would be to repeat some of these experiments to gain confidence in the
trends. For investigating the protein corona on nanoparticles, a key experiment would be to identify
the components of the corona through mass spectrometry and western blot. In terms of nanoparticle
shape, work can be done to improve the formulation efficiency of the nanoparticles. Work can also
be done to experiment with different shapes in addition to rods, shapes containing points (i.e. stars

and triangles), have shown promise in promoting delivery to specific cell populations.
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For all three chapters, an exciting future avenue for work would be the incorporation of a disease
model to confirm the hypothesis that formulation strategies that are improving nanoparticle
transport into lymphatics correlates improve therapeutic potential. Future work in the lab is also
dedicated to generating improved models of lymphatics and other target tissues. One example is
outlined in the appendix of this thesis where we have been working to develop a mucosal-
lymphatic model. Oral administration of therapeutics is an ideal delivery route, and with the large
number of lymphoid tissues in the gastrointestinal tract, engineering a nanoparticle carrier that can
effectively cross both barriers would be key. In this appendix, I include a study where we worked
to characterize the mucus produced by model intestinal epithelial cells and identify cocultures that
would be ideal to incorporate into more advanced models including a lymphatic component,
microbiota component, or other lymphoid tissue component. Current work in the lab is also
striving to engineer a three-dimensional lymphatic vessel, and to engineer in-vitro lymphatic
vessels that can recapitulate the initial lymphatics, which function as entry points to the lymphatics
in similar manner to blood capillaries, and collecting lymphatics, which are more impermeable,
valved, and function as a bulk transporter of fluid to lymph nodes. Notably, initial lymphatics have
been observed to have discontinuous junctions, while the collecting junctions have continuous
junctions. The continuous junctions of our transwell based model are more like those that would
be seen in collecting vessels. As a result, work is being done in the lab to tune LEC culture

conditions to promote a more initial lymphatics-like cell.
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8 Appendix 1: Generating an in vitro gut model with physiologically relevant biophysical

mucus properties

This chapter is reproduced with permission from: McCright, J., Sinha, A. & Maisel, K. Generating
an In Vitro Gut Model with Physiologically Relevant Biophysical Mucus Properties. Cel. Mol.

Bioeng. 15, 479-491 (2022). https://doi.org/10.1007/s12195-022-00740-0

This chapter is being included as an appendix as it outlines some preliminary work in developing
a mucosal-lymphatic model that the lab is interested in. Oral administration of therapeutics is an
ideal delivery route, and with the large number of lymphoid tissues in the gastrointestinal tract,

engineering a nanoparticle carrier that can effectively cross both barriers would be key.

8.1 Introduction

Mucus is the first line of defense to the outside world, covering our lungs, eyes, gastrointestinal
tract, and urogenital tract. Mucus is a viscoelastic hydrogel-like network composed of water and
mucins that effectively traps pathogens and foreign particulates, preventing them from harming or
infecting the underlying epithelial cells. Mucins are high molecular weight glycoproteins,
containing hydrophilic and hydrophobic domains that link and form a mesh with pores that can
vary considerably between species of origin[192-195] and fall within the range of 100-500 nm
[196, 197]. In addition to physically trapping larger materials, the hydrophobic domains and
negatively charged glycosylation on mucins entrap positively charged and hydrophobic materials

[198]. In the gastrointestinal tract (GI) mucus serves as a lubricant for food, and as a barrier against
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pathogens, digestive enzymes and acids, digested food particles, microbial by-products, food-
associated toxins. Mucus also serves as the microenvironment for the commensal GI microbiome
[199, 200]. Understanding GI mucus structure is particularly important, as it is not only affected
by disease, but can also modulate drug absorption — a key area of study to better design orally-
delivered medications. However, it is difficult to access human GI tissues and thus access to human
mucus samples has been extremely limited. In the last two decades, many in vifro models of the
GI tract have been developed to both address questions about GI physiology, and to study

therapeutic absorption and toxicity to improve drug and drug delivery designs.

The most traditional GI in vitro models use Caco-2 cells, an immortalized human colorectal
adenocarcinoma cell line. These cells grow into confluent monolayers, differentiate into polarized
enterocyte-like cells, and have been used extensively to screen for the permeability and toxicity of
drugs[201-203]. Caco-2 Transwell® models have been shown to recapitulate the transport of
insulin, calcitonin, and exenatide that is found in ex vivo models[204]. However, a main criticism
of the use of these Caco-2 models[204] is that, contrary to using the established 21-day culture
period typically used to generate Caco-2 models, many reports cultured models for only 3-5 days
prior to performing experiments, not allowing for differentiation into more representative GI
epithelial cells[205]. Indeed, culturing conditions have been shown to massively affect how Caco-
2 cells behave in vitro. Caco-2 cell models have been shown to increase in TEER and metabolic
gene expression as passage number increases[206]. Also, studies on mannitol permeability across
Caco-2 monolayers have demonstrated that permeability declines over culturing time, leveling off
after 21 days, suggesting complete differentiation at this point[207]. Caco-2 cell layers have also
been effective in demonstrating the toxicity of both new drug formulations, and environmental

hazards, such as microplastics[208]. Collectively, Caco-2 Transwell® models have proven to be a
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valuable tool to model the absorptive qualities of the GI tract, but they lack the mucus layer that
covers the GI epithelium which can modulate transport of materials toward it, thus affecting

absorption.

Addition of a mucus layer is crucial to building physiologically relevant GI in vitro models[192,
209]. In recent years, a new cell line has emerged, HT29-MTX, that form goblet-like cells which
produce mucus. Co-culturing HT29-MTX cells with Caco-2 cells generates GI epithelial models
with similar gene expression profiles to GI tissue, and results in a mucus layer on top of the
epithelium[210]. Studies have examined how modifying the ratio of HT29-MTX cells to Caco-2
cells can change the properties of the epithelial layer, including the thickness of the mucus
produced and the resistance across the GI model. Results of these studies have been relatively
variable, generally indicating that the inclusion of HT29-MTX goblet cells results in a reduction
of transepithelial resistance (TEER), and an increase in mucus height, measured using
microscopy[211]. Mucus layers produced by these models have been found to be 10 — 50 um in
size[212, 213], and these coculture systems have largely been used to study how mucus affects
drug and nutrient bioavailability[203]. Interestingly, cocultures with 10-20% HT29-MTX cells
better recapitulate iron absorption trends, despite Caco-2 cells being the main contributor of iron
transporters, suggesting that the inclusion of goblet-like cells modulates enterocyte

physiology[214].

While new GI in vitro models now usually include mucus-producing cells, characterization of the
mucus in these model systems has been extremely limited. Typically, analysis of mucus from in
vitro models consists of measuring electrical resistance, MUC2 (the primary mucin found in GI
mucus) protein content, mucin gene expression in goblet cells, and imaging[215,216] [217]. These

methods are useful for confirming the presence of mucus; however, they provide relatively little
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information about the biophysical properties of the mucus produced by these cultures. The
biophysical properties of mucus can affect its functions as a lubricant, mesh-like sieve, and
homeostatic environment for the microbiome[218]. One key method to study the biophysical
properties of mucus is rheology, but the limited volume of mucus produced by 1 cm? or smaller
Transwell® models, makes use of traditional rheometers difficult, as these require >100 pL of
mucus[219]. Determining microrheology through multiple particle tracking (MPT) is a useful
method to gain insight into the micron-level mechanics of mucus and can be performed using the
low volumes produced by in vitro culture models[220, 221]. MPT has already been used to
determine pore sizes in vaginal, GI, and respiratory mucus[222-224]. In this study, we generated
a coculture GI epithelial model using Caco-2 enterocyte-like cells and HT29-MTX goblet-like
cells. We modified the ratio of the two cell types to simulate physiologically relevant cell numbers
throughout the GI tract and determined its effect on the biophysical properties of the mucus within
the model. We examined traditional hallmarks including epithelial morphology, TEER, and
permeability, provided biophysical analysis of the mucus layer, and compared mucus properties

to that of intestinal mucus from two common animal models: mice and pigs.

8.2 Methods

8.2.1 Cell Culture

Caco-2 (p44-48) and HT29-MTX cells (p32-40) were cultured in 75-cm? plastic flasks (Nunc
EasyFlask Thermo Scientific, Nuclon Delta Surface). Culture medium consisted of Dulbecco’s
Modified Eagle’s Medium with 10% Fetal Bovine Serum (Gibco) for both Caco-2 and HT29-
MTX lines. Coculture of Caco-2 and HT29-MTX was performed at the following ratios of Caco-

2:HT29-MTX: 1:0, 9:1, 4:1, and 0:1. Cells were seeded at a total density of 375,000 cells/cm? in
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1.0 um pore size cell culture inserts (PET, Falcon) in a 12 Well Tissue Culture Plate (Falcon).
Cocultures were maintained for 21 days to allow Caco-2 cells to differentiate and develop
enterocyte-like features. All cultures were kept at 37°C in 5% CO2, 95% air atmosphere and
regularly checked every other day to change medium. Mucus was washed from cultures using
phosphate buffered saline (PBS) weekly. Trans epithelial electrical resistance (TEER) was
measured on day 7, 14, and 21 using a millicell ERS-2 voltohmmeter (Millipore Sigma). Viability
was assessed through staining with propidium iodide (PI; 81845, Sigma). PI was administered to
live cultures after 21 days of culture on 24 well plates (Nunc Thermo Scientific) at a concentration
of 30 uM in PBS for 15 minutes in the dark. Cells were stained with propidium iodide and imaged

using fluorescence microscopy to identify non-viable cells.

8.2.2 Immunofluorescence Staining

Coculture Transwell© inserts were fixed with 4.0% cold Paraformaldehyde (PFA) in PBS for 15
min. Samples were then washed 3 times with PBS and kept at 4°C. Membrane inserts were cut out
and placed cells-up on microscope slides. Samples were permeabilized using 0.1% triton X-100
for 15 minutes. Samples were blocked with 2% FBS in PBS for 30 minutes and then washed with
PBS times. Primary antibody (anti-EpCAM, anti-MUC2 abcam) was diluted 1:200 in blocking
solution and applied to samples for 2 h at room temperature. Primary antibody was then removed,
and the sample was washed twice with PBS containing 0.1% Tween 20 and 3 times with PBS.
Secondary antibody and phalloidin-AF555 (Invitrogen) were applied for 2 h at room temperature
(Invitrogen). Cover slips were mounted on the samples with Vectashield Antifade Mounting
Medium with DAPI and sealed with nail polish prior to imaging. Fluorescence imaging was
performed using an Olympus FV300 Laser Scanning Confocal Microscope. Mucus height was

determined by measuring the distance the fluorescently labeled mucus layer spanned using ImageJ
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(NIH). Briefly, XZ confocal projections stacks were averaged over the Y axis. Mucus ROI was
traced and average height was recorded for each confocal image. 6 images were taken from n =4

samples.

8.2.3 Coculture Permeability

Cocultures were generated on 1.0 um transwells and cultured for three weeks as described above.
On day 21 10 pg/mL fluorescent 150 kDa Dextran, 4 kDa Dextran, or AF647-labeled albumin
(Invitrogen) was added to the top well and transport to the bottom well was measured via
fluorescence (Tecan Spark microplate reader) hourly for up to 6 h. Fluorescence intensity was

quantified using a plate reader and tracer transport was calculated using a standard curve. Effective

CrowerViower

permeability was estimated using the equation: Pgsr = , Where C = concentration, Viower

tSCinitial

= volume of the bottom compartment, S = surface area, and T = time.

8.2.4 Microrheology

Non-mucoadhesive nanoparticles were generated using previously published methods[95, 224,
225]. Briefly, commercially available fluorescent 100 nm, carboxyl-modified polystyrene
nanoparticles (Invitrogen) were coated with 5 kDa polyethylene glycol (PEG, Creative PEGworks)
using EDC/NHS chemistry. PEG coating was confirmed using dynamic light scattering (DLS,
Brookhaven Scientific). Mucus was collected from the surface of the transwells and 0.5 pL of
nanoparticles at 1E-5 w/w%, or 1 pg/mL. All tracking was performed on day 21 of coculturing
using an Axio Observer fluorescence microscope. Images were recorded at a frame rate of 30
frames per second. Centroid tracking was performed using automated MatLab software package
based on a previously developed method [226]. Briefly, the 2D localization of fluorescent

nanoparticles was determined based on an intensity and eccentricity threshold. Trajecotries were
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determined by connecting particle centers between serial images. The Mean Squared Displacement
(MSD) can be calculated as: <Ar2(t)> = <[x(t + 1) — x(t)]2 + [y(t + T) + y(t)]2>, where 7 is the time
lag between frames and angle brackets denote the average over the time points of interest. The
MSD was then used along with the Stokes-Einstein equation to calculate the viscosity: MSD=4Dt;
D=k B T/6mnr where: D = Diffusivity Constant, ks = Boltzmann’s, Constant, r = Radius of
nanoparticle, T = temperature, t = time, and = Viscosity. Using these equations, we can determine
the viscosity of the mucus. Further viscoelastic properties of the mucus was determined using the
generalized Stokes-Einstein equation which relates the viscoelastic spectrum [G(s)] to the Laplace
transform of <Ar2(t)>, <Ar2(s)>, with the equation G(s) = 2kBT/[rnas<Ar2(s)>], where kBT is
thermal energy, a is particle radius, and s is the complex Laplace frequency[220]. Making the
substitution s with i® where 1 is a complex number and o is frequency, the complex modulus can
then be calculated as G*(w) = G’(0) + G”(i®). The viscous and elastic moduli, G’ and G’ can be
calculated using the expression for complex microviscosity, n*(®) = G*(®w)/®. The pore size of

the mucus hydrogel (§) can be estimated based on measured G’ as § = (kBT/G')1/3 [227, 228].

For animal studies, female C57Bl/6J mice 8-10 weeks old were purchased from Jackson Labs and
allowed to acclimate for up to 14 days. Porcine intestine samples were obtained from Animal
Biotech Industries (ABI, Doylestown PA). Animal tissues were harvested and 5 puL of 1.0 pg/mL
nanoparticles were added to the mucus covering the epithelial surface, without freezing or washing
tissue to preserve mucus integrity. Microrheology was performed as described above. All animal

studies were approved by the UMD IACUC.

8.2.5 Statistics

Group analysis was performed using a 2-way ANOVA, followed by Tukey’s post-test. Unpaired
Student’s t-test was used to examine differences between only two groups. A value of p < 0.05
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was considered significant (GraphPad). All data is presented as mean + standard error of the mean
(SEM). All experiments were performed at least twice with 2-3 technical replicates per condition.

Only statistically significant or trending (p < 0.1) data is indicated in the Figures.

8.3 Results

We sought to generate a model GI epithelium with physiologically relevant mucus by coculturing
HT29-MTX mucus producing goblet-like cells with Caco-2 enterocyte-like cells. Caco-2 cells and
HT29-MTX cells were seeded at four different ratios: 1:0, 9:1, 4:1, and 0:1 Caco-2:HT29-MTX
(CH10:0, CH9:1, CHS8:2, CHO:10, respectively), representative of the jejunum and ileum of the
small intestine [229]. Cells were cultured for 21 days on a 1.0 um Transwell© insert at confluence
to allow differentiation of Caco-2 cells into enterocyte-like phenotype. As expected, Caco-2 cells
did not secrete mucus, and no secreted mucus layer was observed (Figure 1A) [230]. We found
that f-actin is localized to cell membranes, particularly along the apical surface of the epithelial
layer, and is most evident in cultures containing Caco-2 cells (Figure 1A, Sup 1). As HT29-MTX
cells are added, the signal and continuity of the f-actin is reduced, but monolayer integrity is
maintained, as no obvious gaps between cells can be observed. We found that the MUC2 secreted
mucus layer increases in height as the amount of HT29-MTX cells in the culture is increased
(Figure 1A-B). The mucus layer height is tallest on the cultures containing only HT29-MTX cells:
175 £ 37 um, and smaller in the cocultures: 48 + 13 um for CH9:1, and 94 + 10 um for CHS:2
(Figure 1B). It is difficult to differentiate Caco-2 and HT29-MTX cells, since both express mucin
and other typical GI epithelial genes/proteins, and thus it is possible that the original 9:1 and 8:2
ratios have changed throughout our culture even though cells are seeded at confluence. However,

the changes we see in mucus accumulation, and f-actin signal suggest that even if the original

118



ratios are not maintained after 21 days, the HT29-MTX cell population is different between the

two conditions. Coculture viability was close to 100% for all conditions (Figure 1C).
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Figure 1 Morphology and Physiology of GI Co-Culture Models

A) Immunofluorescence images of different co-culture conditions visualizing cytoskeletal F-
actin (Phalloidin, red), mucin (MUC2, green) and nuclei (DAPI, blue). Grey dashed lines
indicate representative location from which mucus height was measured and white dashed
lines indicate location of the transwell membrane. B) Quantification of mucus head produced.
C) Viability of coculture models at maturity (21 days). n = 4 (*P < 0.05, *** P < (0.001)
measured using 1-way Anova. Scale bar indicates 200 um.
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After characterizing the morphology of the different GI cocultures, we sought to assess the effect
of a mucus layer and HT29-MTX cells on model GI epithelial permeability. We found that TEER
increased from 330 + 30 to 440 = 110 mV to 510 + 60 mV for CH10:0 and from 180 + 20 to 260
+ 30 mV to 230 + 40 mV for CHO:10 (Figure 2A). Both mixed cultures also increased over time,
with the CHO9:1 culture increasing from 370+10 to 530+30 mV to 570 + 50 mV and the CHS:2
culture increasing from 420 + 20 to 550 + 20 mV to 610 + 40 mV (Figure 2A). We observed an
increase in TEER with the addition of HT29-MTX cells to the culture across all time points. We
also assessed solute permeability of the coculture model using fluorescent bio-inert 150 kDa
dextran, 4 kDa dextran, and albumin, a model protein. Using the 4 kDa dextran tracer, commonly
used in studying epithelial permeability, we observed that the HT29-MTX monoculture was the
most permeable with 9.1 + 0.8 % transport. This was significantly higher than the CH9:1 and
CHS:2 cocultures where the 4 kDa transport efficiency was 3.5 +0.2% and 4.0 + 0.6% respectively.
The Caco-2 monoculture was the least permeable to 4 kDa dextran with a transport efficiency of
1.5 £ 0.1% (Figure 2B). The other coculture conditions, CH10:0, CH9:1, and CHS:2, displayed
similar transport efficiency, ranging from 2.5 £ 0.1% - 2.5 + 0.2% after 6 hours. Measuring the
trans-epithelial transport of the 150 kDa dextran, we found that the uniform HT29-MTX culture
was the most permeable to this larger molecule, with 3.0 + 0.6% transport efficiency (Supp 2).
Albumin transport was similar for all Caco-2 containing samples, though there was a trend toward
lower permeability of the CH9:1, and the HT29-MTX culture was most permeable with 5.7+3.7%
of the albumin transported after 6 h (Figure 2C). Our data demonstrate that the effective
permeability for 4kDa dextran was the highest for the HT29-MTX monoculture (Figure 2D, Supp
2), and the other cell compositions displayed similar effective permeabilities for the different

tracers (Figure 2D-E, Supp 2).
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Figure 2 Permeability of GI Co-Cultures

A) Trans-Epithelial Electrical Resistance (TEER) of co-cultures over time. B) 4 kDa
dextran and C) albumin transport efficiency across the transwell coculture over time after
3 weeks. Calculated permeability of cocultures at 6h to D) 4 kDa Dextran and E) albumin
after 3 weeks. n=3 -6 (*p < 0.05, #p < 0.1) measured using 2-way Anova.
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Next, we characterized the rheological properties of the mucus layer in our coculture model
systems using MPT. As the Caco-2 cell lines do not secrete a mucus layer, we did not measure
rheological properties of the CH10:0 coculture model. We found that MSD and diffusivity
increased as the ratio of HT29-MTX cells within the culture increased. PEGylated non-
mucoadhesive nanoparticles (MPP) displayed a diffusivity of 0.11 = 0.2 um/s? in CH9:1 mucus,
and 0.12 = 0.01 um/s®> in CH8:2 mucus. MPPs within mucus samples from goblet-cell
monocultures (CHO:10) had a diffusivity of 0.13 = 0.01 um/s* (Figure 3A), indicating that all
cultures had similar diffusivities. We found that the viscosity of the CH9:1 mucus was 0.03 + 0.01
Pa-s (Figure 3B). The mucus of the CH8:2 mucus was ~25% more viscous than CH9:1 mucus, at
0.04 = 0.01 Pa-s (Figure 3B), while CHO:10 mucus was the most viscous at 0.045 + 0.01 Pa-s
(P<0.2), though none of these differences were statistically significant (Figure 3B). We then
extrapolated pore size of the mucus layers and found that there was a relatively large variability.
We found that the average pore size was 440 = 15 nm? in the CH9:1 mucus, 610+30 nm? in the
CHS:2 mucus, and 620 + 70 nm?in the CHO:10 mucus, with CH9:1 mucus having a significantly
lower pore size than both CHS8:2 and CHO:10 (Figure 3C). However, pore sizes ranged from 10
to 1200 nm? for CH9:1 and 10 to 2800 nm? for CHS:2, highlighting the heterogeneity of the
produced mucus layer (Figure 3C). Finally, we determined the elastic (storage) modulus (G’) and
plastic (loss) modulus (G’’). G’ at t=0.5s was similar at 0.15 = 0.06 Pa and 0.20 = 0.12 Pa (ns) for
CHO9:1 vs. CHS8:2, respectively (Figure 3D). The monoculture of HT29-MTX goblet-like cells had
the highest elastic modulus of 0.48 + 0.19 Pa, though due to the high variability this was only a
trend when compared to CH9:1 (Figure 3D). The plastic modulus and ratio between G’/G” was

highest for HT29-MTX monocultures (Figure 3E-F). Interestingly, when measuring G’’/G’ we
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saw that the mucus produced by the cocultures behaved elastically (G’’/G’ < 1), whereas the

monoculture of HT29-MTX cells was slightly plastic (G*’/G’ > 1) (Figure 3F).
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Figure 3 Material Properties of Mucus Produced by Coculture Models after 3 Weeks

A) Diffusivity of 100 nm PEGylated nanoparticle in culture-produced mucus samples. B)
Microvisocisty, C) pore size D) elastic modulus (G”), E) plastic modulus (G’’), and F)
G”’/G’ of mucus produced by cocultures after 3 weeks. n =4-6 (#P <0.1; *P < 0.05;)
measured using 2-way ANOVA for MSD and 1-way ANOVA otherwise.
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To determine if the properties of the mucus produced in our in vitro model was representative of
in vivo mucus, we collected GI mucus from mice and pigs, two animal models commonly used for
studying the GI tract. We compared the mucus properties in both the jejunum and ileum of the
small intestines. We found that there was a trend toward higher MPP diffusivity within the jejunum
when compared to the ileum for both porcine and murine mucus samples (Figure 4A). MPP
diffusivity was 0.40 £ 0.1 to 0.20 £ 0.1 um/s? for the porcine samples and 0.30 = 0.1 to 0.19 = 0.1
um/s? for the murine mucus samples. We also found that porcine jejunal mucus had a viscosity of
0.034 + 0.01 Pa-s, less viscous than porcine ileal mucus, which had a viscosity of 0.087 + 0.01 Pa-
s (Figure 4B). The porcine jejunal mucus displayed similar microviscosity measurements to both
coculture models 0.036 + 0.002 Pa-s and 0.034 + 0.001 Pa-s for CH9:1 and CHS:2, respectively.
Murine mucus viscosity was higher in the jejunum compared to porcine jejunum, measuring
0.07+0.02 Pa-s in the murine jejunum, and was similar to porcine ileal mucus, measuring 0.10 +
0.03 Pa-s in the murine ileum (Figure 4B, Table 1). We found that pore size was consistently
below 500 nm? for all porcine and murine small intestinal mucus samples (Figure 4C). Porcine
jejunal mucus had a mucus pore measuring 390 = 50 nm?, similar to the mucus produced by the
CH9:1 coculture model (440 = 15 nm?) (Figure 4C). Calculating the material properties of the
animal mucus, we found that both were elastic in nature, evidenced by the ratio of G’/G* < 1
(Figure 4D-F), similar to our coculture in vitro models. Collectively, these results indicate that
there are similarities in material properties between the mucus produced by the in vitro models and
mucus from in vivo animals (Table 1). Additionally, we identified that the ratio of 90:10 Caco-2
to HT29-MTX cells recapitulated the viscosity, pore size, G’ and G” of porcine jejunal mucus

(Table 1).
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Figure 4 Material Properties of Mucus from In-Vivo Animal Models

A) Diffusivity of 100 nm PEGylated nanoparticle in collected mucus samples. B) Calculated
microvisocisty of mucus samples. C) Pore size of mucus samples D) elastic modulus (G’), E)
plastic modulus (G’’), and F) G’’/G’ of mucus. n =3 (#: p = 0.054; *p < 0.05) measured
using Student’s t-tests.
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Viscosity | Pore G’ G” G’IG”
(Pa-s) Size
(an) (Pa) (Pa)
Caco- | 9:1 0.034 =+ | 440 =50 | 0.16 = 0.05 | 0.11 + | 0.44 £0.06
)5 0.001 & | & & @, & @ | 0.02 &
HT29-
MTX
8:2 0.036 =+ | 60040 | 0.21 = 0.09 | 0.17 + | 0.44 £0.07
0.002 & & @, & @ | 0.05 &
0:10 0.043 =+ | 830 <+ | 0.52+0.13 0.58 + | 1.24 £0.18
0.004 120 0.07
Mouse | Jejunum 0.065 + | 22030 | 0.25+0.05 | 0.21 £0.02 | 0.86 = 0.09
(&) 0.009
lleum (w) | 0.100 + [ 180+10 | 0.22+0.01 | 0.18+0.02 | 0.8 £0.02
0.032
Pig Jejunum 0.034 + | 390+30 | 0.3+0.04 0.25+0.04 | 0.83+0.08
(&) 0.009
Ileum (@) | 0.087 =+ | 30050 | 0.26+£0.02 | 0.2+0.01 0.8+0.1
0.008

Table 1: Summary of material properties of different co-culture systems compared to pig and

mouse mucus.

Values given as mean = SEM (n=3-6) measured using 1-way Anova. Symbol (& for jejunum
or @ for ileum, mouse — blue, pig — red) indicates that the measured parameter

(viscosity, etc) for the coculture model is not statistically different or trending toward a
difference compared to the respective animal mucus ( p > 0.1).
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8.4 Discussion

In this work we established an in vitro model of the mucus-producing GI epithelium and
characterized the permeability of the model as well as the material properties of the mucus
produced by the model. We found that increasing the number of HT29-MTX cells within our
culture model resulted in more mucus production, as indicated by an increase in mucus height. The
addition of HT29-MTX cells, and thus a mucus layer, resulted in an increase in TEER, but did not
significantly affect the model’s permeability of the albumin and 4 or 150 kDa dextrans compared
to Caco2 cells alone. Our microrheological analysis revealed that the mucus became more viscous
and contained larger pores as the amount of HT29-MTX cells was increased. Interestingly, we
show that the mucus produced by the coculture was distinct from the mucus produced by the HT29-
MTX cells alone, as the mucus produced by the cocultures was more viscoelastic than that
produced by the monoculture of HT29-MTX cells. The mucus produced by the coculture models
was also less viscous than that found in both the porcine and murine GI mucus. In summary, we
generated and characterized an in vitro model for the GI epithelium that can inform oral drug
delivery strategies while providing some of the first analyses of the mucus layer produced by an

in vitro GI model.

Studies have found that the addition of a mucus layer via coculture of HT29-MTX and Caco-2
cells does not modulate permeability of the in vitro model system compared to Caco-2 cells
alone[231-233]. Our study confirms these findings: We found that changing the ratio of cells
within our culture did not change the permeability of 4 or 150 kDa dextran and albumin. Others
have also reported that the addition of HT29-MTX cells does not change the permeability of
chemical, macromolecule, or protein tracers in a significant way [231, 233]. However,
permeability is increased in monocultures of HT29-MTX cells, likely due to their lack of forming
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adequate tight junctions. Similarly, literature suggests that addition of HT29-MTX cells modifies
formation of tight junctions between the enterocyte-like cells, which has been observed in
numerous other studies using coculture ratios ranging from 70:30 — 90:10 Caco-2 to HT29 cells,
and occurs because the goblet-like cells do not adequately form tight junctions themselves[211,
234, 235]. Despite this, other groups found that changing the ratios of the cell types did not alter
the TEER values measured[235, 236]. This is contrary to what we have observed, where the
introduction of HT29-MTX cells seems to have increased the TEER of our models. This
inconsistency may be caused by the thicker mucus layer in our system, which may alter the TEER
readings. Despite the differing trends in TEER as a result of the addition of HT29-MTX cells,
TEER values for cocultures range from 300-900 Q-cm?, which is consistent with our models.
Another consideration for models utilizing differing ratios of Caco-2 and HT29-MTX cells is that
due to the challenge of definitively identifying them through imaging, it can be difficult to establish
that the original ratio of cells are maintained due to different proliferation rates. Overall, our system
recapitulates the permeability and mucus production of previously developed in vitro model

systems.

Mucus height changes throughout the different parts of the GI tract, which is unsurprising since
the jejunum, ileum, and colon have distinct functions — food digestion/absorption in the small
intestine and water/ion absorption in the colon. The duodenum has the thickest mucus layer,
measuring up to 500 microns[218], likely to prevent the incoming gastric juices and digestive
enzymes from reaching the epithelial surface too quickly. In the jejunum, mucus thickness is only
150-300 microns, likely to aid in food absorption, while the mucus layer in the ileum can measure
up to 500 microns in thickness [212]. These values are much greater than those recreated in classic

in vitro models using 70:30 — 90:10 ratio of Caco-2 to HT29-MTX coculture models of the GI
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tract, where mucus thickness mostly resembles that of the firmly adherent mucus layer, ranging
from 15 — 30 microns in the small intestine[ 194, 213, 215, 237]. Navabi et al completed a thorough
study where they examined a combination of Caco-2 and HT29-MTX ratios and strains, and the
effect of mechanical stimulus on mucus production. The mucus layer produced by their models
was consistently thinner than that of our model[237]. Our model system had mucus of 40 — 80
microns, suggesting that our system includes a thicker mucus layer than previously reported
systems, which may make it more physiologically representative. Further optimization to enhance
the height of the mucus layer in vifro may be needed to build truly representative in vitro model

systems.

In addition to mucus height, the material properties of the mucus change along the different parts
of the intestine. Studies in mice have suggested that mouse colonic mucus has an average pore size
close to 200 nm, as 200 nm, non-mucoadhesive nanoparticles had reduced diffusivity in the mucus
layer[224]. Mouse small intestinal mucus, on the other hand, had a larger pore size ranging
between 200 — 500 nm, as 200 nm nanoparticles freely diffused with the mucus gel, while 500 nm
nanoparticles did not[223]. Studies using reconstituted porcine-derived mucin have estimated that
the pore size of small intestinal mucus lies between 100 — 200 nm in size[238]. This has been
corroborated by Yildiz et al. who observed a 20-fold decrease in particle diffusivity when
nanoparticle diameter was increased from 100 nm to 500 nm, suggesting that the pore sizes within
porcine mucus lie between 100 — 500 nm[239]. A confounding factor in many of these studies is
that the reliance on mucus hydrogels generated from purified and heavily processed gastric
mucins, instead of small and large intestinal mucins, which can lead to gels that do not necessarily
recapitulate the mucin seen in vivo[240]. Indeed, electron micrographs of ex vivo mucus highlight

the heterogeneity of mucus pore sizes in vivo and provide a visual estimation of pore size closer to
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500 nm diameter[241]. One group demonstrated that microparticles of 0.5 — 2 um? were able to
diffuse through murine ileal mucus samples, suggesting that mucus pore sizes could be as large as
2 um? [242]. Our data shows that coculture in vitro models produce mucus with pore sizes more
in line with that of estimated electron microscopy images of human mucus, a range of 50 - 300 nm
in diameter[232]. Mucus pore size measurements have continued to result in seemingly conflicting
data, which can largely be contributed to the myriad factors that can influence mucus permeability,
including local concentrations of mucins and other macromolecules, fluid flow, presence of food
materials, and diet. Collectively, these studies have suggested that pore sizes in mucus are

extremely heterogeneous, which is recapitulated in our coculture models.

Mucus viscosity is key in maintaining barrier properties and is typically a function of pore size,
with a tighter mesh network resulting in more viscous mucus. We found that the mucus from our
cocultures had a viscosity of 0.03 - 0.04 Pa-s. This viscosity was below the reported ranges of 0.06
- 0.10 Pa-s in pig mucus, as measured via macrorheology[243]. However, differences in macro-
and microrheology are common in other tissues as well. A similar study examining mucus barrier
properties within different regions of the mucus layer corroborated our measurements of mucus
microviscosity. Using MPT, they found that ex vivo, unmodified, jejunal porcine mucus had a
microviscosity in the range of 0.01-0.05 Pa-s, and remained relatively similar at different depths
of the mucus layer[219, 223, 244]. Despite these studies, how viscosity and pore sizes vary along
the small intestinal tract is still largely understudied. Comparisons between small intestine mucus
and colonic mucus suggest that viscosity of mucus increases as the GI tract progresses. Indeed, a
study by Swidsinski et al. indirectly measured this gradient in mucus through analysis of the
microbiome components within different regions of the GI tract[245]. Using agarose gel of

different viscosities, they demonstrated that bacterial shape correlated with an environmental
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viscosity best suited for survival and mobility. Through this, they hypothesized that the shape of
bacteria in specific regions of the GI tract can predict the material properties of that region. Using
this strategy, they further hypothesized that mucus viscosity increases from proximal to distal
regions of the intestines. This trend is corroborated by our findings where our ex vivo
microrheological measurements of porcine and mouse mucus indicate that viscosity increases from

the jejunum to the ileum.

With inflammatory diseases at the forefront of in vitro modeling using Caco-2 and HT29-MTX
cultures, many groups are also experimenting with adding immune cells into GI models. This is
typically achieved through the addition of Raji B cells, microfold (M) cells, as well as THP-1-
derived macrophages[246, 247]. Ude et al. incorporated Raji B cells within a Caco-2-based model
of the GI tract to generate models sensitive to copper oxide pollutants[248]. Kerneis et al. added
lymphocytes from Peyer’s patches to a Caco-2 GI model. Within the model, these lymphocytes
behaved like M cells, transporting inert nanoparticles and bacteria[249]. Beterams et al. recently
developed a triple coculture model consisting of THP-1-derived macrophages, T84 epithelial cells,
and LS-174T goblet cells[250]. They found that the inclusion of immune cells resulted in an
increase in mucus height from 60 to 80 um, compared to a coculture with no macrophages,
suggesting that inclusion of immune cells is crucial to create a more physiologically representative
mucus height. The group further introduced model microbiota which induced pro-inflammatory
cytokine production. While these studies highlight the promise of modeling both microbiota and
disease interactions in vitro, a key next step for these models will be to include the microbiota
within a mucus gel in these models. This is incredibly challenging as most microbiota require

anaerobic conditions, while epithelial cultures require oxygen. However, generating mucus
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models with physiologically relevant material properties could facilitate the incorporation of

microbiota and allow them to behave as they would in vivo.

In this study we demonstrated how coculture of enterocyte and goblet-like cells within a GI model
resulted in physiologically relevant recapitulation of intestinal mucus properties. We found that
increasing the number of goblet cells resulted in a more resistant monolayer, while also producing
mucus that was more viscous with larger pores. Being able to accurately recapitulate both
epithelium and mucus microenvironment is key for engineering oral therapeutics which must cross
this barrier, as well as studying microbiome interactions with its physiologically relevant
microenvironment. Future GI in vitro models should consider the material properties of the mucus
produced, as features like pore size dictate microbiome health as well as drug delivery. Models
can include additions such as immune cells and microbes to provide more physiologically relevant

model systems.
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