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The lymphatics transport material from peripheral tissues to lymph nodes, where immune
responses are formed, before being transported into systemic circulation. With key roles in
transport and fluid homeostasis, lymphatic dysregulation is linked to diseases, including
lymphedema. Fluid within the interstitium passes into initial ymphatic vessels where a valve
system prevents fluid backflow. Additionally, lymphatic endothelial cells produce key
chemokines, such as CCL21, that direct the migration of dendritic cells and
lymphocytes. As a result, lymphatics are an attractive delivery route for transporting
immune modulatory treatments to lymph nodes where immunotherapies are potentiated in
addition to being an alternative method of reaching systemic circulation. In this review, we
discuss the physiology of lymphatic vessels and mechanisms used in the transport of
materials from peripheral tissues to lymph nodes. We then summarize nanomaterial-based
strategies to take advantage of lymphatic transport functions for delivering therapeutics to
lymph nodes or systemic circulation. We also describe opportunities for targeting
lymphatic endothelial cells to modulate transport and immune functions.
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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.

LYMPHATIC VESSEL PHYSIOLOGY

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 to 60 pm, initial lymphatics
form a network in interstitial spaces of tissues (Figure 1A (Aspelund et al., 2016)) (Scallan et al.,
2010). The lymphatic capillary walls are made up of single-layered cells that overlap in some areas,
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FIGURE 1 | 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.

giving the appearance of one-way flaps (Baluk et al., 2007), or
microvalves (Trzewik et al., 2001). 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 (Ikomi et al,
1996). 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 (Scallan et al., 2010).
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 (Figures 1B,C) (Schulte-
Merker et al., 2011). Typically, afferent lymph consists of
lymphocytes, and antigen-presenting dendritic cells (Pflicke
and Sixt, 2009; Haig et al, 1999). 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 and
LEC surface markers including CCL21, and CCL22 (Lucas and
Tamburini, 2019; Vigl et al., 2011). 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 (Comerford et al., 2013). 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 (Lucas and Tamburini, 2019). 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 y§
T cells (Haig et al., 1999). 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 (Figure 1D) (Aspelund et al, 2016; Geng et al., 2016).

Barrier Functions of Lymphatic Vessels

Lympbhatic 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 (Breslin et al, 2018). 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 (Triacca et al,
2017). Conversely, if pressure is higher inside the lymphatic
vessels, endothelial cells adhere more closely, preventing lymph
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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 (Sabine et al., 2015; Breslin et al.,
2018). 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 lymphatic endothelial cell
permeability within initial lymphatics (Schwager and Detmar,
2019). This occurs through disruption of cell-cell junctions and
contraction of the actin/myosin cytoskeleton within LECs (Cromer
et al,, 2014). Impaired lymphatic endothelial barrier function can
result in several pathological conditions. For instance, edema
develops if gaps between endothelial cells are too large (Scallan
et al, 2010). Furthermore, in lymphedema, lymphatic vessels
experience high levels of shear stress and stretch and adapt to
these conditions by increasing transport (Rahbar et al., 2014).

Cell-Cell Junctions

The junctions of lymphatic vessels are largely composed of the
adherens junction proteins VE-cadherin, B-catenin and pl20-
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) (Zhang et al,
2020). Despite the similarities in composition, junctions in initial and
collecting lymphatic vessels differ greatly in morphology and function
(Dejana et al,, 2009). 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 (Baluk et al., 2007). They are formed by
the overlap of the membranes of endothelial cells, which create flap-
like mini-valves (Trzewik et al, 2001). 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 (Schwartz et al.,, 1999). An advantage
of this structure is that drainage into lymphatics can occur without the
dissolution of endothelial cell junctions, maintaining vessel integrity
(Pflicke and Sixt, 2009). 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 lymphatic
endothelial cell borders (Yao et al, 2012). During inflammation,
the alteration of both button- and zipper-like junctions can increase
lymphatic permeability (Kakei et al., 2014).

Fluid Homeostasis
Regulating fluid balance is crucial in bodily function (Swartz,
2001). Most plasma produced by the body is returned to the

Nanoparticles for Lymphatic Drug Delivery

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 (Miteva et al., 2010). 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 (Hematti and
Mehran, 2011). Without proper lymphatic drainage, the buildup of
fluid in the interstitial spaces can potentially cause life-threatening
conditions (Casley-Smith, 1985). 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 (Velanovich and Szymanski, 1999; Rockson, 2001; Gupta and
Moore, 2018).

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. Nanoparticles are an attractive vehicle to
transport vaccine and vaccine adjuvant to lymph nodes through
lymphatic vessels. Nanoparticles can be engineered to facilitate the
controlled release of immunotherapies, and can limit negative
immunogenic and toxic side effects through the encapsulation of
delivered components and targeted delivery to tissues of interest
(Reddy et al., 2007; Gutjahr et al., 2016; Chen et al., 2020). Research
from the last decade has identified that nanomaterials between
10—250 nm in diameter (Kobayashi et al, 2006), and up to 1
micron in some studies, can also be taken up by LECs through
transcellular and paracellular mechanisms (Srinivasan et al, 2016;
McCright et al., 2022). In the gastrointestinal tract, lymphatics also
play a special role in lipid 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. These
approaches are summarized in Table 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

Frontiers in Pharmacology | www.frontiersin.org

June 2022 | Volume 13 | Article 887402


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

McCright et al.

TABLE 1 | Summary of nanoparticle formulations used for lymphatic delivery.

Nanoparticles for Lymphatic Drug Delivery

Nanoparticle Advantages Disadvantages Lymphatic application Sources
formulation
Polymeric Can be biodegradable. Flexible formulation  Difficult to scale production. Possible PEGylation allows for improved entry into [36, 38,
Nanoparticles allows for precise tissue and cell targeting toxicity of polymer lymphatics and delivery to lymph nodes. 42-44,
and controlled release. High stability Formulations have been engineered to 49, 65]
release cargo in lymph nodes
Liposomes and Easy formulation that allows for some surface  Low solubility Short circulation times Liposomes can effectively encapsulate [37, 38, 45,
Micelles maodification. Nontoxic and biodegradable insoluble drugs 47, 55]
Dendrimers Highly tunable chemical and physical High cost of formulation. Often outside  Serve as solubility enhancers for drugs [39, 41]
properties. Covalent association of drugs the size range for effective lymphatic
transport (10—250 nm)
Solid Lipid Biocompatible Flexible formulation can aid in  Difficulty scaling production. Poor Incorporation of pro-drugs can impart [64, 56, 58,
Nanoparticles tissue specificity solubility lymph node and lymphatic vessel delivery 60-64]

after oral administration

Bold values within the table are types of nanoparticles, with their features described within the row.

within LNs after intradermal tail injection. Importantly, they
were able to visualize the lymphatic network of the mice using
fluorescent nanoparticles (Reddy et al., 2007). 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—45nm
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
(Nakamura et al., 2020). 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 (McCright et al., 2020).

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 (Varypataki et al.,
2016). 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 (Nishimoto et al., 2020). 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 (Rohner and
Thomas, 2017). Research from Kaminskas et al. demonstrated
that PEGylation of poly-L-lysine dendrimers enhanced their
transport to the LNs after subcutaneous injection in murine
models (Kaminskas et al., 2009). However, similar to the study
by Varypataki, there were significant size differences in the
compared formulations. Notably, non-PEGylated dendrimers
were under 10nm in size, falling outside of the range
identified for optimal lymphatic transport (Rohner and
Thomas, 2017).

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
(Moghimi et al., 1994). De Koker et al. also demonstrated
that modifying nanoparticle surface chemistry can be
engineered to leverage lymphatic transport (De Koker et al,
2016). They were able to demonstrate that coating 200 nm
mesoporous silica nanoparticles with PEG improved LN
accumulation of nanoparticles after 12 and 48 h, 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 (De Koker et al., 2016). Rao
et al. also found that 50, 100, and 200 nm PEG-coated
nanoparticles accumulated more in the LNs after
subcutaneous injection compared to wuncoated PLGA
nanoparticles of the same size, suggesting that hydrophilicity
is crucial to maximize lymphatic transport of nanoparticles (Rao
et al., 2010). 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 (Zhuang et al.,
2012). 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. While these findings have been
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critical in identifying nanoparticle surface chemistry required for
indirect lymph node delivery, whether nanoparticles are being
transported through lymphatic vessels or reaching lymph nodes
through capture and transport with immune cells needs to be
addressed in future studies (Chen et al., 2020). 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 lymphatic endothelial cell barriers. Indeed, densely
PEGylated nanoparticles were found to accumulate in
draining lymph nodes within 4h 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 (McCright et al., 2020).

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
(Zeng et al., 2015). 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 (Roozendaal et al,
Kraal). 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 (Schudel et al., 2020). Additional studies from
the group can be highlighted in a recent review from the group
(Kim et al., 2021).

Nanoparticles for Lymphatic Drug Delivery

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 (Cooper,
1997; Chaudhary et al, 2014). 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 (Trevaskis et al., 2015a; Lee et al., 2019;
Kochappan et al., 2021; Lee et al, 2021). 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 (Trevaskis
et al,, 2015b). 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 (Gracia et al, 2020). For more
detailed descriptions of such prodrug formulations, we direct
readers to this recent review (Dahan et al., 2014).

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 (Mao et al., 2019). 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
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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
(Kim et al., 2018; Kim et al., 2019; Suzuki et al., 2019). Baek et al.
also used a similar strategy to delivery curcumin to the lymphatics
(Baek and Cho, 2017). 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.

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 (Lee
et al, 2021). 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 2-3h 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 (Kochappan et al, 2021).
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.

LYMPHATIC ENDOTHELIAL CELLS 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.

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 (Nykdnen et al., 2010;

Nanoparticles for Lymphatic Drug Delivery

Kriehuber et al., 2001). 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. CCR7 has been shown to regulate dendritic
cell association with collecting lymphatic vessels. Dendritic
cell association with these collecting lymphatic vessels results
in increased vessel permeability (Ivanov et al., 2016; Hampton
and Chtanova, 2019). Additionally, dendritic cells
preferentially enter lymphatics at sites where the CCL21
gradient is highest, suggesting that CCL21 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(69). CCL21 secreted by LECs also regulates the
homing of naive T cells from distant peripheral tissues to
lymph nodes (Sallusto et al., 1999; Farnsworth et al., 2019).
Additionally, CCR?7 is a key discriminatory marker between
central and effector memory T cells, with CCR7+ memory cells
home towards lymph nodes and effectively stimulate dendritic
cells (Sallusto et al., 1999).

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 (Gorlino et al., 2014;
Tecchio etal., 2014; Rigby et al., 2015). The significance of this
migration is not fully understood, it likely plays a role in
preventing systemic pathogen spread (Kastenmiiller et al.,
2012; Takeda et al., 2019). 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 (Hampton and Chtanova, 2019).

In addition to regulating dendritic migration through the
CCL21-CCR?7 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-f secretion (Garnier et al.,
2019). 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 (Lukacs-Kornek et al., 2011). 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
CDS8" cells (Tamburini et al., 2014). 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 MHCII-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.

Frontiers in Pharmacology | www.frontiersin.org

June 2022 | Volume 13 | Article 887402


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

McCright et al.

Targeting Lymphatic Vessels for

Immunomodulation

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 (Witmer et al,
2001). 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
(Mouta Carreira et al., 2001; Gordon et al., 2008; Brezovakova
and Jadhav, 2020). 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 (Guo et al,, 2013). Dashkevich et 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 (Dashkevich et al., 2016). 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 (Su et al,
2007). 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
VEGEFR-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 (Maisel et al, 2021). In cancer, studies have
demonstrated that treatment with VEGF-C, the ligand for
VEGFR-3, can improve immunotherapy treatments in
melanoma (Yeh et al, 2017). 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 (Fankhauser et al., 2017). 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. Huggenberger et al. have
also show demonstrated that stimulation of VEGFR-3 with

Nanoparticles for Lymphatic Drug Delivery

VEGE-C along with antiangiogenic treatment could be used to
treat chronic inflammation within the skin. However, other
studies by Wang et al. and Krebs et al. have highlighted that
inhibiting VEGFR-3 activation can result in deterioration of
inflammation in acute and chronic colitis, and immune
responses to obliterative airway disease (Krebs et al., 2012;
Wang et al., 2016).

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, and how to target specific immune cell
populations after transport to lymph nodes [more on
targeting lymph node components can be found in this
excellent review (Schudel et al, 2019)]. 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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