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Abstract

Though immunotherapy has revolutionized the treatment of cancer to improve disease outcomes,
an array of challenges remain that limit wider clinical success, including low rate of response and
immune-related adverse events. Targeting immunomodulatory drugs to therapeutically relevant
tissues offers a way to overcome these challenges by potentially enabling enhanced therapeutic
efficacy and decreased incidence of side effects. Research highlighting the importance of
lymphatic tissues in the response to immunotherapy has increased interest in the application of
engineered drug delivery systems (DDSs) to enable specific targeting of immunomodulators to
lymphatic tissues and cells that they house. To this end, a variety of DDS platforms have been
developed that enable more efficient uptake into lymphatic vessels and lymph nodes to provide
targeted modulation of the immune response to cancer. This can occur either by delivery of
immunotherapeutics to lymphatics tissues or by direct modulation of the lymphatic vasculature
itself due to their direct involvement in tumor immune processes. This review will highlight DDS
platforms that, by enabling the activities of cancer vaccines, chemotherapeutics, immune
checkpoint blockade (ICB) antibodies, and anti- or pro-lymphangiogenic factors to lymphatic
tissues through directed delivery and controlled release, augment cancer immunotherapy.
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1. Introduction

Immunotherapy has revolutionized cancer treatment and represents a powerful treatment
modality for patients with a variety of advanced cancers. This treatment class seeks to
educate the patient’s own immune system in order to create an army of tumor-specific
immune cells that can seek out and destroy malignant cells, preventing tumor progression
and protecting against recurrence [1-3]. The approval of a variety of immunotherapies,
including antibodies against immune checkpoint receptors [4, 5], cancer vaccines [6],
oncolytic viral therapies [7], adoptive cell therapies [8, 9], and cytokine therapies [10-12]
among others [13-17] has led in some indications to remarkable clinical success in patients
with late-stage disease, benefits attributed to a potent and durable anti-tumor immune
response. Nevertheless, these treatments still present an array of challenges that impede its
success and hamper quality of life for patients [18]. While some cancer patients are
seemingly cured, a large subset of patients treated with immunotherapies are left without
significant clinical benefit [19]. In addition, most cancer immunotherapies have risk of
substantial side effects including immune-related adverse events and dose-limiting kidney
and liver toxicity [20-22].

Engineered drug delivery systems (DDSs) offer unique opportunities to address these
obstacles [23]. For example, directing drug accumulation to within target cells and tissues
where relevant tumor-immune mechanisms occur by leveraging the well-established benefits
of controlled delivery and release afforded by DDSs [24, 25] both enhances therapeutic
efficacy and simultaneously reduces the required dose to further enhance safety and
tolerability drug profiles [26, 27]. To this end, lymphatic tissues are of high interest for
targeted delivery of immune-modulating therapeutics due to their complex role in shaping
the anti-cancer immune response [28-30]. These include lymph nodes (LNs) that house a
substantial fraction of the body’s total immune cells, as well as lymphatic vessels that
transport both immune signaling molecules and cells to draining LNs (dLNSs) to enable the
mounting of an adaptive anti-tumor response. Furthermore, the role of lymphatic tissues has
additionally been demonstrated as critical in the production of lasting anti-tumor responses
in the context of cancer immunotherapy [31-34]. Accordingly, lymphatic
immunomodulation for cancer therapy can be achieved either by delivery of
immunotherapeutics to lymphatic vessels and/or LNs, or direct modulation of the lymphatic
tissue itself via immunotherapy or immunomodulatory interventions in order to support or
suppress its direct immunological function(s). Application of such systems through systemic
versus locoregional routes of administration can also enable delivery to lymphatic tissues
that are systemically or locoregionally distributed, each of which have different advantages
based on therapeutic application (e.g. treatment of liquid tumors versus metastases in
sentinel LNs, as examples).
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The unique challenges to achieving appreciable accumulation and retention of therapeutics
in lymphatic tissues and relevant immune cell populations (reviewed extensively elsewhere
[35-38]) motivates the application of engineered DDSs to enable lymphatic drug targeting.
Engineered DDSs are versatile and dynamic technologies that have been widely investigated
for enabling drug cargo to interface with tissues, cells, and pathways that they would
otherwise be physiologically restricted from, as is the case with most immunomodulatory
therapeutics and lymphatic tissues [37, 38]. In addition to permitting selective lymphatic
tissue and immune cell targeting by tuning of physicochemical properties, engineered DDSs
offer a multitude of benefits such as improving the bioavailability, pharmacokinetic profiles,
and tolerability of immunotherapies [22, 39]. This review will highlight the unique potential
for DDSs to enable therapeutic delivery to lymphatic tissues in the context of immune
modulation for cancer, including directing immunomodulatory therapeutics to LNs and/or
modulating lymphatic tissues themselves to enhance or mitigate their direct effect on the
anti-tumor immune response, and discuss current strategies and future opportunities (Figure
1).

2. Lymphatic system structure and function

As reviewed in depth elsewhere [30, 40-42], lymphatic tissues by virtue of their unique
structure and function play an integral role in both mediating immunity and maintaining
fluid balance in healthy and cancerous tissue [40]. In peripheral tissues, protein- and cell-
containing interstitial fluid that does not re-enter circulation after capillary exchange is taken
up into blunt-ended lymphatic capillaries, which are thin-walled and contain gaps between
lymphatic endothelial cells (LECs), to facilitate fluid, cell, and solute uptake [43-45]. This
solute- and cell-laden fluid, termed lymph, flows unidirectionally toward larger lymphatic
collecting vessels and is filtered through LNs, which house cells of the innate and adaptive
immune systems, eventually re-entering venous circulation [42, 46]. In this regard,
lymphatic tissues function as a system that not only maintains tissue fluid balance, but also
facilitates the immunological monitoring of peripheral tissues for presence of invading
pathogens or other disease. In the context of cancer, lymph that flows from tumors towards
the draining LN may contain tumor-associated factors or antigen [30, 47], which can be
detected by specialized immune cells in the LN that mount a specific anti-tumor response
with the potential to result in tumor cell killing [30, 47, 48]. The importance of lymphatic
tissues in the context of cancer thus make lymphatic vessels and LNs valuable targets for
immunotherapy, which can be enabled using DDSs.

3. Designing lymphatic targeting DDSs

A variety of physiological barriers exist in restricting the access of immunotherapeutics,
including small molecules, peptides, or oligonucleotides, to lymphatic tissues [35-37].
Strategies employing biomaterial DDSs have been engineered to leverage these barriers to
enable selective targeting of immune-modulating therapeutic molecules to lymphatic tissues.
As with DDSs generally, the use of DDSs for lymphatic- and LN-directed drug delivery is
motivated by enabling drug accumulation in target tissues and cells, extending the
availability of the therapeutic within those tissues or to those target cell populations, and
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decreasing accumulation in off-target tissues in a controlled manner that is often difficult to
achieve with administration of free drug [3, 36].

DDSs can be engineered to direct drug delivery to LNs and lymphatic vessels by a variety of
means, including through the tuning of their various physical and chemical properties
(Figure 2). Size is a critically important design feature that influences the lymphatic
targeting capability of nanocarrier-based DDSs. Nanocarriers sized from 10-100 nm in
hydrodynamic diameter [42, 49, 50] are utilized to deliver therapeutics into LNs from an
injection directly into peripheral tissue [subcutaneous (s.c.), intramuscular (£./m.), or
intradermal (/.d)] owing to the presence of interstitial lymphatic capillaries, which allow
passive uptake and drainage in lymph toward LNs [30, 51], in contrast to systemic
administration typically resulting in low lymphatic accumulation [35, 36, 52]. Nanocarriers
above 100nm may still be transported to LNs via passive lymphatic drainage, albeit with
drastically less efficiency [53]. Larger drug carriers (>200nm) that cannot move as freely
through pores in the gel-like extracellular matrix (ECM) of tissues to directly access
lymphatic capillaries are instead trafficked via lymphatics by antigen presenting cells
(APCs) that migrate to LNSs to facilitate antigen sensing [35, 54]. This strategy additionally
allows DDSs to enable selective delivery into specific target cell populations based on
carrier size as smaller (sub-100nm) nanocarriers passively drain to LNs and are taken up by
LN-resident APCs, while larger (several hundred nm) carriers alternatively target peripheral
tissue APCs that can migrate to LNs [53, 54]. Nanoscale DDSs in circulation can target
cancerous LNs or metastatic lesions within LNs due the enhanced vascular permeability of
these tissues that results from disease [55], though reports have suggested that elevated
interstitial pressure in diseased LNs may prevent passive nanocarrier accumulation [56, 57].
Even larger, micron-scale injectable or implantable macromolecular delivery strategies,
commonly hydrogel [58, 59], scaffold [60, 61], or microneedle [62, 63] DDSs also allow the
formation of a depot in peripheral tissue [64]. Depot-forming materials protect therapeutics
from a variety of clearance mechanisms to allow for sustained release and have been used to
either directly accumulate in lymph or promote recruitment of APCs with immune
modulatory functions that subsequently traffic to dLNs [64, 65]. Similar principles have
been utilized to leverage DDS accumulation in mucosal-associated lymphatic tissues
following locoregional administration to the mucosa via nasal or oral administration of
DDSs (reviewed elsewhere [66—70]), though this is generally less common in preclinical
cancer therapy applications.

In addition to hydrodynamic size that is well established to be an important feature in
controlling access of DDSs to lymphatic tissues, material composition plays an important
role. One prominent strategy to impart biocompatibility and enhance lymphatic targeting of
DDSs is coating the surface with poly(ethylene glycol) (PEG) chains, called PEGylation
[71]. PEGylation is thought to reduce interactions between the DDS surface and the
interstitial ECM, allowing easier passage toward and uptake into lymphatic vessels after
injection or accumulation in peripheral tissues [71-74]. PEGylation additionally prevents the
adhesion of proteins to the DDS surface [73] which is hypothesized to reduce recognition by
phagocytic cells, allowing the DDS to circulate longer and increase dose available for
lymphatic accumulation [71-73], a feature that is utilized to avoid clearance of DDSs in
systemic circulation by phagocytic liver-resident cells [75, 76]. Lipophilicity also increases
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lymphatic absorption due to the role of the lymphatic system in lipid transport [37, 77], a
property that has been exploited to improve drug delivery into lymphatic tissues [78-80],
including oral drug delivery to intestinal lymphatics [81-84]. Lastly, materials can be
designed to degrade in a spatiotemporally advantageous manner to deliver cargo into
lymphatics and/or resident immune cells. DDSs designed using pH- or reactive oxygen
species (ROS)-sensing materials can degrade inside phagolysosomes after uptake into APCs,
allowing escape and intracellular delivery of therapeutic cargo [85], including in the
application of antigen delivery to APCs for enhanced cross-presentation [86, 87]. Careful
tuning of matrix macropores [88], hydrogel mesh size [89], or polymer molecular weight
and crosslinking density [90] exerts a high level of spatiotemporal control over drug release
or infiltration of local immune cells, allowing enhanced accumulation within lymphatic
tissues [91-94]. Similarly, other material properties such as surface charge [35, 95] or shape
and flexibility [35, 50, 96, 97] can be tuned to allow enhanced lymphatic uptake from
different administration routes.

Another design approach that enables DDS-mediated lymphatic delivery is incorporating
targeting ligands or antibodies to impart additional specificity. DDSs bearing ligands
corresponding phagocytic APC populations can facilitate enhanced cellular uptake of the
therapeutic cargo, and can additionally increase retention within targeted LNs [98, 99].
Similarly, DDSs bearing targeting moieties for LECs can specifically interact with LECs in
order to retain the therapeutic drug payload within lymphatic vessels [100, 101].
Incorporation of targeting ligands for molecules expressed on specialized vessels within
LNs, termed high endothelial venules, allow for LN targeting of therapeutic cargo by DDSs
in systemic circulation [102].

In all, the large degree of tunability involved in DDS design has enabled the engineering of a
multitude of platforms for different immunotherapeutic applications. The remainder of this
Review will highlight examples of promising recent drug delivery strategies that allow
unique and precise control over lymphatic immunomodulation for cancer therapy, as well as
potential future applications.

4. Cancer vaccine DDSs for LN delivery

Due to the important role LNs play in mounting and regulating adaptive immune responses
to cancer, it is unsurprising that cancer vaccines are a widely explored application for DDSs
directed to LNs. Cancer vaccine formulations most often involve delivery of a tumor antigen
and an immune adjuvant with the goal of increasing presentation of tumor antigen and
enhancing the cytotoxic CD8+ T cell response. For this application, DDSs are uniquely
capable of enabling co-delivery of antigen and adjuvant into specific APC populations in
order to modulate their phenotype and enhance their function (Figure 3a). The studies
highlighted below represent a variety of recent DDS design approaches for lymphatic
delivery of cancer vaccines and underscore the potential for these systems to engineer a
desirable anti-tumor immune response in a manner that cannot be achieved with traditionally
formulated and/or administered therapeutics.
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Depot-forming DDSs

As discussed above, one explored category of DDSs for cancer vaccination involves the
formation of a depot post-injection, commonly achieved using injectable hydrogels, large
macromolecular scaffolds, or dissolving microneedle formulations [64, 65]. Though such
formulations do not necessarily involve lymphatic targeting or immunomodulation, they
offer opportunities to provide direct modulation of local lymphatic vessels and/or continuous
drainage of the cancer vaccine components to the dLN. Therapeutic modulation of
lymphatic tissues may therefore be accomplished using depot-forming DDSs by a variety of
means, including modifying their physical or chemical properties to tune the recruitment of
APC subtypes and subsequent activation and migration to the draining LN (dLN), as
discussed below.

A recent approach to depot-forming DDSs employs an 88 um mesoporous silica rod (MSR)
system that spontaneously assembles into a three-dimensional scaffold 7 vivo following the
diffusion of saline buffer away from the injection site [103, 104]. The MSRs feature a high
aspect ratio that leads to large interparticle spaces on the scale of tens of microns, which was
hypothesized to allow efficient cell recruitment into the MSR scaffold once assembled.
Blank MSR scaffolds made with high aspect ratio MSRs allowed efficient in vivo
recruitment of an APC subtype, CD11c+ dendritic cells (DCs), that are particularly potent in
their T cell priming capabilities, after assembly compared to low aspect ratio MSR scaffolds
featuring a smaller interparticle pore size and control MSR scaffolds lacking interparticle
space, suggesting that recruited cells were able to migrate through the scaffold [103]. For
use as a therapeutic, MSRs were loaded with granulocyte-macrophage-colony stimulating
factor (GM-CSF) and Toll-like receptor (TLR) 9 ligand CpG oligonucleotide, which
enhance DC recruitment and maturation, as well as a model tumor antigen. Superior /n vivo
retention of model antigen at the site of injection was achieved when incorporated into MSR
scaffolds versus a bolus of free antigen as well as extended release of incorporated GM-CSF
and CpG /n vitro. Using this formulation, more DCs were recruited to s.c. implanted MSR
scaffolds upon incorporation of all three vaccine components, which led to enhanced
engulfment of the incorporated antigen, APC maturation and migration to the dLN, and T
cell priming. When used as a prophylactic vaccine, this strategy led to marked reduction in
tumor volume using a murine thymoma model and improved animal survival compared to
bolus administration of therapeutics, demonstrating that effective immune-modulation in the
LN leads to systemically functional immunity [103]. In a follow-up study using the same
MSR scaffold system [104], the authors demonstrated even further tuning of the vaccine-
induced immune response using a variety of covalent conjugation schemes to attach
antigenic peptide to MSRs, showcasing the overall flexibility of this system to enable
delivery of cancer antigen into LNs.

Another material approach with this goal includes a sponge-like macroporous alginate
“cryogel” [105] for a whole tumor cell vaccine application. Methacrylated alginate
covalently linked to an arginine-glycine-aspartate (RGD)-containing peptide was
polymerized at low temperatures to allow formation of continuous macropores within the
cryogel. Presentation of the RGD motif better allows this system to immobilize irradiated
tumor cells as an antigen source within the gel, as RGD promotes integrin-mediated cell
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adhesion [106]. Formation of macropores within the scaffold was again crucial to DC
recruitment and infiltration /7 vivo as cell density was significantly higher in explanted
cryogel scaffolds compared to a hydrogel control that only features nanoscale pores and thus
does not allow sufficient cell migration within the gel [105]. Combined with GM-CSF and
CpG, which slowly release from cryogel scaffolds over the course of days, irradiated murine
melanoma cells (B16-F10) incorporated in RGD-presenting cryogels increased the
recruitment of DCs to the site of the scaffold as well as migration to the dLN, leading to an
enhanced number of CD8+ T cells in the dLN, and conferring enhanced survival /n vivoin a
therapeutic setting versus free vaccine components [105].

In a similar study, a macroporous matrix of poly[lactide-co-glycolide] (PLG) [107], a
commonly used material with excellent /n vivo safety and biodegradability, was investigated
for its ability to attract peripheral DCs and promote their maturation and migration to the
dLN. A feature of this system is the ability to carefully tune the release of GM-CSF in a
spatiotemporally defined manner. While GM-CSF promoted the recruitment of DCs /n vitro
in a dose-dependent manner as expected, it also decreased DC expression of CCR7 and
reduced their ability to migrate towards CCL19, which helps direct the migration of
activated DCs towards secondary lymphoid tissues [108]. The PLG scaffold initially allowed
persistence of a high local concentration of GM-CSF long enough to attract DCs and allow
antigen uptake, followed by a gradual decrease in local concentration over time that
“released” DCs and allowed migration to LNs [107]. Incorporation of CpG into the scaffold
additionally provided maturation of DCs, and further propagated their migration to the dLN.
Combined with tumor lysate as an antigen source, GM-CSF and CpG-loaded PLG scaffold
as a prophylactic vaccination led to higher overall survival than the combination of free
adjuvant and antigen [107], owing to the high level of precise spatiotemporal control over
delivery of therapeutic molecules enabled by the PLG scaffold.

While many depot-forming DDS designs focus on infiltration and recruitment of DCs to the
local site of injection followed by migration to the dLN, an alternative strategy involves the
self-assembly of 30-40 nm antigen and adjuvant-loaded nanomicelles (NMCs) from a depot
formed by dissolving microneedles [109]. NMCs are formed /n situ after dissolution of
microneedles from a mixture of the triblock copolymer Pluronic F127 (PEG-b/ock-
poly(propylene glycol)-b/ock-PEG) with additional PEG, which encapsulates the
hydrophobic TLR7/8 agonist resiquimod (R848) and facilitates delivery of a model antigen
to dLN-resident immune cells. NMCs co-localized with APCs including DCs and
macrophages in the dLN. Microneedle-delivered model antigen and R848-containing NMCs
conferred substantial reduction in tumor volume versus controls in both a prophylactic and
therapeutic setting in a murine thymoma model. This demonstrates how combining the
benefits of a depot-forming drug delivery platform with principles of passive dLN targeting
(sub-100 nm sized particles) in order to elicit immune-modulation at the dLN can confer
augmented anti-tumor immunity /7 vivo [109].

Overall, these studies demonstrate the potential for depot-forming DDSs to exert a high level
of specific, spatiotemporal control over the delivery of therapeutics to the dLN, either by
extended release of passively draining species or by enhanced cell trafficking to LNs, in
order to engineer a desired immune outcome.
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4.2:

Nanocarrier DDSs

Given the efficiency of passive and cell-mediated lymphatic accumulation from local
administration [42, 49, 50], long established use in drug delivery applications [110, 111],
and versatility in chemical and physical properties [112], nanocarriers remain a popular
strategy for the design of lymphatic-targeting DDSs. LN-targeting nanocarriers have been
widely investigated in the context of cancer vaccines in a variety of material formulations,
including polymeric, inorganic, peptide-based, and lipid-based nanoparticles, each of which
can impart unique features and functionality to the DDS.

4.2.1 Inorganic nanocarriers—Inorganic materials have been studied for the
application of LN-targeting DDSs due in part to the large degree of control over their
synthesis. As a result, inorganic materials have the capacity to have highly specified and
tailorable molecular and structural properties such as size, porosity, and mechanism of
degradation [113], all of which affect drug release and subsequent lymphatic and immune
cell accumulation [36].

One promising inorganic NP formulation involves the use of a zeolitic imidazole metal-
organic framework (ZIF-8 MOF) that was investigated for its high biomolecule loading
capability, tunable pore size and thus drug release rate, and pH sensitive degradation [114]
(Figure 3b). ZIF-8 is used to form a 70-80 nm NP incorporating both a model tumor antigen
and aluminum as adjuvant (ZANPs) that were further adsorbed with CpG. /n vitro, ZANPs
were taken up by DCs and induced activation and maturation versus non-aluminum
containing ZNPs. Additionally, ZANPs led to an increase in model tumor antigen cross-
presentation, likely owing to their pH sensitive degradation inside the phagolysosome.
ZANPs accumulated efficiently in dLNs and delivered tumor antigen peptide and adsorbed
CpG into DCs (Figure 3c), leading to a significant effector CD8+ T cell response and
subsequent reduction in tumor burden in a model antigen [ovalbumin (OVA)] expressing
murine thymoma model (EG.7-OVA) (Figure 3d) [114], demonstrating the potential for
tunable inorganic nanocarriers to elicit lymphatic immunomodulation.

Another unique benefit of the use of inorganic materials for the design of dLN-targeting
DDSs is the ability to incorporate imaging agents that enable /77 vivo tracking of nanocarrier
or cellular biodistribution and LN mapping, creating a DDS that is both a therapeutic and a
diagnostic [115]. In one application, iron oxide NPs (IONPs) 40 nm in diameter were
microdosed with the radiotracer 67Ga, enabling ultra-specific /n vivo imaging of IONP
biodistribution via PET/SPECT, then were either covalently linked to model tumor antigen
or adsorbed with CpG via a lipid coating [116]. The IONP size facilitated efficient drainage
into LNs from several s.c. injection schemes /7 vivo, which was visualized using PET/
SPECT imaging of 87Ga labeled NP. DCs in dLLNs were efficiently activated and matured as
a result of CpG-IONP treatment, leading to the presence of systemic tumor antigen-specific
CD8+ T cells in the context of CpG-IONP and antigen-IONP co-delivery [116]. In another
application, inorganic nanocarriers were used both as a DDS and as a tool to image dLN
trafficking of a live DC vaccine [117]. In this approach, “upconversion” NPs were
formulated using Yb and Er-doped NaY/GdF,4 and then coated with PEG and
polyethylenimine (PEI) in order facilitate adsorption of model tumor antigen, resulting in
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~200 nm “UPP@OVA NPs” that enabled /n vivo tracking of DCs via upconversion
luminescence imaging. UPP@OVA NPs were efficiently taken up by isolated immature DCs
ex vivo and caused enhanced intracellular delivery of tumor antigen resulting in DC
maturation. Following s.c. injection of UPP@OVA-stimulated DCs, upconversion
luminescence imaging revealed migration of DCs to dLNs, leading to increased T cell
proliferation and effector function [117].

Together, these studies highlight inorganic nanomaterials as promising carriers for delivery
of immune-modulating therapeutics to dLNs to enhance the anti-cancer immune response
and lead to inhibition of tumor growth, and in some DDS applications to additionally
function as a sensitive imaging tool to capture nanocarrier interactions with the LN
microenvironment.

4.2.2 Polymeric nanocarriers—Synthetic polymer-based formulations have been long
utilized in drug delivery applications due to their excellent /n vivo biocompatibility [27,
111], and are particularly popular for application in lymphatic-targeting DDSs due to their
wide range of bulk and molecular properties [118] that allow tuning of lymphatic and
cellular accumulation. Properties of polymeric nanoparticles such as molecular weight,
extent of chemical or physical crosslinking, and hydrophobicity can be altered in order to
carefully tune drug encapsulation and release, whereas surface functionalization can
facilitate conjugation or adsorption of therapeutics [119, 120], resulting in polymeric
nanocarrier DDSs that can adopt a range of unique functionalities with the same goal of
lymphatic immunomodulation.

As one example, poly(propylene sulfide) (PPS) nanoparticles (NPs) have been widely
explored as versatile cancer vaccine nanocarriers [53, 121-125]. These block co-polymer
(Pluronic F127)-stabilized NPs are formed by emulsion polymerization, yielding a
hydrophaobic, crosslinked PPS core that can be made amenable to derivatization post
synthesis [125, 126]. The PPS-NP core also allows facile encapsulation of hydrophobic
small molecule therapeutics [124], while the Pluronic NP corona is amenable to covalent
attachment of molecules following end group derivatization [126]. PPS-NP synthesis can be
tuned to yield nanoparticles from 20 to 100 nm in hydrodynamic diameter [53, 121], though
they have been most frequently explored in the context of a 25-30 nm size range that allows
efficient passive drainage to LNs from /.d. injection by way of dermal lymphatics [51, 121-
124]. Additionally, PPS-NPs are found to co-localize with and be taken up by LN-resident
DCs [53]. Owing to the presence of thioether groups in the PPS core, these NPs are also
susceptible to release of encapsulated drug cargo via the solubilizing of NPs in the presence
of concentrated reactive oxygen species (ROS), or release of disulfide-conjugated cargo in
reducing conditions, such as that found in phagolysosomes [126]. Reducible conjugation of
antigenic peptide via a disulfide bond, but not a non-reducible vinyl sulfone, was found to
facilitate endosomal escape and cross-presentation of NP-conjugated antigenic peptide via
major histocompatibility complex I /n vivo, leading to proliferation and interferon-y
production of antigen specific T cells [127]. The combination of CpG-PPS-NP and tumor
antigen-PPS-NP was effective as a therapeutic vaccine at reducing tumor burden and
increasing survival /n vivo using a variety of tumor models [123]. Notably, a separate study
investigated the therapeutic potential of CpG-PPS-NP alone, using the TdLN as a source for

Aadv Drug Deliv Rev. Author manuscript; available in PMC 2021 October 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Manspeaker and Thomas Page 10

antigen and thereby creating an “/n situ”vaccine [124]. This strategy also led to a reduction
in murine melanoma (B16-F10) tumor burden, but only from an injection resulting in
drainage of adjuvanted NPs to the TdLN and not from an injection resulting in drainage to
LNs not co-draining the tumor. Immune profiling in the TALN of treated mice in several of
the aforementioned studies indicates increased presence and maturation of LN-resident DCs
[124], as well as enhanced tumor infiltration of antigen-specific effector CD8+ T cells [123,
124]. This platform has also been investigated for enabling nasal vaccine delivery of NP-
conjugated model antigen to APCs in mucosal lymphatics [128], which yielded superior
efficacy versus free antigen in mediating cross-presentation and eliciting antigen-specific
cellular immunity locally in the lung and in systemic tissues and humoral immunity in the
mucosa, further indicating its versatility.

Another application of the lymphatic-draining PPS-NP platform is in multistage delivery to
LNs [129]. Through the incorporation of an oxanorbornadiene (OND) linker, which
degrades in a temporally-defined manner by retro-Diels-Alder fragmentation independent of
other factors [130, 131], cargo can be controllably attached and released from the NP with
different half-lives depending on the molecular structure of the OND. Using this approach,
cargo formulated into NP-OND and administered 7.d. is able to accumulate in LNs by virtue
of the 30 nm size of PPS-NPs (stage 1), then diffuse into the deeper portions of the LN
following linker degradation (stage 2) [129] (Figure 4a). As such, delivery of fluorescent
cargo via NP-OND to LN cortex- and paracortex-resident cells, including T cells, B cells,
cDCs, and pDCs was dramatically improved versus free fluorophore, whereas NPs
themselves were excluded to the LN subcapsular sinus (Figure 4b—c). Use of CpG as
therapeutic drug cargo attached to NPs via an OND linker (NP-OND-CpG) led to an
enhanced number of T cells, B cells (Figure 4d) and matured DCs in the dLN versus CpG
covalently linked to NPs (non-degradable). NP-OND-CpG treatment also led to decreased
primary tumor burden and incidence of LN metastases in a murine lymphoma model over
CpG covalently linked to NPs, demonstrating the therapeutic potential of multistage LN
drug delivery (Figure 4e). The principle of multi-stage delivery benefiting lymphatic and LN
drug delivery was further proven using a scheme whereby hydrophobic dye was
encapsulated into the NP core and passively released via first order diffusion. Similar to NP-
OND, NPs demonstrated higher uptake into LN barrier cells whereas encapsulated and
released dye partitioned into cortex- and paracortex-resident cells. Furthermore, the principle
of time-dependent cargo release by OND linker degradation was demonstrated using a virus-
like particle platform that was sized similarly to PPS-NP [129], demonstrating the versatility
of this overall strategy to elicit highly controlled delivery of immunomodulatory therapeutics
within LNs.

Another example of a polymeric nanocarrier with diverse functionality is a 30 nm poly(2-
(hexamethyleneimino)ethyl methacrylate) (PC7a) nanoparticle that serves as an innate
immune adjuvant itself without the need to encapsulate traditional agonists, and additionally
features a PEGylated surface capable of encapsulating peptide tumor antigen [132]. This
allowed for highly efficient delivery of model tumor antigen to LN-resident DC and
macrophage populations via passive drainage, and enhancement of APC maturation /n vivo
as well as efficient antigen cross-presentation /n7 vitro owing to the adjuvant and pH-sensitive
properties of the PC7a polymer. Furthermore, PC7a-NP delivery of tumor-associated antigen

Aadv Drug Deliv Rev. Author manuscript; available in PMC 2021 October 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Manspeaker and Thomas Page 11

peptides in three distinct murine tumor models demonstrated superior efficacy in a
therapeutic vaccination setting compared to controls [132].

Polymeric nanoparticles can similarly be designed to both encapsulate therapeutics and
target them to specific dLN or migratory cell types via surface-conjugated ligands. In one
application, poly(lactide-co-glycolide) (PLG or PLGA) NPs encapsulating the TLR7 ligand
imiquimod (R837) were coated in cancer cell surface proteins as an antigen source, and
additionally grafted with mannose moieties on the NP surface [133] in order to impart DC-
targeting capability due to the interaction between mannose and DC lectin receptors [134].
Mannose and tumor cell surface protein functionalized PLGA-NPs with encapsulated R837
(NP-R@M-M) demonstrated increased DC uptake and maturation in vitro, as well as
superior dLN targeting /7 vivo over non-mannose functionalized NP, demonstrating the
value of this strategy for DC and dLN delivery applications [133]. A similar PLGA-
containing, mannose-coated NP (Man-NP) ~170 nm in diameter was reported that
encapsulated CpG, TLR4 agonist monophosphoryl lipid A, and D-a.-tocopherol (vitamin E)
as immune adjuvants along with tumor antigen peptide [135]. Significant Man-NP uptake
occurred within migratory DC populations compared to dLN-resident DCs, which led to
enhanced DC maturation compared to non-mannosylated-NP. Man-NP also demonstrated
selective bulk accumulation and retention within dLNs and the site of injection [135],
suggesting that mannose-lectin receptor targeting is an effective strategy for selective
delivery of therapeutics into DCs and dLNs.

Together, these studies demonstrate that polymeric nanocarriers are functionally versatile
and can be adapted with unique features that enhance lymphatic delivery and
immunomodulation, such as conjugation schemes that allow controlled or staged drug
release, material formulations that dually function to adjuvant immune cells, or ligand-
targeting moieties that impart specificity to drug targeting.

4.2.3 Peptide/Protein nanocarriers—Protein-based nanocarrier formulations are
often made of self-assembling subunits and have been investigated for lymphatic drug
delivery due to their relative monodispersity, predictable morphology, and tunability
afforded by protein engineering in that the presence, density, and location of functional
groups within the nanocarrier structure can be precisely defined [136, 137]. These features
impart the ability to control drug conjugation, loading, and release profiles [138] to
maximize delivery of immunotherapeutics to lymphatic tissues. Several types of protein-
based nanoparticles have been investigated for dLN delivery of cancer vaccines, including
virus-like particles (VLPs) [138, 139] and non-virus derived caged protein nanoparticles
[136, 137].

A well-investigated class of protein nanocarrier is VLPs, which are self-assembling protein-
based particles that mimic the structure and conformation of a pathogenic virus, a feature
often utilized in vaccine delivery [136, 139], but lack viral genetic material and thus do not
have capability to replicate or harm healthy tissue [140]. VLPs are typically 20-200 nm in
diameter and thus are optimal for LN-targeting, and can additionally be genetically fused or
covalently coupled with tumor antigen or adjuvant for use in a variety of cancer vaccine
applications [140]. One VLP system derived from the bacteriophage Qp were recently
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investigated for its ability to target APCs in dLNs [141]. QB-VLPs were internally packaged
with CpG as an adjuvant or chemically coupled with a model peptide tumor antigen. After
s.c. injection, QP-VLPs efficiently drained to LNs, and the combination of QB(CpGs) and
Qp-antigen was co-delivered into a variety of APC subtypes, leading to maturation. This
combination additionally substantially increased the frequency and effector function of
systemic antigen-specific CD8+ T cells, indicating the induction of a successful adaptive
anti-cancer immune response [141]. In a follow-up study, the authors further investigated the
therapeutic efficacy of the QB-VLP system in the context of a personalized multi-target
cancer vaccine incorporating CpG [142]. After identifying germline and neoantigen
cytotoxic T lymphocyte epitopes in a murine melanoma cell line (B16-F10), the peptide
sequences were synthesized and easily coupled to the QB-VLP platform via copper-free
click chemistry. The resulting multi-target Qp-VLP vaccine substantially inhibited the
growth of B16-F10 murine melanoma tumors in a therapeutic setting [142], demonstrating
versatility of this platform.

Other caged protein-based nanocarriers have been developed for cancer vaccine applications
aside from VLPs that are generally similar in structure, properties, and drug loading profiles
but are not derived from virus-associated proteins [137, 138]. In one study, protein NPs
stemming from a variety of origins with sizes ranging from 10-30 nm were surface modified
with model antigen and screened for their ability to accumulate in dLNs from an s.c.
injection, identifying self-assembling human ferritin heavy chain (hFTN) protein NPs as the
best candidate due their superior accumulation and retention in dLNs [143]. hFTN NPs were
further engineered to densely display model antigen protein on the NP surface (hFTN-
antigen), and prophylactic vaccination with hFTN-antigen led to increased populations of
interferon-producing, antigen-specific cytotoxic T cells in the dLN and enhanced efficacy in
a model antigen-expressing murine melanoma, likely afforded by the enhanced retention of
hFTN-antigen in dLNs [143].

In all, protein-based materials represent another promising platform for dLN-targeted cancer
vaccine delivery given their optimizable properties that can enhance lymphatic
accumulation, and in the case of VLPs, their ability to mimic pathogenic viruses to enhance
immune recognition of tumor antigen.

4.2.4 Lipid-based nanocarriers—Lipid-based materials have been extensively
investigated in a wide variety of formulations with different structures including but not
limited to liposomes [144, 145], nanoemulsions [146, 147], or hybrid lipid nanocarriers
[148]. Given this versatility in structure and thus in drug loading capabilities [149, 150], as
well as the propensity for lipophilic and fatty acid-containing molecules to traffic into lymph
via albumin [151], a multitude of diverse lipid-containing DDSs have been have been
developed for lymphatic targeting applications [152-157].

Liposomes are vesicles that contain an outer bilayer membrane and typically encapsulates an
aqueous environment, lending to encapsulation of therapeutics or modification of the
liposome surface [144, 145]. In one application, a liposomal DDS was engineered to deliver
two immunostimulatory agents via conjugation to a PEG-modified surface, an antibody
agonist for CD137 (anti-CD137) and a modified IL-2 construct fused with an antibody Fc
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domain (IL-2Fc), both of which serve to stimulate T cells in the TdLN to enhance the anti-
tumor immune response [158]. This resulted in “Lip-aCD137 + Lip-IL-2Fc” which
enhanced delivery of both therapeutics to the immune-privileged TdLN following /.t
administration and to dLN-resident T cells. This resulted in a significant increase in
interferon-producing cytotoxic T cells in the dLN, as well as inhibition of tumor growth in
both a primary, treated murine melanoma and a contralateral lesion and significant presence
of infiltrating cytotoxic T cells in the primary tumor [158], indicating that dLN-targeted
liposomes are a promising strategy for inducing systemic anti-tumor immunity.

Lipid-based materials can alternatively form versatile disc-shaped bilayer nanocarriers
amenable to both covalent conjugation of tumor antigen and incorporation of cholesterol-
modified CpG onto the nanocarrier surface [159]. In this application, 10nm synthetic high-
density lipoprotein mimicking nanodiscs (sHDL-nanodiscs) decorated with CpG and peptide
tumor antigen (SHDL-Ag/CpG) were investigated for their therapeutic efficacy as a
personalized neoantigen tumor vaccine [159]. Using a model antigen, sHDL-Ag/CpG was
efficiently taken up into DCs and enhanced antigen presentation /n vitro and antigen-specific
T cell proliferation /n vivo versus free drug controls after accumulation in dLNs via the
cutaneous injection route. A neoantigen for a murine colon adenocarcinoma model (MC-38)
was additionally identified and loaded onto sHDL. In a therapeutic vaccination setting,
sHDL-Ag/CpG significantly inhibited MC-38 tumor growth and induced markedly enhanced
systemic antigen-specific CD8+ T cell proliferation and effector function versus therapeutics
in their free form or delivered using the FDA-approved oil-in-water vaccine adjuvant
Montanide. Furthermore, the combination of SHDL-Ag/CpG and checkpoint inhibitor
therapy targeting programmed cell death 1 (anti-PD-1) led to a nearly complete response,
further indicating that dLN-directed sHDL-Ag/CpG induced a large-scale T cell response
that was exhausted and able to be rescued with checkpoint inhibition [159].

Further demonstrating the structural diversity of lipid-based nanocarriers for lymphatic drug
delivery, a different HDL-mimicking lipid nanocarrier was developed that features a
hydrophobic core stabilized with a monolayer shell amenable to both incorporation of a
hydrophobic NIR dye in the core and surface decoration with peptide [160]. This resulted in
a 30 nm core-shell lipid NP presenting tumor antigen and the DC-targeting peptide
scavenger receptor B1 (a-Ap-NP) in order to target antigen to mature LN-resident DCs.
From an s.c. injection, treatment with a-Ap-NP resulted in efficient accumulation within
dLN and resident mature DCs and significant reduction of tumor burden in a murine
thymoma model expressing model antigen [160]. In another study, the same nanocarrier a-
Ap-NP was used to deliver inflammation-inducing melittin (a.-Melittin-NP) intratumorally
(7.t) with the goal of increasing antigen spread to dLNs [161]. Following /.t injection, a-
Melittin-NPs accumulated in dLNs along with released tumor antigen, thereby creating an /in
situ cancer vaccine that resulted in local (dLN) and systemic activation of the anti-tumor
immune response and significant reduction in both primary (treated) and distant (untreated)
tumor burden [161], indicating the versatility of this core-shell lipid NP approach.

In all, lipid-based materials represent another option for the design of nanocarrier DDSs
with unique functionalities given their diversity in shape, size, and method of incorporating
therapeutic molecules or targeting ligands. Together, these properties enable lymphatic or
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cell-specific accumulation of immunotherapeutics in order to augment the anti-tumor
immune response.

4.3: Strategies to exploit albumin transport to LNs

Another method of achieving drug delivery to LNs takes advantage of the natural transport
of albumin from the interstitium to LNs after capillary exchange. Albumin-binding dyes
have been long utilized for their ability to traffic to and identify sentinel LNs from an 7.z,
injection for proper determination of cancer stage or surgical resection [162]. Dye molecules
that bind albumin successfully “hitchhike” into lymphatics and LNs and are taken up by LN-
resident APCs [163]. Thus, another strategy to enable LN therapeutic exposure is the use of
similar molecular albumin-binding domains as these dyes to engineer albumin hitchhiking
derivatives of small molecule, peptide, or oligonucleotide therapeutics that otherwise exhibit
low lymphatic accumulation.

An approach to LN targeting via albumin binding involves the creation of an amphiphilic
albumin-binding derivative of CpG (“amph-CpG”) by conjugating a diacy! lipid albumin
binding domain onto the 5’ end [164]. This engineered construct allowed efficient binding to
albumin J/n vitro, bulk accumulation in dLNs from s.c. injection, and extended release into
dLNs for >150h post-injection versus free CpG or other albumin binding domain candidates.
Additionally, amph-CpG conjugates allowed accumulation within APC compartments in
dLNs. To further apply this technique to a therapeutic cancer vaccine, peptide antigen was
also conjugated to the amphiphilic diacyl lipid albumin binding domain via a PEG spacer
incorporated to solubilize the construct (“amph-peptide™). Varying the diacyl lipid tail length
and molecular weight of the PEG spacer allowed careful tuning of the accumulation of
amph-peptide construct in dLNs. Treating mice with the combination of amph-CpG and
endogenous tumor antigens E7 and Trp2 as amph-peptide (amph-vaccine) in a therapeutic
setting led to significant reduction of tumor volume in murine TC-1 and B16-F10 tumor
models, in comparison to free therapeutic controls, and additionally led to induction of
systemic immunity, as there were more tumor antigen-specific T cells with higher effector
function in circulation [164]. In follow-up studies, the potential for modified albumin-
binding amph-vaccines to synergize with systemically-administered tumor antigen-specific
antibody (A), cytokine interleukin-2 (IL-2) fused with mouse serum albumin (), which was
previously demonstrated to extend the immune-stimulatory therapeutic benefits of IL-2 by
increasing the elimination half-life [165], and anti-PD-1 monoclonal antibody (P) was
investigated [166]. While the combination of AIP allowed a significant increase in overall
survival in a therapeutic setting compared to untreated mice, the addition of amph-CpG and
amph-peptide (V) delivered s.c. to target LNs substantially increased survival benefit
compared to AIP, leading to an ~80% cure rate in three murine tumor models with the
quadruple combination therapy (AIPV) [166].

In another application, this technology is used in conjunction with chimeric antigen receptor
(CAR) T cell therapy in order to stimulate LN-resident CAR-T cells for enhanced anti-tumor
immunity [167]. Here, CARs were designed to bind a model (fluorescein isothiocyanate,
FITC) or tumor-specific ligand. CAR-T cells encountering their cognate ligand, whether
administered freely or expressed by tumor cells, stimulates the CAR-T cell in a non-major
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histocompatibility complex restricted manner and enhances effector function. To stimulate
CAR-T cells residing in LNs, the cognate CAR ligand (FITC or tumor-specific peptide
antigen) was modified as described above with an albumin-binding domain (“amph-ligand”)
in order to target the stimulatory CAR ligand to the LN. Administration s.c. resulted in
accumulation of amph-ligand in dLNs and subsequent transfer of amph-ligand the surface of
APCs. CAR-T cell interaction with amph-ligand-decorated APCs within the LN allowed
stimulation through the CAR as well as through other co-stimulatory pathways. In a tumor
antigen-specific CAR T-cell model, vaccination with the relevant amph-ligand led to greatly
increased CAR-T cell expansion in the LN and subsequent trafficking and infiltration into
the tumor, which resulted in reduced tumor burden and enhanced survival [167]. Taken all
together, delivery of cancer vaccine components to dLN-resident APCs via albumin-
hitchhiking is an exciting strategy that enables the induction of a potent anti-tumor immune
response, whether by endogenous or transferred cells.

5. Chemotherapy DDSs for lymphatic and LN delivery

Small molecule chemotherapies exert their therapeutic efficacy by direct cytotoxicity-
mediated tumor cell killing. However, a mounting body of evidence suggests that
traditionally tumoricidal chemotherapeutics can also have both a direct and indirect
immune-stimulatory effect on the overall anti-cancer immune response [2, 168]. Some
chemotherapies are able to indirectly adjuvant the immune system via induction of
immunogenic cell death, a process involving the release of danger signals and tumor antigen
in a manner that can be easily recognized by phagocytic APCs and activate the adaptive
immune pathway [169, 170]. Alternatively, a variety of chemotherapies are able to directly
stimulate immune cells, including DCs, macrophages, T cells, myeloid derived suppressor
cells (MDSCs), and natural killer (NK) cells [2, 168, 171]. Because of their immune cell-
rich environment and potential to host lymph-borne metastases, LNs are an interesting
therapeutic target for the delivery of chemotherapeutics with immunomodulatory effects.

TdLN-targeting 30nm poly(propylene sulfide) (PPS) nanoparticles (Figure 5a) have been
investigated for their ability to deliver the hydrophobic chemotherapeutic paclitaxel (PXL or
PTX), which efficiently encapsulates into the PPS-NP core [124]. PXL has been widely used
in the clinic for decades as an anti-mitotic agent for a variety of cancers but has more
recently become implicated in a variety of immune-modulating effects. PXL has been shown
to induce maturation and enhance antigen presentation in DCs without a significant decrease
in viability [172, 173], and impair and decrease presence of suppressive regulatory T cells
[174] while differentially favoring the activation and proliferation of effector CD8+ T cells
[175, 176]. Upon encapsulation into PPS-NPs, PXL that is slowly released from the NP
retains its bioactivity, as evidenced by efficient DC activation and maturation /in vitro [124].
1.d. injection of low-dose PXL-PPS-NPs targeting the TdLN re-shaped the local immune
response as expected with an increase in DCs (Figure 5b) and decrease in regulatory T cells.
This allowed an increased infiltration of antigen-specific T cells into the tumor (Figure 5c),
effects associated with substantial impairments in melanoma tumor growth [124] (Figure
5d).
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In another application, a nanocomplex was formed by self-assembly of nitric oxide-
incorporated poly(cyclodextrin) and a polymerized derivative of the chemotherapeutic
paclitaxel (pPTX/pCD-SNO) [176] (Figure 5e). Nitric oxide (NO) participates in a variety of
anti-tumor immune processes [177] and was investigated here for its ability to support the
immunological effects of PXL. In a melanoma tumor model, local injection of the 60-70 nm
pPTX/pCD-SNO nanocomplexes /.£ allowed significant expansion of DCs within the dLN
and enhancement of maturation and antigen presentation markers over free agents (Figure
5f) [176]. Nanocomplexes additionally induced immunogenic cell death after /.¢ injection,
which presumably allows local release of tumor antigen that co-drains along with
nanocomplexes to the TdLN. Additionally, pPTX/pCD-SNO nanocomplexes further
synergized with cytotoxic T lymphocyte antigen 4 (CTLA-4) blocking therapy /n vivoto
reduce tumor burden in a secondary, untreated tumor, indicating the presence of a
systemically functional cytotoxic T cell response [176]. Taken together, these results
highlight the potential for pPTX/pCD-SNO nanocomplexes as a platform to enable
lymphatic immunomodulation.

Overall, the application of traditional chemotherapeutics as immune modulators targeted to
lymphoid tissues is in a nascent stage of development. There have however been a multitude
of DDS platforms engineered for targeting chemotherapeutics to lymphatics in order to
eliminate lymphatic metastases or LN cancers [55, 178-182]. Because of the dual function
of chemotherapeutics, it is possible that these systems lead to direct LN immune cell
stimulation and may in part account for their therapeutic efficacy, though this has not been
directly explored. Future work in this area would certainly benefit from studies that decouple
the direct tumor cell killing, immunogenic cell death-inducing, and direct immune
adjuvanting functions of chemotherapies in order to design lymphatic targeting approaches
that leverage these different mechanisms for enhanced therapeutic efficacy.

Another potential future direction of this work stems from recently investigated effects of
traditional systemically administered chemotherapy on lymphatic vessels and
lymphangiogenesis. Both PXL [183] and docetaxel [184] have been shown to increase
VEGF-C/VEGFR3 signaling within tumors, leading to enlargement of tumor-draining
lymphatic vessels and increased lymphatic vessel density. Additional evidence implicates
PXL in causing LEC autophagy, hypothesized here to be a cytoprotective mechanism that
allows the maintenance of lymphatic vessels, though they are considerably more permeable
to metastasizing cancer cells [185]. Intratumoral VEGF-C/VEGFR3 signaling has been
widely implicated in pro-tumor immune processes, such as the presence of a suppressive
tumor immune microenvironment [186-188] and lymphatic metastasis [189]. That
chemotherapeutic molecules can have deleterious effects resulting from tumor accumulation
may provide additional motivation for LN-targeted chemotherapy enabled by DDSs to
stimulate resident immune cells and prevent sentinel LN metastases. This also motivates
investigation into the ability of anti-lymphangiogenic therapy to potentiate the effects of LN-
targeted chemotherapy.
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6. LN delivery of immune checkpoint blockade (ICB) antibodies

Monoclonal antibodies (mAbs) blocking the immune checkpoints PD-1 and CTLA-4 have
demonstrated significant clinical benefit in a variety of cancers, but success has been
stymied by ICB’s dose-efficacy relationship [3] being dose-limited by immune-related
adverse events [20]. Following systemic administration, mAbs tend to accumulate in blood
rich systemic organs but to a much lesser extent in tissues of interest including the tumor and
LNs [3, 190-192], increasing the likelihood of off-target side effects. These therapies
function by blocking the interaction between PD-1 on T cells and PD ligand (PD-L) 1 on
tumor cells or PD-L1/2 on APCs (anti-PD-1), and between CTLA-4 on T cells and B-7
ligands (CD80/86) on APCs (anti-CTLA-4), which induce T cell exhaustion and anergy,
respectively [3-5]. APC interactions with lymphocytes expressing PD-1 and CTLA-4 occur
not only in site of viral infection and tumors but also within lymphoid tissues, namely the
spleen and LNs [3]. As noted, LECs have substantial immune modulatory roles and have
been widely reported to express PD-L1 in an inducible manner that modulates lymphocyte
priming [193-195]. Additionally, significant evidence suggests a critically important role for
TdLNs in the therapeutic success of ICB immunotherapy [31, 196]. This literature, in
combination with the evidence that locoregional ICB mAb delivery (e.g. i.t, i.d, and s.c.
routes of administration) reduces systemic toxicity and lowers required dose for therapeutic
efficacy [197, 198] underscores the potential for targeting immune checkpoints active in
lymphatic tissues.

The effect of modulating immune checkpoint pathways in lymphoid tissues was recently
investigated by using routes of administration that result in differential accumulation of ICB
mADbs in various combinations of tissues of interest, including the blood, spleen, LNs, and
tumor [199]. Biodistribution analysis revealed efficient mAb accumulation within TdLNs
using locoregional routes of administation (injection /¢ or /.d. administration into the 7./
lymphatic drainage basin, in line with previous reports [200]) not demonstrated using
systemic /p. administration. Furthermore, 7.z administration resulted in appreciable levels of
mAb accumulating within the tumor and TdLNSs, in contrast to /.4, administration that
resulted in high levels of mAb accumulation only within draining LNs. Administration of
mADb /p. resulted in low to negligible levels of mAb accumulation within the tumor and
TdLNSs. Levels of circulating mAb, revealed by analysis of mAb levels within the blood as
well as levels accumulating within the spleen, were equivalent between /.z, 7.d. and 7ip.
administration routes. Thus, by comparing the theraeputic effects of dose-matched ICB
administered via different routes of administration, direct comparisons of the importance of
ICB mAb accumulation within the TdLN, tumor, blood and spleen could be made. In this
manner, it was found that increased delivery of aPD-1 and/or aCTLA-4 mAb to TdLN
achieved by /7.4, injection within forelimbs co-draining a tumor (7.1) elicited similar
therapeutic efficacy as /.z. administration and far superior efficacy compared to 7.p.
administration, which was consistent in three murine tumor models (melanoma and breast).
This suggests that pathways active within the TdLN are important for mediating the
therapeutic effects of ICB mAbs. In addition, a significant reduction in mAb dose used with
locoregional (7.d. and /.t) administration routes was achieved without loss of therapeutic
efficacy and led to far less liver toxicity compared to systemic Zp. administration [199].
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The promising therapeutic immunomodulatory effects of locoregional ICB mAb
administration [197-199] was further augmented by employing a Pluronic F127-based
hydrogel to allow prolonged retention of therapeutic mAb at the injection site and enhanced
mADb accumulation in the TALN compared to free (saline-formulated) mAb [199].
Incorporation of the hydrogel DDS to enhance delivery of ICB mAb to the TdLN from an
£.d. injection into the 7./ limb led to decreased tumor volume in a murine melanoma model
compared to treatment either with free mAb /.d. in the 7./ limb or hydrogel-formulated mAb
administered 7.d. in the ¢./ limb, demonstrating the potential for controlled release strategies
to improve the efficacy of ICB and the potential for TALN targeting to mediate these effects
[199]. Other DDSs have been developed that allow prolonged release and retention of mAb
compared to locoregional bolus administration [201, 202], or stimulus-triggered release
[203-205], though not in the context of LN delivery. ICB mAb delivery strategies have been
developed, including large porous microparticles [201], modified platelets [203], and depot-
forming hydrogel [202] and microneedle [204, 205] approaches, which have been previosuly
reviewed elsewhere [3]. An additional strategy involved the engineering of an ICB mAb to
include the ECM binding domain of placenta growth factor-2, which allowed enhanced
peritumoral retention and subsequent therapeutic efficacy of ICB mAb [206]. Though many
of these ICB mADb delivery platforms are currently effective in the context of 7.z delivery, in
future work they could be adapted to mediate extended or triggered release of ICB mAb that
results in their accumulation specifically in TdLNs after locoregional administration.

7. Current and future strategies for modulating the tumor lymphatic
vasculature

Aside from delivery of immune-modulating therapeutics to lymphatic tissues, precise
control over the immune response to cancer may also be achieved by direct modulation of
the presence and function of the lymphatic vasculature itself, particularly tumor-associated
lymphatic vessels, due to the complex and direct role of lymphatic vessels in pro- and anti-
tumor immune processes (Figure 6a). While the effects of direct therapeutic lymphatic
vessel modulation on the resulting anti-tumor immune response has yet to be
comprehensibly elucidated, drug delivery strategies have been developed to deliver factors in
order to induce or inhibit lymphangiogenesis or ablate lymphatic vessels in the context of
anti-metastasis or in non-cancer disease settings.

Lymphatic vessels and the complex signaling events associated with lymphangiogenesis
directly mediate a variety of immune processes relevant to the mounting of anti-tumor
immunity, and promotion of a pro-lymphangiogenic environment has demonstrated promise
in augmenting the success of immunotherapeutics. Secretion of CCL21 by LECs, promoted
by tumor lymphangiogenesis and the presence of VEGF-C [207], is required for the
migration of CCR7+ peripheral DCs through lymphatic vessels toward LNs (Figure 6b)
upon activation in order to prime T cells and induce adaptive immunity (Figure 6c¢) [208—
210]. DC transmigration into lymphatic vessels is also directly mediated by LECs by several
mechanisms [211]. In murine glioblastoma, a pathology relatively devoid of
lymphangiogenic signals, induction of lymphangiogenesis via adeno-associated viral vector
transfection of VEGF-C led to enhanced lymphatic drainage from tumors to dLNs [34]. This
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enabled immunosurveillance of drained tumor antigen and induction of a protective T cell
response followed by tumor rejection, which was reversed when tumor-draining afferent
lymphatic vessels were ligated, and potentiated ICB therapy [34]. Additionally, tumor
lymphangiogenesis has been shown to potentiate the therapeutic efficacy of cancer vaccines
[32]. Using several cancer vaccine modalities, therapeutic efficacy was consistently
mitigated with the use of a VEGFR-3 blocking antibody that inhibits tumor
lymphangiogenesis. This effect was suggested to be a result of enhanced recruitment of
CCR7+ T cells to the tumor [32]. In the absence of VEGF-C/VEGFR-3 signaling, which
promotes lymphatic secretion of the CCR7 ligand CCL21 [207], CCR7+ T cells exhibit
impaired tumor infiltration, causing a poorer response to cancer vaccine therapy [32]. Thus,
promotion of lymphangiogenesis could have positive implications for potentiating other
cancer treatment modalities, such as cancer vaccines and ICB mAbs. To this end, DDSs have
been developed to deliver pro-lymphangiogenic factors in order to direct lymphatic
vasculature formation, albeit in other disease contexts.

In order to enhance the retention of the pro-lymphangiogenic factor VEGF-C at tissues of
interest, in this case at a wound site, a VEGF-C variant fused to a fibrin-binding domain
(FB-VEGF-C) has been developed [212]. Using this protein variant, fibrin bound VEGF-C
could be released from FB-VEGF-C via fibrin degradation, resulting in enhanced retention
of FB-VEGF-C to ten days post-injection /n vivo in fibrin gels. Additionally, released
VEGF-C was bioactive and induced LEC proliferation /n vitro. In a cartilage replacement
model /n vivo, FB-VEGF-C implanted in fibrin gels allowed extensive lymphangiogenesis to
occur in comparison to free VEGF-C or blank gels, which had no deleterious effects on
lymphatic capillary morphology and did not have a remodeling effect on downstream
collecting lymphatic vessels. Importantly, lymphangiogenesis induced by FB-VEGF-C
enhanced the local migration of exogenous DCs towards the downstream dLN, and
moreover promoted CCL21 expression and leukocyte interaction with formed lymphatic
vasculature [212] demonstrating the potential applicability of this system in the context of
cancer immunotherapy.

A similar approach was employed for the induction of lymphangiogenesis to relieve
inflammation in a chronic colitis model, wherein VEGF-C was fused to an F8 antibody that
targets a fibronectin domain common in inflamed tissues (F8-VEGF-C) [213]. In a chronic
colitis model, the F8-VEGF-C fusion protein accumulated specifically in the inflamed colon
from an 7 v. injection compared to non-targeted VEGF-C, and additionally induced
expansion of the lymphatic vasculature in the inflamed tissue and promoted resolution of
colitis-related inflammation [213]. In another study, the same F8-VEGF-C fusion construct
demonstrated similar lymphangiogenic properties in a model of skin inflammation, which
enhanced lymphatic function and resolved edema [214].

Another popular strategy for induction of therapeutic lymphangiogenesis involves the use of
adenoviral transduction of VEGF-C into target tissues [215], which has been successful in a
variety of /in vivo applications [34, 216-218]. However, the hazards associated with
adenoviral transfection, including potential for transfection of off-target tissues [219],
identifies DDS-enabled delivery of VEGF adenoviral vectors as a possible future application
of DDS for therapeutic lymphangiogenesis.
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Contrary to what was discussed above, a large body of work has amassed evidence that
lymphatic vasculature can also mediate cancer metastasis [220-222] and directly suppress
anti-tumor immune responses, including supporting a suppressive local cell infiltrate and
cytokine milieu (Figure 6d) [187, 188, 223], promoting metastasis (Figure 6¢) [222, 224,
225], and mediating the direct deletion of tumor antigen-specific T cells (Figure 6f) [188,
193-195]. Inhibition of lymphangiogenesis has been achieved for applications in cancer and
other pathologies using therapeutic strategies that trap secreted pro-lymphangiogenic factors
such as VEGF-C and VEGF-D [226, 227], and small molecule inhibitors or antibodies that
block or impair some aspect of lymphangiogenic signaling (anti-lymphangiogenic therapy)
[220], reviewed previously in the indicated references. Besides inhibition of further
expansion of lymphatic vasculature, photodynamic ablation of existing lymphatic vessels to
prevent metastasis or destroy transiting cancer cells has also been employed [228], which
utilizes a liposomal delivery system optimally sized for lymphatic uptake in order to
concentrate a photosensitizer in tumor lymphatic vessels [228, 229]. Unlike systemically
administered small molecule lymphangiogenic inhibitors or blocking antibodies that
distribute in off-target tissues, photodynamic ablation using a lymphatic-targeting delivery
system allows for highly specific disruption of tumor associated lymphatic vessel [228] and
can potentially avoid unwanted side effects in healthy (non-target) tissues.

Despite the successful employment of anti-lymphangiogenic or lymphatic-ablating
therapeutics, their effect on the direct involvement of tumor lymphatics in pro-tumor
immune processes or ability to potentiate the efficacy other treatment modalities has not yet
been comprehensively established. Future work to further elucidate the kinetics and
conditions under which tumor lymphatics exert a net pro- or anti-tumor immune effect will
guide the design of lymphangiogenic potentiating or depleting therapeutic strategies, which
certainly have the potential to benefit from the incorporation of engineered DDS platforms
to bias their accumulation into lymphatics.

8. Conclusions

Lymphatic vessels and LNs play important roles in mediating or potentiating the therapeutic
efficacy of several cancer treatment modalities, including cancer vaccines, immune-
modulatory chemotherapies, ICB and other cancer immunotherapy modalities. The potential
of engineered drug delivery platforms in a variety of forms to enable the accumulation of
immune-modulating vaccines and chemotherapeutics in LNs and resident immune cells has
now been widely demonstrated to confer enhanced protective immunity that is specific to
tumors and capable of impeding disease progression. Furthermore, direct modulation of
lymphatic tissues, in particular tumor-associated lymphatic vessels, has the potential to allow
modulation of the anti-cancer immune response by virtue of the involvement of lymphatics
in pro- and anti-tumor immune processes. Drug delivery strategies to therapeutically
modulate the presence and function of the lymphatic vasculature have been investigated in
the context of cancer metastasis and other disease settings but is in a nascent stage of
exploration in the field of cancer immune-modulation. Promising technological
advancements in engineered DDSs that enable the delivery of immune-modulating
therapeutics into lymphatic tissues thus have high potential contribute to the increasing
clinical successes of cancer immunotherapies [230].
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Article Highlights
. Lymphatic tissues are heavily involved in anti-cancer immunity.

. Drug delivery systems enable immunomodulation of lymphatic tissues and
resident immune cells.

. Delivery of immunotherapy to lymph nodes enhances anti-tumor responses.

. Modulation of lymphatic vessels may support or suppress pro- or anti-tumor-
immune processes.

. DDSs allow improved safety of delivered therapeutics by reducing off-target
accumulation.

. DDS technologies offer the ability to improve the state of the art in cancer
therapy.
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Figure 1.
Potential for lymphatic drug delivery to enable modulation of the anti-tumor immune

response. Tumor antigen drains to LNs via lymphatic vessels, where it is processed and
presented via APCs to T cells. LN-targeted DDSs carrying immunomodulatory therapeutics
can enhance this process by creating a more pro-inflammatory LN environment, more
efficiently delivering tumor antigen to APCs, or stimulating specific immune cell subtypes,
leading to increased antigen-specific T cell priming, proliferation, and subsequent
infiltration into the tumor, potentially allowing increased tumor killing. Lymphatic vessel-
targeted DDSs can modulate lymphatics by either promoting lymphangiogenesis via growth
factory delivery, or preventing lymphangiogenesis by growth factor depletion or lymphatic
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ablation in order to support anti-tumor or suppress pro-tumor function to further reduce
tumor burden.
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Figure 2.

Design strategies for lymphatic-targeting drug delivery systems. A) From the peripheral
tissue interstitium, particles sized 10-100nm drain passively via lymphatic capillaries and
are taken up via LN-resident DCs, while larger >200nm particles are transported to the LN
via peripheral tissue-resident APCs. In addition to size, PEGylation and incorporation of
targeting ligands can also enhance lymphatic uptake. B) Depot-forming materials promote
peripheral tissue APC infiltration followed by migration to the LN. C) Particles incorporated
with high endothelial (HEV)-targeting ligands can enter via the bloodstream. D) Leaky
vasculature of LN tumors or metastases may allow particles to enter from the bloodstream.
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Figure 3.

Lymphatic-targeting DDSs for cancer vaccine delivery and immune modulation. A) DDSs
enable delivery of adjuvant and/or antigen to APCs, leading to enhanced maturation and
expression of co-stimulatory factors, and efficient T cell priming and proliferation. B)
Example of LN-targeting cancer vaccine: Aluminum metal organic framework (MOF)
design encapsulating model antigen (ZANP), and its mechanism of action. C) Extended
release and delivery of ZANPs to DCs in the draining LN; D) Enhanced anti-tumor efficacy
of ZANP cancer vaccine DDS over free drug formulations. B-D Reproduced with
permission from Ref [114] © 2019 Elsevier!.

lReprinted from “Zhong, X. et al. An aluminum adjuvant-integrated nano-MOF as antigen delivery system to induce strong humoral
and cellular immune responses. J. Control. Release 300, 81-92 (2019)” with permission from Elsevier.
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Figure 4.
Concept of multistage drug delivery to TdLNs from a lymphatic-draining nanoparticle

platform. A) Drug cargo is conjugated to 30nm poly(propylene sulfide) NPs via OND
linkers which degrade in a temporally-defined manner. This allows cargo to transport to LNs
via passive drainage from the peripheral interstitium (stage 1), then release from NPs via
linker degradation (stage 2). B) Smaller molecular weight drug cargo linked to NPs via
multistage OND chemistry (NP-OND-Rhod; red) freely diffuses throughout deeper portions
of the LN, including B cell follicles and the paracortex, whereas NPs (blue) are restricted to
the subcapsular sinus, C) increasing the total access of released drug cargo to dLN-resident
cells. D) Delivery of immune adjuvant CpG linked to NPs via multistage OND chemistry
(red) improves immune activation within the dLN over CpG linked to NP via non-
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degradable linker (blue) and free CpG (green) controls evidenced by increased dLN
cellularity, E) leading to a reduction in tumor volume in a murine lymphoma model.
Reproduced with permission from Ref [129] © 2020 Nature Publishing Groupz.

2Reprinted from “Schudel, A. et al. Programmable multistage drug delivery to lymph nodes. Nature Nanotechnology 15, 491-499
(2020)” with permission from Nature Publishing Group.
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Figure 5.

Chemotherapy delivery to LN re-shapes the anti-tumor immune response. A) Thomas et al.;
30 nm Poly(propylene sulfide) NPs target the TALN from a cutaneous injection in the mouse
forearm ipsilateral (i.l.) to the tumor. B) Treatment with PXL-NPs targeted to the TdLN, but
not non-dLN, enhanced DC populations in the TdLN and C) tumor antigen-specific T cell
infiltration into the tumor, D) resulting in a reduction in tumor burden. Reproduced with
permission from Ref [124] © 2014 ElsevierS. E) Kim et al.; Self-assembled NPs made from
poly(paclitaxel) and poly(cyclodextrin) and incorporated with NO. F) Treatment with pPTX/

3Reprinted from “Thomas, S. N., et al. Targeting the tumor-draining lymph node with adjuvanted nanoparticles reshapes the anti-
tumor immune response. Biomaterials 35, 814-824 (2014)” with permission from Elsevier.
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pCD-pSNO results in increased populations of matured, MHC-11+ DCs in the TdLN.
Reproduced with permission from Ref [176] © 2020 John Wiley & Sons, Inc#.

4Reprinted from “Kim, J.,et al. Poly(cyclodextrin)-Polydrug Nanocomplexes as Synthetic Oncolytic Virus for Locoregional
Melanoma Chemoimmunotherapy. Adv. Funct. Mater. 1908788 (2020) doi:10.1002/adfm.201908788.
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Figure 6.
Pro- and anti-tumor effects of lymphatics on cancer immunity, and future directions of DDS-

enabled lymphatic targeting for therapeutic lymphangiogenesis or lymphatic ablation. A)
Tumor-associated lymphatic vessels and TdLNs have complex involvement in both anti- and
pro-tumor immune processes. B-C) Role of lymphatics in anti-tumor immunity. B) In the
tumor, local CCL21 secretion by tumor lymphatics promotes infiltration of CCR7+ APCs
which C) migrate to LNs in order to prime tumor antigen-specific T cells. D-F) Lymphatic
tissues also support pro-tumor immune processes. D) In the tumor, presence of lymphatic
vessels and local secretion of VEGF-C and CCL21 are linked to an immune-suppressive
molecular milieu and infiltration of regulatory T cells (Treg) and myeloid cells, and E)
promote lymphatic metastasis. F) In both the LN and tumor, LECs can cross present tumor
antigen to T cells and provide inhibitory signals in order to delete or suppress T cell function
(pro-tumor). Established principles of DDS design can enable targeted modulation of
lymphatics in order to support or suppress these functions.
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