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Abstract

A significant fraction of the total immune cells in the body are located in several hundred lymph
nodes, in which lymphocyte accumulation, activation and proliferation are organized. Therefore,
targeting lymph nodes provides the possibility to directly deliver drugs to lymphocytes and lymph
node-resident cells and thus to modify the adaptive immune response. However, owing to the
structure and anatomy of lymph nodes, as well as the distinct localization and migration of the
different cell types within the lymph node, it is difficult to access specific cell populations by
delivering free drugs. Materials can be used as instructive delivery vehicles to achieve
accumulation of drugs in the lymph nodes and to target specific lymph node-resident cell subtypes.
In this Review, we describe the compartmental architecture of lymph nodes and the cell and fluid
transport mechanisms to and from lymph nodes. We discuss the different entry routes into lymph
nodes and how they can be explored for drug delivery, including the lymphatics, blood capillaries,
high endothelial venules, cell-mediated pathways, homing of circulating lymphocytes and direct
lymph node injection. We examine different nanoscale and microscale materials for the targeting
of specific immune cells and highlight their potential for the treatment of immune dysfunction and
for cancer immunotherapy. Finally, we give an outlook to the field, exploring how lymph node
targeting can be improved by the use of materials.
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Lymph nodes are essential tissues of the immune system, providing a structure to gather
immunogenic information from peripheral tissues!. Lymph nodes are one of the primary
organs in which the adaptive immune response of the body occurs, and, therefore, their
health is important for maintaining a functioning immune system2=4. The lymph nodes in the
body are connected — immunologically speaking — by migrating lymphocytes, which enter
the lymph node to find their cognate antigen and then re-enter the circulation to provide
protective immunity in the periphery. Thus, delivering drugs directly to lymph nodes
provides an opportunity to address a variety of local and systemic immunological

challenges, as well as diseases that afflict cells of the immune system or are regulated by the
adaptive immune system.

The efficacy of an administered drug is determined by the therapeutically relevant drug
bioavailability and the duration of action at the target site. Deleterious off-target effects and
toxicities reduce the maximum tolerable dose, requiring either alterations to the route of
administration or advanced formulations to improve the specificity of tissue and cell
delivery. Biomaterials- based delivery systems can be applied to address these challenges
owing to the potential of materials to prolong circulation times of intravenously infused
agents or their retention after administration in peripheral tissues, to leverage specific
physiological structures and pathways to improve tissue targeting or clearance pathways and
to target specific cells within tissues. Therefore, drug carriers, such as polymers, lipids and
inorganic materials, can alter the pharmacokinetics and biodistribution of their associated
small molecule drug. A variety of materials are being explored for lymph node drug
delivery, including synthetic micelles®19, dendrimers!112, inorganic nanoparticles!3-14 and
liposomes!®16, Each of these materials has advantages for specific applications and/or
targets; however, in general, drug carriers improve lymph node targeting by increasing the
molecular weight of the drug, which favourably affects lymphatic uptake, by reducing
vasculature permeability to improve lymphatic drainage, by targeting phagocytic cells in
peripheral tissues to facilitate transport to the lymph nodes or through a combination of
these effects.

Various physiochemical properties of materials can be tailored to target the lymph nodes for
drug deliveryl’ and for lymph node imaging®8. In this Review, we discuss materials that are
designed to target specific cells within the lymph node. We examine lymph nodes and their
specific cell subtypes as valuable immunotherapeutic and drug targets, investigate the
mechanisms of endogenous molecular and cellular transport to and within the lymph nodes
and highlight the use of bioinspired systems and materials for basic immunology studies and
as drug delivery systems exploiting these pathways.

Targeting lymph nodes

One of the most obvious rationales for targeting lymph nodes is in the context of
vaccination, which is generally used to generate adaptive immunity but also to induce
immune tolerance. For vaccination, antigens are often delivered in conjunction with co-
stimulatory agents that induce immunity or with immunosuppressive and/or tolerogenic
agents that induce tolerance signals in antigen-presenting cells (APCs), which take up and
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process antigens for presentation to lymphocytes. APCs comprise a diverse collection of
phagocytes with antigen presentation functions, including professional APCs — dendritic
cells, macrophages, Langerhans cells and B cells — and non-classical APCs with important
stromal functions within lymph nodes®. The quality and quantity of the immune response are
fine-tuned by the activation state of these APCs and the microenvironment in which antigen
presentation and recognition take place. If the adaptive immune system can be considered an
orchestra, dendritic cells are the conductors. They can present both self-antigen and
exogenous antigen and mediate a range of co-stimulatory signalling pathways, and thus have
a key role in coordinating antigen uptake, processing and presentation and in the priming of
lymphocytes. Therefore, a variety of material designs are being explored for the modulation
of dendritic cell function by, for example, co-stimulation, antigen presentation and
targetingl®. Macrophages are also important cells within both peripheral tissues and lymph
nodes, especially for the barrier and siphon functions of lymph nodes?° (FIG. 1). They
further provide viral reservoirs during infection and can exert local immunomodulatory
effects within lymph nodes. Therefore, materials are also being developed for targeted
delivery, modulation and ablation of macrophages?®.

Aside from vaccination strategies aimed primarily at APCs, directly targeting lymphocytes
is therapeutically desirable because immunomodulatory agents that directly act on T and B
cells can regulate their differentiation, activation and function in response to antigen
recognition. Lymph node drug delivery is also especially important for the elimination of
lymph node-resident cancers and metastases, including lymphomas, which can reside within
the lymph node. Moreover, latent viral reservoirs, such as HIV in T cells, are also localized
within lymph nodes and difficult to treat?2. Therefore, materials engineering can take
advantage of the localization of these cell subtypes within the lymph nodes by targeting the
specific endogenous structural features and transport mechanisms that access both the lymph
nodes and sub-compartments within lymph nodes that house the cells.

Further materials design opportunities exist given that the tissue in pre-metastatic and
metastatic lymph nodes undergoes extensive remodelling23-30, which affects tissue structure
and makes them potentially more accessible to drugs than healthy lymph nodes. For
example, abnormal lymphatic and blood vasculature (similar to the canonical enhanced
permeability and retention effect in primary tumours), altered cell phenotypes (generally
more suppressive) and aberrant chemokine and cytokine milieus provide potentially
exploitable, microenvironment-specific features for lymph node-directed drug delivery.

Lymph node structure

The lymph node provides a specialized microenvironment to connect peripheral
immunological information (antigens and other immune-modulatory molecules and cells)
and circulating lymphocytes. Lymph nodes are composed of basic units called lymphoid
lobules, each of which is drained by a single afferent lymphatic vessel sampling lymph from
different drainage basins3! (FIG. 1). The base of the lobule consists of slender cords that are
anchored by vascular roots and form part of the lymph node medulla, in which the arterioles,
high endothelial venules and paracortical sinuses reside. The apex of the lobule is separated
from the surrounding lymph node capsule by the subcapsular sinus31-33, The lobule is

Nat Rev Mater. Author manuscript; available in PMC 2020 June 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schudel et al.

Page 4

structurally supported by the reticular network, which is a fibrous sponge-like tissue
composed of fibroblastic reticular cells and their reticular fibres. The reticular network
provides a 3D scaffold for the interaction and migration of lymphocytes, APCs and
macrophages®* (FIG. 1). Within this mesh, conduits of the reticular network are formed by
extracellular matrix (ECM) proteins, with a central core composed of the interstitial matrix
molecules collagen types | and 111 and a surrounding basement membrane-like structure
ensheathed by a layer of fibroblastic reticular cells3>.

Within each lobule, B and T cells home to separate locations (FIG. 1). B cells reside in
follicles, in which they primarily interact with follicular dendritic cells. Once activated, B
cells proliferate and undergo clonal expansion within the follicle, which leads to the
formation of germinal centres containing proliferating B cells and areas of displaced resting
B cells, called the secondary follicles36:37. By contrast, T cells migrate to the deeper
interfollicular cortex and paracortex of the lobule, where they interact with migratory
dendritic cells from peripheral tissues or lymph node-resident dendritic cells to become
activated and proliferate38:39. Therefore, the reticular network, the lobular blood vessels and
the sinuses are key components of the lymph node providing the specific structure that
enables the relatively small number of lymphocytes to efficiently circulate and monitor
antigen in the lymph node network0.

Solutes, biomolecules and cells can enter the lymph node by afferent lymphatics, lymph
node blood capillaries or high endothelial venules*! (FIG. 1), resulting in a specific
distribution of molecules and cells within the lymph node. The distribution depends on the
interfaces of the entry pathways with the other structural components and resident cells of
the lymph node. Therefore, the specific structure and location of the different lymph node
components are important design factors for materials targeting specific lymph node-
resident cell types. Thus, materials need to be designed to leverage the different entry
pathways to lymph nodes to enable targeted lymph node drug delivery: diffusive or
convective delivery through the afferent lymphatics or capillaries, active cell-mediated
migration from the peripheral tissue interstitium, transport in the circulating vasculature and
entry through the blood capillaries and high endothelial venules, or direct injection.

Accessing lymph nodes via lymphatics

Unlike the circulatory system, which contains a central pump, the lymphatics operate on a
local level2. Fluid uptake and transport in the interstitium of a tissue are thought to be driven
by expansion and compression of the initial lymphatics: expansion leads to percolation of
interstitial fluid through the endothelial microvalves, which causes filling of the initial
lymphatics. The lymphatics are then compressed by the surrounding tissue, triggering the
transport of the fluid (now termed lymph) to the large collecting lymphatics3Z.

The initial lymphatics are blind-ended and composed of non-fenestrated overlapping
endothelial cells with filaments anchoring them to the surrounding ECM, which provides
mechanical support against the low pressure inside the initial lymphatic vessel lumen?2.
Owing to permeability differences between the non-fenestrated vascular capillaries and the
lymphatics, only molecules with a certain size (10-100 nm in hydrodynamic radius) can
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efficiently convect into the lymphatics, which has important ramifications on drug
formulation and delivery to the lymphatics*3.

In the collecting lymphatic vessels, lymph is propelled by the synchronized movement of
lymphatic vessel compartments called lymphangions, which contain one-way valves to
propel the lymph in a unidirectional manner#4. Once the lymph arrives at the draining lymph
node through one of the afferent lymphatic vessels, it enters the subcapsular sinus*® (FIG.
1). The lymph then spreads into the subcapsular sinus and moves through the transverse
sinuses, covering each lobule before finally exiting into the medullary sinuses, which merge
from all lobules into a single efferent lymphatic vessel that may filter through subsequent
lymph nodes in the same chain, before the lymph eventually returns back to the blood
through the thoracic duct! (FIG. 1).

Within each lymph node, the lymph flowing over the lobules through the subcapsular sinus
is sampled by percolating through the conduits created by the reticular structure®. The
reticular network restricts the access of lymph-borne material to the paracortex, which is
important for preserving the naive state of the lymphocyte microenvironments and for
controlling immunogenic molecules that adversely affect the immune response in the cortex,
for example, exosomes from tumours or soluble products produced by microbial
infections#’~49 (FIG. 1). The efficiency of this barrier depends on the size of the lymph-
borne molecules with high molecular weight (>70 kDa) molecules being virtually excluded
from conduit and cortex access by the subcapsular sinus. Conversely, lower molecular
weight species are gradually excluded, with molecules <70 kDa having some access to the
conduits*849. Permeation of low molecular weight molecules from the conduits to the
lymphocytes within the paracortex is mostly restricted. For immune challenges with low
antigen concentration, this restriction poses a significant barrier to the generation of a robust
adaptive immune response. However, higher antigen concentrations could enable direct
lymphocyte access on a physiologically relevant scale.

Lymphatic uptake

To be transported to lymph nodes in the afferent lymph, drug delivery systems must
overcome barriers, such as vasculature clearance, penetration of the epithelium of the skin
and traversing the mucosa and gut barriers. In the tissue interstitium, where afferent
lymphatic access is maximized, transport is restricted by the gel-like ECM, which is
composed of fluid, solutes, fibrillar proteins and proteoglycans, which inform the design
parameters for size, shape and charge of the drug delivery system®0.

Drug delivery formulations that lead to prolonged retention at the injection site can result in
improved lymphatic uptake®?. Similarly, drug delivery systems that prevent adsorption of the
drug to the ECM interstitial biopolymer network®2 show improved diffusivity through the
interstitium and therefore better lymphatic uptake. Uptake from the interstitium by the
lymphatics is sensitive to the size of the administered agent, and molecules with
hydrodynamic diameters of 10—100 nm are most efficiently taken up1112.51.53 The transport
of larger molecules is limited by the pore size of the ECM®0,
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Comparing the biodistribution to the local draining lymph node with clearance to and
accumulation in systemic tissues (liver, spleen, lungs and kidney) shows that transport
through the afferent lymph results in an ~1,000-fold increase in accumulation within local
draining lymph nodes®*, which can substantially reduce the risk of off-target effects, owing
to lower doses than would otherwise be required to achieve a therapeutic effect when
administered systemically (for example, intravenously). Interestingly, the same level of
locoregional enrichment of the afferent lymph occurs in diseased tissues, for example, in
tumours®4, demonstrating the relevance of afferent lymph transport for sentinel lymph node
targeting. Therefore, a variety of materials have been explored for lymph node targeting
through the afferent lymph, including den- drimers'112, synthetic polymer
nanoparticles®®°8, lipid- based drug delivery vehicles®’, inorganic particles®® and cell-
derived exosomes®.

Targeting antigen-presenting cells

APCs, including some dendritic cell subtypes, are located in peripheral tissues and lymph
nodes. Materials-based delivery strategies have been explored to target vaccines to dendritic
cells®60 (FIG. 2) because these cells are more sensitive to phagocytosing large particulate
materials than small molecules. The shape®1-63 and charge®* of materials affect dendritic
cell targeting by modulating cell-particle interactions through membrane strain energy5® and
membrane electrostatic interaction®. Accordingly, several approaches using inorganic1314,
polymer®6:8-10 and lipid-based!®:57 nanoparticles have been employed to improve lymphatic
and dendritic cell uptake and thus lymph node targeting.

Drainage of the afferent lymphatics can be exploited to deliver nanoparticles to draining
lymph node-resident dendritic cells®’, for example, to transport immunotherapeutic adjuvant
drugs to the tumour-draining lymph node. The tumour-draining lymph node is full of lymph-
transported tumour antigen, and thus delivery of only adjuvant rather than synthetic or
purified tumour antigen is sufficient to induce an immune response against the endogenous
tumour antigen — a method called in situ vaccination. To deliver adjuvant to the tumour-
draining lymph node, lymphatic-draining micellar Pluronic F127 nanoparticles can be used.
Pluronic F127 is an amphiphilic block copolymer made from polyethylene glycol (PEG)-
poly(propylene glycol)-PEG. The micellar poly(propylene sulfide) nanoparticles®® with a
diameter of 30 nm can then be conjugated to or encapsulate Toll-like receptor 4 (TLR4) and
TLR9 ligands as adjuvants. Following administration into the skin of C57BI/6 mice
ipsilateral to a B16F10 melanoma, the adjuvanted (TLR ligand-formulated) nanoparticles
accumulate only in the tumour-draining lymph nodes, leading to a decrease in tumour
growth, as compared with delivery to the non-tumour-draining lymph nodes or of free (non-
encapsulated and/or non-conjugated) TLR ligand. The difference in efficacy can be
attributed to the increase in the maturation and activation status of tumour-draining lymph
node-resident dendritic and T cells, resulting in an increase in tumour antigen- specific T
cells infiltrating (and presumably eliminating) the tumour.

Alternatively, draining lymph nodes can be targeted using endogenous albumin as a carrier,
delivering a TLR9 CpG oligodeoxynucleotide adjuvant89. Albumin drains into lymphatics
and thus is transported to the lymph nodes. CpG can be modified with engineered lipid
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chains that associate with albumin. Following a diacyl lipid modification and administration
in mice, CpG- albumin accumulates in the lymph nodes at significantly higher levels than
free CpG and associates with B cells, macrophages and dendritic cells.

APCs can also be transfected with a tumour- associated antigen to promote a cytotoxic T
cell response using lipid nanoparticles that intracellularly deliver mMRNAO. The lipid
nanoparticle formulation can be optimized for lipid complexation with mRNA, cellular
uptake, endosomal escape, particle stability and in vivo distribution by varying the lipids, for
example, by using ionizable lipids, phospholipids, cholesterol, additives and PEGylated
lipids. This system can then be used for the generation of antigen-specific T cells. The
optimal lipid nanoparticle formulation has a diameter between 50 nm and 150 nm and a
charge between -3 mV and —15 mV. These particles can be used to transfect dendritic cells,
neutrophils, macrophages and B cells in draining lymph nodes following subcutaneous
injection. Therefore, lymph node-resident APCs can be targeted with a variety of drug
carriers through peripheral bolus injection.

Alternatively, hydrogels can be applied as sustained release platforms to target lymph node-
resident APCs (FIG. 2). For example, a self-assembled filomicelle scaffold can be
engineered that degrades into monodisperse micellar nanocarriers (~30 nm in diameter)’?.
Following subcutaneous injection, these scaffolds degrade over the course of a month
through photooxidation or physiological oxidation and thus can be used for the sustained
delivery of micellar nanocarriers to lymph node-resident phagocytic immune cells, including
dendritic cells (MHCII* and MHCII™) and macrophages. Similarly, nanoparticles can be
encapsulated in a self-assembled pH-degradable hydrogel. The core polymer blocks of the
nanoparticles can be ligated with the TLR7 and/or TLR8 agonist imiquimod (IMDQ)"2,
resulting in polymeric nanoparticles with a diameter of 50 nm. These ‘nanogels’ slowly
break down over the course of a week, and the individual nanoparticles diffuse away from
the injected gel. After subcutaneous administration in the mouse footpad, the IMDQ
nanogels are retained in the footpad and drain to the lymph node for at least 24 hours.
Passive diffusion of the IMDQ nanogels to the draining lymph node was confirmed in CC-
chemokine receptor 7 (CCR7) knockout mice (which do not show dendritic cell homing to
lymph nodes through the lymphatics). Furthermore, IMDQ ligation led to a 10-fold, 5-fold,
3-fold and 26-fold increase in the uptake of nanogels by B cells, dendritic cells,
macrophages and monocytes, respectively, compared with control nanogels without IMDQ.
Applying the IMDQ nanogels to initiate an adaptive immune response against the
Mycobacterium tuberculosis antigen PPE44 demonstrated that they induced greater serum
antibody titres and elicited increased interferon-y-secreting CD4* and CD8* T cells
compared with soluble IMDQ.

Targeting lymph node tumours

Lymph node-resident tumours can be targeted and treated by exploiting the afferent
lymphatics. Primary and metastatic tumours disrupt the regular architecture of lymph nodes,
which causes an increase in the diffusivity of fluids and molecules, enabling deeper lymph
node penetration of drug carriers than that seen with healthy lymph nodes’3. Nanoparticles
accumulate in lymph node-resident tumours and therefore, in combination with
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photothermal therapy, can be applied for treatment through thermally triggered drug effects,
which reduces adverse side effects’* /> (TABLE 1). For example, neutral PEGylated
polymeric gold nanorods (~10 nm in diameter) can be delivered to lymph node-resident
tumours through the lymphatics to enable local photothermal therapy’®. The gold nanorods
rapidly accumulate in the lymph nodes and are retained at the injection site adjacent to the
axillary lymph node. In combination with photothermal therapy, the gold nanorods show
robust efficacy against lymph node metastasis, providing an alternative strategy to systemic
delivery approaches for the treatment of metastasis.

Targeting B cells

B cells are crucial for the generation of humoral immunity and thus are of great interest for
lymph node-directed drug delivery. However, access of B cells to antigen is tightly
controlled by the subcapsular sinus, and therefore, delivering large antigens to B cells
requires transit by an intermediate cell, such as CD169* subcapsular sinus macrophages or
fibroblastic reticular cells, which line the lymph node conduits. Owing to the location of B
cells in the follicles adjacent the subcapsular sinus, they can be accessed by three different
approaches: soluble antigen permeation through the conduits (antigens <70 kDa); large
particulate antigen (for example, viral particles), immune complexes (antigen-antibody
complex) or material coated in complement proteins shuttled by barrier capsule cells; and
cellular delivery by tissue-resident fibroblastic reticular cells’® (FIG. 3). Although of great
importance, strategies for material-mediated B cell targeting remain limited thus far;
however, immunological studies characterizing antigen capture by B cells can provide
instructive insights for the design of drug carriers (TABLE 1).

Owing to their phagocytic nature, the expression of the B cell receptor and their spatial
location in the lymph node, B cells can directly sample and capture lymph- borne antigens
(FIG. 3). One strategy applied by B cells is direct sampling of the lymph node conduits. The
conduits bypass the subcapsular sinus barrier and pass through the follicles. Although they
are less prevalent than in the paracortex because they are replaced by follicular dendritic
cells during lymph node development, conduits are an important pathway for distributing
molecules throughout the follicles of the lymph node, in particular, antigens. B cells use this
structural feature to directly sample small conduit-accessible antigens to become activated’.

Using multiphoton intravital microscopy, it was demonstrated how follicular B cells have
access to soluble antigen*’. Following subcutaneous injection of a fluorescently labelled
small antigen (~14 kDa) and adoptive transfer of fluorescently labelled B cells with a B cell
receptor specific for this antigen, the antigen was transported to the draining lymph node
within several minutes, and a majority of the B cells remained closely associated with
antigen-filled conduits. Using electron microscopy, it was shown that the follicular conduits
have gaps in their surrounding stromal cell layer through which the B cell pseudopods can
come into direct contact with the collagen core, enabling them to sample antigen from the
conduits. To investigate how B cells have access to large antigens, multivalent protein
conjugates (~70 kDa) have been subcutaneously injected. B cells bind the large antigen in
the follicles within minutes following subcutaneous injection, which would not occur if the
antigen would be strictly confined to the conduits. Interestingly, antigen-specific B cells also
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mirror the position of the diffusing wave of antigen in relation to the subcapsular sinus,
demonstrating that large antigens also have the capability to diffuse through the small 0.1-
1.0 pm fenestrations in the subcapsular sinus and thus are directly accessed by follicular B
cells.

To test how B cells react to large particulate antigens, fluorescent particles with a diameter
of 1 um, surface-decorated with a model antigen through covalent bond linkages, were
intradermally injected in the ears of mice’’. All antigen-specific B cells acquired the
antigen, but only ~10% of these cells were positive for the microsphere carrier, which was
the same as for the uptake of non-antigen-conjugated microspheres, indicating nonspecific
uptake; moreover, this number did not change over time. These data suggest that most
antigen-specific B cells acquire antigen conjugated to the microsphere without actually
taking up the microsphere, which is confined to the subcapsular sinus owing to its size. The
presence of lymph protease near the subcapsular sinus allows for the speculation that
endogenous protease or administration of exogenous protease could induce cleavage of the
antigen from the large carrier, resulting in direct B cell access to the small antigen.
Therefore, these studies suggest that lymph-accessible, small antigens have direct access to
B cells that are proximal to the subcapsular sinus owing to their small size.

Immune complex (antigen-antibody complex) trafficking to B cell follicles and B cell
capture are also being explored for B cell-directed drug delivery. Immune complexes are
generally more effective in generating antibody responses than free antigen’8, Intralymph
node immune complex capture and trafficking are tightly orchestrated and coordinated by
several cell types, including subcapsular sinus macrophages, follicular dendritic cells and
follicular B cells (FIG. 3). After subcutaneous administration, immune complexes are
rapidly captured by poorly phagocytic subcapsular sinus macrophages and shuttled to
follicular B cells, which relay the immune complexes to the germinal centre. In the germinal
centre, the antigen is transferred to follicular dendritic cells or to cognate B cells, which has
been demonstrated using phycoerythrin immune complexes’9:€0,

The process of immune complex capture is mediated in vivo by complement C3-coating and
the Fc region of the antibody coating, which are recognized by the subcapsular sinus
macrophage complement receptor 3 (CR3) and Fc receptor Ilb (FcRIIb), respectively8l,
Upon capture, immune complexes are shuttled to the basal side of the capsule, where
follicular B cells retrieve the complex through the receptors CR1 and CR2 and subsequently
migrate into the follicles®0. In the follicles, follicular dendritic cells scavenge B cell-borne
immune complexes owing to a higher level of CR1 and CR2 and retain antigen on their
surface for up to 16 days, enabling constant immune complex cycling and potential
interactions with cognate B cells82:83,

Antigen can also be transferred to B cell follicles in a B cell receptor-dependent manner
(FIG. 3), which can be explored for material design strategies. For example, nanoparticles
that can be transported to the lymph node can be used to investigate the presentation of large
antigens (>70 kDa) to cognate B cells for the induction of antibody responses84. Fluorescent
avidin-coated nanoparticles with a diameter of 0.2 pm can be decorated with biotinylated
antigen8®. B cells acquire the conjugated antigen in a B cell receptor-specific manner
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through direct transfer from subcapsular sinus macrophages, which translocate antigen-laden
nanoparticles from the sinus to the follicle. Consequent activation of the B cells leads to an
increase in MHCII and CD86 expression as well as IgM downregulation on their way to the
T cell at the follicular border. Therefore, a variety of antigens could be conjugated to
nanoparticles to be captured by subcapsular sinus macrophages and immediately recognized
by cognate B cells, avoiding the need to be trafficked into B cell follicles.

Targeting subcapsular sinus macrophages

Subcapsular sinus macrophages play important roles in lymph node physiology by serving
as a cellular barrier mediating the exposure of antigens and other lymph- borne species to
lymphocytes residing in the follicles and paracortex*>86, Therefore, they can also be thought
of as regulators of lymph node immune function86-88, Subcapsular sinus macrophages are
non-degradative phagocytes, that is, they do not process particles, in contrast to conventional
macrophages. Instead, subcapsular sinus macrophages present non-degraded antigen to B
cells at the follicular side of the subcapsular sinus’®. Liposomes are commonly used carriers
for delivery to subcapsular sinus macrophages owing to their amphipathic composition,
which promotes internalization by endocytosis rather than scavenging by
phagocytosis1®:89.90 (FIG. 3; TABLE 1). Once internalized, liposomes are processed by
phospholipases, which disrupt their structure, causing the intracellular release of
encapsulated cargo®L. Thus, liposomes have been applied for the encapsulation of
dichloromethylene-bisphosphonate (clodronate) for the selective depletion of subcapsular
sinus macrophages. Presumably, any phagocytic cell takes up clodronate liposomes, but
subcapsular sinus macrophages are the first cells encountering and interacting with material
entering through the afferent lymphatics and eventually depleting the material. Therefore,
liposomes can be used to deliver cargo intracellularly to subcapsular sinus macrophages and
to deliver clodronate to explore the effect of macrophage depletion on the adaptive immune
responses within lymph nodes®°-86, which may be of interest for delivering cargo deeper into
the lymph node.

Blood vasculature

The blood vasculature provides an alternative transport pathway to the lymph nodes. The
infiltration of circulating lymphocytes into the lymph node is controlled by high endothelial
venules, which are specialized tissues lined with high (full rounded shaped) cuboidal
endothelial cells with receptors that facilitate intravascular lymphocyte transmigration
through the endothelial layer into the reticular meshwork3 (FIG. 1). Therefore, owing to the
fact that the blood capillaries perform filtration functions, materials can be designed to
leverage the diffusive and convective transport through these vascular structures to target
cells in the lymph node.

Targeting T cells

T cells primarily reside in the paracortex near the blood capillaries, and thus the blood
vasculature is an attractive potential route to target lymph node-resident T cells (TABLE 1),
for example, by mimicking homeostatic T cell trafficking from the blood to the lymph node
through high endothelial venules (FIG. 4). The entry of lymphocytes through high

Nat Rev Mater. Author manuscript; available in PMC 2020 June 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schudel et al.

Page 11

endothelial venules is initiated by the homing receptor L-selectin (CD62L), which
recognizes peripheral node addressin (PNAd), which is expressed on high endothelial
venules in lymph nodes and upregulated at sites of chronic inflammation. This natural
homing process can be explored for drug delivery by functionalizing microparticles with the
6-sulfo-sialyl Lewis X-targeting antibody MECA-79, which binds to PNAd. The
functionalized particles accumulate in draining lymph nodes downstream from rejected
transplants following intravenous injection®%93, as draining lymph nodes have higher
expression levels of PNAd than non-draining lymph nodes owing to chronic inflammation,
enabling selective targeting. Administration of free MECA-79 before microparticle injection
leads to blocking of PNAd and therefore to a decrease in particle accumulation in draining
lymph nodes, indicating MECA-79-mediated accumulation. Therefore, drugs can be
selectively delivered to draining lymph nodes, where they can then be delivered to T cell
populations, for example, to decrease effector CD4* helper T cell levels in murine cardiac
allograft recipients, leading to prolonged survival compared with free drug or drug-loaded
microparticles without targeting ligands®3,

Targeting lymph node tumours

The lymph node vasculature also enables access to metastatic lymph nodes through
exploiting enhanced permeability (TABLE 1). For example, systemic intravenous
administration of polymeric micelles with a diameter of 30 nm (REF®4) loaded with
chemotherapeutic drugs leads to their selective accumulation in lymph node-resident
tumours, presumably facilitated by the permeable blood vasculature around the tumour.
Accumulation caused by enhanced permeability was quantified by intravenous
administration of gadolinium-conjugated albumin. Interestingly, micelles with a diameter of
70 nm also accumulate in the lymph nodes at similar levels but do not have the same
antitumour efficacy as micelles with a diameter of 30 nm, which can be explained by the
lower accumulation of 70 nm micelles in the metastatic foci than of the smaller 30 nm
micelles. These results suggest that sub-100 nm carriers passively accumulate in metastatic
lymph nodes via the blood vasculature; however, smaller carriers (30 nm) accumulate at
higher levels in the metastatic region owing to enhanced diffusivity.

Similarly, liposomes with diameters of ~190 nm can be conjugated with an antibody specific
for the T cell surface antigen Thyl.1 using an antibody binding (Fab) fragment or an
antibody fragment for the interleukin-2 (IL-2) protein and intravenously injected to target
adoptively transferred cells that express the target ligand®®. Evaluation of lymph nodes 24
hours after lymphodepletion showed that, if liposomes are administered immediately after
adoptive T cell transfer, ~80% of adoptively transferred T cells are labelled with the targeted
liposomes in the lymph nodes. Interestingly, if liposomes are administered 3 days after T
cell transfer, less binding is observed, with only ~20% of adoptively transferred T cells
being labelled with liposomes in lymph nodes. These results suggest that targeted
nanoparticles and/or liposomes can be used to target adoptively transferred T cells in vivo
resulting in efficient lymph node delivery; however, repeated dosing with targeted systems
may not lead to sustained lymph node accumulation presumbly owing to decreased
expression of target ligands and/or incomplete recirculation of T cells from lymph nodes to
the blood.
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Cell-mediated lymph node entry

Antigen-presenting cells in peripheral tissue

APCs that reside in the periphery are primed for phagocytosis and actively consume
particulates to scavenge antigen for degradation and processing into peptides, which are then
loaded onto MHCI196:97_ Therefore, most of the antigen sampled by dendritic cells is self-
antigen, which does not activate the dendritic cell®8. By contrast, during an infection, the
foreign antigen is often located in proximity to pathogen-associated molecular patterns
(PAMPs), which are highly conserved molecules with structures that are not found in the
human body. For example, coatings of pathogenic organisms, such as viral coatings and
bacterial carbohydrates, are types of PAMPs9. PAMP molecules are taken up by dendritic
cells together with the antigen and bind to endosomal receptors (of note, some PAMP
molecules also bind to external cell membrane receptors), causing the dendritic cell to
become activated!%. The dendritic cell then matures and loses the ability to phagocytose
and process antigen192, In the mature dendritic cell, expression of receptors for
inflammatory chemokines is downregulated and expression of the lymphoid chemokines
CCR7, CXC-chemokine receptor 4 (CXCR4) and CCR4 is upregulated allowing the cell to
become motile and enter the lymph vessels192,

In the migrating dendritic cell, the co-stimulatory ligands CD80 and CD86 are also
upregulated. These ligands are involved in the activation of T cells through binding to CD28.
The dendritic cells further produce high levels of peptide-MHC, which interacts with the
cognate T cell receptor in the lymph node, as well as chemokines that attract naive T cells to
the lymph node through the high endothelial venules. The dendritic cells then migrate to the
lymph node through the afferent lymphatic vessels, and once in the subcapsular sinus, they
settle onto the sinus floor and migrate through the sinus-lobule membrane to the paracortex,
where they present their antigen to lymph node-resident T cells193,

APCs reside in all peripheral tissues. Skin-resident dendritic cells and MHCII* Langerhans
cells reside in different skin tissue layers'94 and exhibit distinct time frames of lymph node
homing195. Following migration through the skin, they localize in discrete draining lymph
node locations9% and exert specific immunomodulatory functions104.106.107  Ajveolar
macrophages are the main phagocytic population in the lung; however, they are more
involved in clearance of foreign material than in initiating adaptive immune responses108,
The adaptive immune response in the lung is generated by lung-resident dendritic cells, in
particular, CD11b* and CD103* cells!09 which recognize, internalize and present antigen
on their MHCII and subsequently migrate to lymph nodes for T cell activation109110_ Of
these cells, CD103* dendritic cells are thought to be the main migratory populationl. In
the intestine, the mucosal surface is protected by specialized innate and adaptive sites called
gut-associated lymphoid tissues, which contain B cells, T cells and other APCs capable of
generating specific immune responses!!®. The lumen of the intestinal mucosa is further
covered by epithelial cells and microfold cells, which are phagocytic and take up antigen
from the intestinal lumen and transfer it to the basal side, where APCs can process the
antigen for lymphocyte activation. Upon activation, dendritic cells leave the initial site of
infection and transit through the lymph to draining lymph nodes, where they activate T cells
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or differentiate into memory or effector cells!12-115, Therefore, targeting immune cells by
oral delivery is different than targeting cells in the lung or skin.

Targeting lymphatic cutaneous antigen-presenting cells

Many materials for targeting skin dendritic cells have been explored, including
hydrogels93.116-118 and large particulates!05119.120 \yith the common aim of localizing the
materials to the site of administration to increase the likelihood of APC uptake and
migration (FIG. 2; TABLE 1) through increasing retention half-life>%:51, For example,
methyl vinyl ether/maleic anhydride microneedles with a length of 600 pm can be applied to
intradermally deliver antigen encapsulated within poly(lactic-co-glycolic acid) (PLGA)
nanoparticles19® (FIG. 2). The microneedles locally deposit large PLGA nanoparticles,
which retain and protect the vaccine antigen until uptake by skin- resident dendritic cells. In
vitro, the nanoparticles are efficiently taken up by bone marrow-derived dendritic cells,
which subsequently become activated and induce antigen-specific T cell proliferation.
Optical coherence tomography was further used to evaluate microneedle- mediated delivery
in vivo. The microneedles reach 70 um in penetration depth and dissolve within 15 minutes
after application, which leads to local deposition of the nanoparticles within the dermal
layer, causing a local inflammatory response. Owing to the local effect, only dendritic cells
originally migrating from the skin are positive for the uptake of nanoparticle-delivered
antigen in the draining lymph node. Furthermore, owing to sustained degradation of the
PLGA nanoparticles, skin-resident dendritic cells can trigger proliferation of antigen-
specific T cells up to 7 days later, indicating localized and stable vaccination. The
microneedle system was tested in a parainfluenza virus murine model, demonstrating that it
can confer antigen-specific protective immunity against viral challenge, highlighting the
importance of skin-resident dendritic cells in initiating vaccine responses.

Cutaneous dendritic cells can also be targeted using Fc receptors, scavenger receptors and
antibodies (FIG. 2; TABLE 1). For example, a model antigen and TLR ligands can be
encapsulated in PLGA nanoparticles, which can be functionalized to target distinct dendritic
cell surface molecules using conjugated antibodies, for example, anti-CD40, an antibody
against a tumour necrosis factor family receptor, which is a marker of maturation; anti-
DEC-205, an antibody against a C-type lectin receptor; and anti-CD11c, an antibody against
an integrin receptor'2, In vivo, subcutaneous injection of anti-CD40 functionalized
nanoparticles in the mouse tail leads to the highest activation and expansion of ex vivo
lymph node T cells as compared with the other antibodies, demonstrating the benefits of
active targeting of dendritic cells in draining lymph nodes to elicit an immune response.

Pulmonary delivery to target lung antigen-presenting cells

Pulmonary delivery of nanoparticles to target APCs in the lung has been explored for
various immunological applications!22-125 including cationic gold nanoparticles for CD4*
T cell expansion!2® and small interfering RNA (siRNA) polymeric vectors for asthma
therapy12’. The size and charge of administered nanoparticles have an effect on APC capture
and lymph node accumulation. For example, comparing the effect of nanoparticles with 20,
50, 100, 200 and 1,000 nm diameters 2 and 24 hours after administration23 shows that the
majority of nanoparticles are taken up by alveolar macrophages in the respiratory tract
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regardless of their size; however, nanoparticles with 20 and 50 nm diameters show the
highest dendritic cell uptake 24 hours after administration compared with the other
nanoparticles. In draining lymph nodes, the dendritic cells that have taken up 20, 50 and 100
nm nanoparticles are significantly more migratory than lymph node-resident dendritic cells,
indicating an active transport process of the cells to the draining lymph nodes. However,
nanoparticles with diameters <34 nm were also shown to be transported from the lung to
mediastinal lymph nodes within minutes after administration, suggesting that small
nanoparticles can passively diffuse to draining lymph nodes!24.

The charge of nanoparticles also plays a crucial role for their translocation from the lungs to
lymph nodes. Both anionic and cationic nanoparticles are internalized by alveolar
macrophages; however, lung-resident dendritic cells preferentially associate with cationic
nanoparticles'28. Cationic and anionic nanoparticles are also found at similar levels in
draining lymph nodes following administration, indicating that their charge does not
influence lymph node accumulation. Overall, smaller (<50 nm diameter), slightly cationic
nanoparticles achieve higher levels of lymph node accumulation following pulmonary
administration — a process that is primarily achieved through active cell-mediated transport.

Oral delivery to target mucosal antigen-presenting cells

Oral delivery to target intestinal APCs for vaccination has been of interest for many
decades!?® owing to patient compliance and the potential generation of a systemic immune
responsel30, Following microfold cell or enterocyte capture, the antigen is either transferred
to APCs on the basal side of the epithelial layer or packaged for mesenteric lymphatic entry.
Once APCs capture macromolecules, they become activated, migrate through the mesenteric
lymphatics and accumulate in mesenteric lymph nodes!12-114, The physical properties of
materials, including size, charge and surface ligands, impact the targeting of phagocytic
microfold cells31.132, particles with a diameter below <1 um are taken up by microfold
cells, whereas larger particles with diameters >3 um are taken up by Peyer’s patches and are
retained there131. Moreover, non-ionic particles are better taken up by microfold cells than
charged particles. Surface ligands further promote uptake by these cells; however, the
particles remain bound to the cells rather than being translocated to the mesenteric
lymphatics32, It has also been shown that lymphatic uptake of orally delivered
nanoparticles is minimal owing to a variety of factors, including material properties and
variation in methodologies and techniques used in the field to assess lymphatic
absorption131.132 Therefore, the exact underlying mechanisms of nanoparticle-mucosal
APC interactions and subsequent immune responses remain elusive thus far.

Circulating lymphocytes

Antigen-specific T and B cells are rare, and the vast majority of naive lymphocytes are
circulating between lymph nodes and the lymphatics, spending less than half an hour in
circulation before homing to a lymphoid organ, where they take a few hours or days to find
their cognate antigen®. Lymphocytes primarily migrate into lymph nodes along the entire
length of HEVS, and exit through efferent lymphatics, with T and B cell trafficking being
substantially increased during lymph node inflammation133. Following a tightly orchestrated
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adhesion cascade®34, adhesive ligands and chemokines direct lymphocyte diapedesis through
the inter-endothelial junctions of the high endothelial venules. Once inside the lymph node,
T and B cells home to their respective areas in the paracortex and to the follicles, guided by
chemokine cues135-137,

Drug delivery via lymphocyte homing

Cell homing to the lymph node can be exploited to target T cells in the lymph node by using
cells for “backpacking’, that is, drug-loaded nanoparticles or carriers are covalently or non-
covalently bound to T cells and thus shuttled to lymph nodes (FIG. 4; TABLE 1) following
adoptive transfer. For example, this method can be used to prolong autocrine stimulation of
transferred T cells, triggered by conjugated nanoparticles that are tethered with anti-CD45
antibodies and release IL-15 superagonist (IL-15Sa). This approach can be applied to
support the antitumour activity of therapeutic T cells and increase their lymph node
accumulation138,

Active targeting by cell homing can also be used for the treatment of lymphomas in lymph
nodes. For example, T cells can be functionalized ex vivo with nanocapsules loaded with a
chemotherapeutic, which is then delivered to the lymphoma®39.140, By engineering the T
cells to be resistant to the chemotherapy, high-payload delivery to lymph nodes can be
achieved, which ultimately leads to a decrease in tumour growth rate compared with
traditional systemic dosing?3°. T cells migrating to the lymph nodes can also be targeted in
the blood using antibody-nanoparticle conjugates, such as anti-programmed cell death 1
(PD-1), anti-CD8 and anti-CD4 conjugates!41:142 (FIG. 4).

Direct lymph node injection

Administration of drugs in peripheral tissues or intravenously achieves low yet sustained
levels of lymph node delivery, mediated by convection and active cell-mediated trafficking.
Alternatively, drugs can be directly injected into the lymph node — a method that has been
used for over half a century to treat lymph node metastasis43 (FIG. 5). Direct lymph node
injection is invasive and often used only if delivery via the lymph or blood is not sufficient to
achieve the required drug levels in the lymph nodes (TABLE 1). Usually, the draining lymph
node is identified by administration of lymph-draining chromogenic colloid in peripheral
tissues.

Intra-lymph node injection has also been explored to improve vaccine potency44-147_ The
potency of antigen—adjuvant formulations of ~300-900 nm in diameter comprising synthetic
or biopolymers and liposomes is substantially improved by intra-lymph node injection48,
which is not surprising owing to the low lymph node accumulation of cargos at this scale®®.
For example, intra-lymph node injection of PLGA microparticles leads to increased
accumulation of the TLR3 ligand polyinosinic-polycytidylic acid (poly(l:C)) within lymph
node-resident APCs as compared with soluble poly(1:C)14. Injection of microparticles with
both soluble poly(1:C) and conjugated poly(l:C) shows sustained lymph node retention and
uptake by lymph node-resident APCs, including by dendritic cells, macrophages and B cells.
Similarly, microparticles can be directly injected into lymph nodes to deliver a self-antigen
and rapamycin (a regulatory signal)*®0. In a mouse multiple sclerosis model, the delivery of
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both molecules rather than of single agents induces systemic antigen-specific tolerance.
Moreover, intra-lymph node injection of the microparticles leads to increased amounts of
immune-suppressive regulatory T cells in treated and non-treated lymph nodes and thus to
improved therapeutic effects compared with delivery of rapamycin and a protein control
using the microparticle platform.

Perspectives and conclusions

The physiology and the cellular and fluid transport mechanisms in lymph nodes offer a
blueprint for the rational design of materials to target specific cell types in the lymph nodes.
The afferent lymphatics provide an entry point for nanomaterials to deliver cargo to lymph
node-resident and lymph-sampling cells, such as dendritic cells, macrophages and B cells.
However, it remains challenging to supersede the scavenger functions of these cells and at
the same time exploit their afferent lymphatic delivery route. Affinity-based targeting could
be used to better discriminate between the different lymph-sampling APCs and thus to
optimize delivery to specific cell types. For example, subcapsular sinus macrophages, which
constitute a lymph node barrier, could be disrupted using clodronate liposomes; subsequent
delivery of dendritic cell-targeting drug vehicles would then allow targeting of dendritic
cells and lymphocytes that reside deeper within the lymph node structure and are not readily
accessible through the lymph. Alternatively, APC scavenging can be overcome by shedding
the delivery carrier, which promotes lymphatic uptake and pinocytosis, and by consequent
release of the smaller active agent directly into the lymph node, which can then act on the
target cell without being taken up by APCs. For example, nanoparticles functionalized with
anti-CD169 antibodies could be used to label subcapsular sinus macrophages. The
conjugated nanoparticles would then remain on the sinus side of the subcapsular sinus
macrophage barrier and would not translocate to B cells. Using degradable nanomaterials or
externally triggered systems could then enable the release of small agents, which could
penetrate into the lymph node or provide sustained antigen release to the conduits.

Materials that are used for the probing of B cell interactions with antigen could also be
exploited for drug delivery. Antigens with molecular weights of <70 kDa entering through
the conduits can directly target B cells; however, small antigens suffer from inefficient
lymphatic uptake, which decreases the abundance of administered agent and therefore the
concentration available within the conduits. By using carriers that are smaller than
traditional 30—200 nm particle delivery vehicles, a balance between lymphatic uptake and
conduit and follicle access could be achieved. For example, an antigen with a molecular
weight of 14 kDa is directly taken up by B cells from the conduits*’. To improve direct
uptake in the conduits, the size of the conjugate could be increased by linking adjuvant and
antigen for combination B cell vaccination or by using polymer or macromolecular
conjugates, such as cyclodextrins or PEG, for B cell delivery of small molecule drugs.
Alternatively, small antigen can be linked to large particles that are cleaved by proteases to
release the antigen and target B cells””. Similarly, large particles, for example, avidin-coated
microparticles with a diameter of 0.2 pm (REF.85), could be used to transport small
biotinylated molecules and antigens to subcapsular sinus macrophages and then to B cells.
Finally, subcapsular sinus macrophage capture and presentation to B cells could be
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improved by functionalization with complement or Fc fragments, which could potentially
also be applied for therapeutic drugs or diagnostic agents.

The high endothelial venules provide an entry point to target the paracortex in the lymph
nodes and thus T lymphocytes. However, specific targeting of high endothelial venules
remains challenging because most antibodies that target cells of the high endothelial venules
also recognize the 6-sulfo-sialyl Lewis X epitope (for example, MECA- 79). Alternatively,
antibodies that recognize O-glycan and A-glycan epitopes, for example, CL40 (REF.151) and
S2 (REF152), bind stronger to high endothelial venules than MECA-79, enabling more
specific targeting. Effective penetration of the lymph node after extravasation is also a
challenge for drug delivery approaches via the vasculature. Therefore, nanoparticles rather
than microparticles®3 could provide a possibility to increase diffusion into the lymph node to
enable interaction with more T cells. Additionally, T cell targeting and uptake could further
be improved by providing a controlled release platform rather than by attempting to target
individual cells with particles. This platform could be used to first deliver drugs to high
endothelial venules and T cell zones and then release the drugs through particle degradation.

Peripheral APC targeting could be further improved by using active targeting or microneedle
patches to overcome interstitial efflux and to control delivery to specific cell subtypes, such
as plasmacytoid dendritic cells (during inflammation), Langerhans cells and dermal
dendritic cells, which reside within different skin layers%4. Taking advantage of the antigen
transfer capabilities of migratory dendritic cells'®3, drug-loaded nanoparticles, which are
taken up by dendritic cells, can be transported to draining lymph nodes. The same approach
could also be used to deliver high concentrations of drugs deep into the lymph node. Various
methods including modifying size, charge and surface lipophilicity of particles have been
developed to improve the uptake of molecules by pulmonary and intestinal APCs84:154.155
however, such approaches have not yet been extensively explored for lymph node-directed
drug delivery.

Finally, most material-based approaches leveraging homing of circulating immune cells for
lymph node- directed drug delivery have focused on T cell targeting. However, using T cells
as carriers could lead to systemic effects in the lymph nodes because lymphocytes constantly
traffic between the lymph nodes in the body; whether such a systemic effect is advantageous
depends on the application. Cell-mediated targeting techniques have yet to be extended to
circulating B cells, which would allow modulation of the humoral immunity, or to myeloid
progenitor cells, which have the potential to enable delivery to distinct lymph node
locations.

Lymph nodes are key tissues for initiating immune responses because they physically
coordinate the interactions of peripheral immune information with circulating lymphocytes.
The physiology, local structural motifs and transport mechanisms into and within the lymph
node should inform the design criteria for drug delivery systems, and a holistic consideration
of lymph node cell types and areas, cell-cell interactions and mechanisms of action of drugs
will open up new opportunities for targeting specific cells and regions in the lymph node.
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Fig. 1|. Lymph node structure and physiology.
A cross section of a lymph node is shown. The architecture of the lymph node can be
divided into distinct areas: fluid-filled lumen structures (lymphatics, high endothelial
venules (HEVS), capillaries and sinuses), cellular locations (B cells in follicles, dendritic
cellsand T cells in the paracortex and macrophages in the subcapsular sinus and medulla)
and structural units (cortex, paracortex and medulla). Lymphocyte extravasation occurs in
the HEVSs. The distribution of antigens within the reticular structure is regulated by
haemodynamic size and molecular weight by the capsule and conduit. Circulating
lymphocytes enter through the vasculature and exit through the efferent lymphatics.
Dendritic cells sample the conduit and conduit structures. LEC, lymphatic endothelial cell.
HEV and lymph node cross section adapted from REF40, Springer Nature Limited.
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Sustained release to skin resident
DCs and initial lymphatics using

Diffusion-based DC hydrogel materials

targeting (10-100nm) Hydrogel‘
© % /7
©

© o | Microneedle penetration
o to skin-resident DCs
o
©

Cell-mediated trafficking of
© | microparticles to lymph nodes

Limparticles targeting DCs QQ OO e

Z ; O oN
Surface
marker
Ya( Lymph node-resident DCs O
}X \ capture nanoparticles
\,y (passive and active targeting)

Fig. 2|. Targeting dendritic cells.
Small nanoparticles (10-100 nm in diameter) are taken up by the lymphatics and diffuse to

the lymph node to target lymph node-resident dendritic cells (DCs). Large nanoparticles
(>100 nm in diameter) and microparticles are mostly entrapped in the interstitial matrix at
the site of injection and require capture by peripheral DCs or Langerhans cells (skin) for
cell-mediated delivery to lymph nodes. Peripheral and lymph node-resident DCs can be
actively targeted using cell subtype-specific surface markers. Hydrogels can be used for the
controlled release of molecules in peripheral tissues to enable sustained lymphatic uptake
and prolonged DC interactions. Microneedles enable transdermal delivery of particle depots
and delivery to DC subtypes that reside within discrete skin layers by adjusting the length of
the needles. Lymph node-resident DCs take up passively drained nanoparticles and receive
cell-delivered particles.

Nat Rev Mater. Author manuscript; available in PMC 2020 June 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Schudel et al.

diffusion through SCS

A
g

ntigen

Antigen and/or particle

° ©
SCS macrophages
/ <70kDa © LECs
(o] i o
© iﬁ e ©
Condmt

B cell
Cognate B cell
antigen capture

B cell
receptor

Follicular

%Ez Nanoparticle

dendritic cell

Migration to
B cell follicle

B cell follicle

Fig. 3|. Targeting B cells.

Subcapsular sinus (SCS) macrophages transfer complementdecorated particles via the
complement receptor, whereas they transfer immune complexes bound to particles or

Page 28

materials via Fc receptors to the basal side of the sinus to non-cognate and cognate B cells,
respectively. Small antigen can be cleaved from microparticles by proteases and released in
the sinus. Antigens then diffuse through the SCS directly to B cells. Materials can enter
through gaps (0.1-1.0 pm) in the SCS, enabling diffusion of the materials to B cell follicles
for direct B cell sampling. Small materials (<70 kDa) can enter the conduits, where they can

be directly captured by B cells. LEC, lymphatic endothelial cell.
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Fig. 4|. Targeting T cells.

Conduit-lining dendritic cells sample antigen for subsequent presentation to proximal T
cells. Circulating T cells can be targeted for T cell-mediated nanoparticle trafficking into the
lymph node T cell zone. Lymph node blood capillaries that are leaky as a result of disease
allow for diffusion-mediated transport to lymph node T cells. Microparticles and
nanoparticles can be actively targeted to high endothelial venules (HEVs) using anti-
peripheral node addressin (PNAd) antibodies, such as MECA-79, followed by diffusion of
the delivered agent into the lymph node.
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Fig. 5|. Route of administration into lymph nodes.
Different regions of skin-draining lymph nodes can be targeted by injections and

administration. + and -, scale; HEV, high endothelial venule; NA, not applicable.
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