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Immunotherapy that aims to boost the body’s immune responses against pathogens or diseased cells has achieved
significant progress for treating different diseases over the past several decades, especially with the success of
checkpoint blockades, chimeric antigen receptor T therapy, and cancer vaccines in clinical cancer treatment.
Effective immunotherapy necessitates the generation of potent and persistent humoral and T-cell responses, which
lies in the ability of modulating and guiding antigen-presenting cells to prime antigen-specific T and B cells in the
lymphoid tissues, notably in the lymph nodes proximal to the disease site. To this end, various types of strategies
have been developed to facilitate the delivery of immunomodulatory agents to immune cells (e.g. dendritic cells
and T cells) in the lymph nodes. Among them, intranodal injection enables the direct exposure of
immunomodulators to immune cells in lymph nodes, but is limited by the technical challenge and intrinsic
invasiveness. To address, multiple passive and active lymph node-targeting technologies have been developed. In
this review, we will provide an overview of different lymph node-targeting technologies developed to date, as well

as the mechanism and merits of each approach.
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INTRODUCTION

Immunotherapy that aims to modulate the body’s adaptive
immune system in a way to better control invading patho-
gens or diseased cells has reshaped the paradigm for clinical
treatment of cancer and other diseases in the past decade.'”
Among them, immune checkpoint blockades, chimeric anti-
gen receptor T therapies, and cancer vaccines have been
approved by the Food and Drug Administration for treating
various types of cancers.*® Vaccines for preventing and
treating various types of bacteria and viruses (e.g. severe
acute respiratory syndrome coronavirus 2) have also ach-
ieved noticeable success.”' The effectiveness and robust-
ness of immunotherapy often lies in its ability to modulate
antigen-presenting cells (APCs) and amplify disease-specific
humoral and T-cell responses. Dendritic cells (DCs), a prom-
inent type of APCs in the body, can sample and present
disease-specific antigens via major histocompatibility
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complexes (MHCs), and further prime antigen-specific T and
B cells in the lymphoid tissues, notably lymph nodes proximal
to the disease site.*? As the major type of lymphoid tis-
sues, the bean-shaped lymph nodes are populated by various
types of immune cells including T cells, B cells, DCs, macro-
phages, and neutrophils, and play a pivotal role in main-
taining and regulating systemic adaptive immune responses.

Structurally, lymph nodes are composed of a group of
lobules that are mechanically supported by fibrous tissues
and encased by the subcapsular sinus (SCS) and capsule,
and surrounded by afferent and efferent lymphatics that
import and export lymph, respectively.>** Starting from
the afferent end, lymph nodes can be divided into cortex
that contains B-cell follicles, paracortex that contains T-cell
follicles, and medulla. DCs that present specific antigens via
MHCs can traffic to B- and T-cell follicles to prime antigen-
specific T and B cells.">*® Other immune cells such as
lymphatic sinus-associated dendritic cells (LS-DCs) and SCS
macrophages line next to the bottom layer of lymphatic
endothelial cells.'”*® Within the highly compartmentalized
lymph nodes, the migration of immune cells is often
dictated by the gradient of chemokines and cytokines. The
whole lymph node is also filled with ‘lymph’, the fluid that
transports molecules and cells in and out of lymph nodes
via afferent and efferent lymphatics. In addition to
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lymphatic drainage, antigens and immune cells can also
enter lymph nodes via the high endothelial venules (HEVs).

As the primary location for T- and B-cell priming pro-
cesses, lymph nodes have been a key tissue of target for
developing potent vaccines and immunotherapies. Indeed,
extensive effort has been made to improve the delivery of
antigens and adjuvants, two main components of vaccines,
to DCs in the lymph nodes, with a goal of amplifying the
generation of antigen-presenting DCs and subsequent
priming of antigen-specific T and B cells.*”?° The retention
time of vaccines in the lymph nodes was also shown to
correlate with the overall efficacy in the context of cancer,
viral infection, and other diseases. For example, the de-
livery of antigens and adjuvants into lymph nodes in the
form of nanoparticles or microparticles was able to induce
a more persistent humoral and T-cell response than the
bolus vaccine.”™*? Intranodal delivery of vaccines was also
shown to improve the robustness of systemic humoral and
T-cell responses in comparison with peripheral de-
livery.”*?* In addition to antigens and adjuvants, targeted
delivery of cytokines to T cells or B cells in the lymph nodes
has also been actively explored to orchestrate local and
systemic humoral and T-cell responses.?® In the context of
immunosuppression, inactivating or anergizing T and B
cells in the lymph nodes is also a widely explored approach
to achieving systemic immunosuppression.”®?’ Among the
various types of diseases related to the control of immune
cells and immune responses in lymph nodes, cancer is the
most extensively studied one to date. In a typical immune-
oncology cycle, APCs including DCs sample tumor antigens
from dying tumor cells and traffic to the lymph node where
they further prime tumor antigen-specific T and B cells. The
antigen-specific effector T cells can then find and Kkill
cancer cells.”® Therefore, the targeted delivery of
immunomodulatory agents including tumor antigens,
adjuvants, and cytokines to immune cells in the lymph
nodes has been a central goal for a variety of cancer
immunotherapies.?®?°

The most straightforward lymph node-targeting strategy
is to directly inject immunomodulatory agents into the
lymph nodes, as it can bypass the delivery challenges and
enable the direct exposure of immunomodulators to im-
mune cells such as DCs. This has been proved effective in
inducing potent humoral and T-cell responses in the context
of different diseases.>°? However, intranodal administra-
tion is limited by the high invasiveness, difficulty in locating
lymph nodes, and challenges in precise injection of agents
or materials into the lymph node. To address this issue,
various passive and active targeting strategies enabling
improved lymph node delivery of immunomodulatory
agents that are administered subcutaneously, intradermally,
intramuscularly, peritoneally, or intravenously have also
been developed (Figure 1). Among them, passive targeting
strategies rely on the body’s lymphatic drainage system or
immune cells to carry the administered immunomodulatory
agents to the lymph nodes.®**> For example, subcutane-
ously injected nanoscale materials that encapsulate
immunomodulators can drain into the proximal lymph
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nodes via lymphatic vessels. Together with their enhanced
in vivo stability, lymph node retention, and cell uptake
efficiency, nanoscale materials enable the extended
exposure of small-molecular-weight immunomodulators to
immune cells in the lymph nodes, for improved antigen
presentation and T- and B-cell priming.>®*>° Subcutaneously
injected immunomodulatory materials, especially those
with a large size, can also be taken up by immune cells that
arrive at the injection site and become shuttled to lymph
nodes.””*? In contrast, active targeting strategies utilize
rational molecular or material designs to facilitate the
bounding or conjugation of immunomodulatory agents to
specific immune cells in the lymph nodes, or external
stimuli to facilitate the accumulation of immunomodulators
into the lymph nodes (Figure 1). For example, the func-
tionalization of immunomodulatory agents with a targeting
ligand that can bind to the surface receptors of DCs or T
cells can improve their retention and cellular uptake within
the lymph nodes.”*** Amphiphilic lipids that can bind to
albumin which is an endogenous lymph node shuttle have
also enabled the enhanced delivery of immunomodulatory
agents into lymph nodes.”>*® Strategies to generate
chemically tagged DCs in situ, taking advantage of
chemokine-loaded macroporous material scaffolds, for
subsequent targeted delivery of tumor antigens, adjuvants,
and cytokines to DCs in the lymph nodes have also been
developed.*”*® In this review, we will provide an overview
of lymph node-targeting approaches developed to date,
with a focus on the mechanism and merits of each approach
instead of the composition or chemical structures of
immunomaterials that have been extensively summarized in
other reviews.?’ 394247

INTRANODAL DELIVERY

Intranodal delivery, i.e. direct injection of molecules (e.g.
DNA, messenger RNA, peptide, and protein) or materials
(e.g. nanoparticles and microparticles) into the lymph node,
enables the direct contact of immunomodulatory agents to
immune cells in the lymph node while minimizing their
exposure to other tissues. This approach was shown to
enhance the overall humoral and T-cell response in the
context of different diseases including cancer and infectious
diseases. For example, intranodal injection of antigen-pulsed
DCs was able to induce enhanced CD8 T-cell response than
systemic or subcutaneous injection of DCs.**>° Compared to
subcutaneous injection, intranodally injected tumor lysates
were also better processed by APCs in the lymph node,
resulting in improved cytotoxic T-lymphocyte (CTL) response
and antitumor efficacy.”* Intranodal injection of peptide or
protein antigens and adjuvants has also been actively
explored to enable their direct contact with target DCs in the
lymph node for amplified antitumor efficacy. Cytokines can
also be directly injected into lymph nodes to modulate the
function and phenotypes of T and B cells. However, the
benefits of intranodal injection in humoral and T-cell re-
sponses and overall efficacy, in comparison with other
administration routes such as subcutaneous, intradermal,
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Figure 1. Targeted delivery of immunomodulatory agents to lymph nodes via passive and active targeting approaches. The administered immunomodulatory agents
or materials can directly traffic to lymph nodes via lymphatic drainage or become shuttled by immune cells [e.g. dendritic cells (DCs) and macrophages] at the injection
site. Immunomodulatory agents or materials can also be modified with targeting ligands that can bind to surface receptors of immune cells in the lymph nodes.
Amphiphilic lipids have also been designed to efficiently bind to albumin in the serum and become shuttled by albumin to lymph nodes. In addition, immune cell
homing materials can be utilized to generate chemically tagged immune cells in the draining lymph nodes, for subsequent targeted delivery of immunomodulators.
External stimuli such as magnetic field also enable the enhanced accumulation of magnetic immunomaterials in the lymph node.

and intramuscular injection, could vary with the type of
diseases and immunomodulatory agents. Also, although
intranodal delivery could be beneficial for lymph node de-
livery of immunomodulatory agents that suffer from poor
lymphatic drainage, systemic delivery and other adminis-
tration routes may enable timely modulation of immune
cells in the blood and peripheral tissues, which could lead to
comparable or even improved adaptive immune responses
and overall efficacy.”>™* Moreover, immunomodulatory
agents that are directly injected into the lymph node may
still experience poor retention and become rapidly cleared
from the lymph node.

Despite the potential benefits in the direct modulation of
immune cells in the lymph nodes, intranodal injection is
also limited by its invasive nature and potential damage on
lymph nodes and surrounding tissues, difficulty in locating
the specific lymph node of interest, and challenge in pre-
cise injection of cargos into lymph nodes.>** These issues
have motivated the development of strategies that can
improve the lymphatic drainage of immunomodulatory
agents that are administered subcutaneously, intradermally,
intramuscularly, intraperitoneally, or intravenously. For
example, extensive effort has been made to elucidate the
impact of size, morphology, and surface chemistry on the
lymphatic draining efficiency of nanoparticles or micropar-
ticles, and further optimize these parameters for the
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improved delivery of immunomodulatory agents to lymph
nodes. Approaches that enable active targeting of agents to
specific immune cells in the lymph node have also been
actively pursued.

PASSIVE LYMPH NODE TARGETING

Passive lymph node-targeting strategies can be classified
into two categories: (i) direct lymphatic drainage of immu-
nomodulatory agents or materials that are administered
subcutaneously, intradermally, or intramuscularly to lymph
nodes,*®>? and (ii) sampling by immune cells at the injec-
tion site to be shuttled into lymph nodes (Figure 2A).*%*
The former is applicable to most types of molecules and
materials. However, small-molecule immunomodulators
typically retain poorly in the lymph nodes, despite their
rapid lymphatic drainage from the injection site. They can
also relatively easily leak into blood vessels to enter the
systemic circulation and become distributed in various tis-
sues. To this end, nanoparticles have been actively pursued
to improve the lymphatic drainage and lymph node reten-
tion of immunomodulators. The impact of composition and
physicochemical properties of nanoparticles on the
lymphatic drainage and retention efficiency has also been
extensively studied. At a larger size or higher hydrophobic-
ity, the injected immunomodulatory agents or materials
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Figure 2. Passive lymph node targeting. (A) Schematic illustration of common lymph node-targeting particulate systems and the dilemma in their design. (B) Effect of

charge and particle size on lymph node retention and dendritic cell (DC) uptake.

(FITC)—nanoparticles (NPs) by DCs, as characterized by flow cytometry and confocal imaging. Scale bar: 10 iim. Adapted from Kim et a

Adapted from Jiang et al.”® (C) Uptake of different sizes of fluorescein isothiocyanate
1.° APC, antigen-presenting cell;

DLN, draining lymph node; PE, phosphorethanolamine; PEG, polyethylene glycol; PPM, Poly(phenylene methylene); PSA, polyethylenimine-stearic acid; PSAM, pol-

yethylenimine-stearic acid micelle.

may retain at the injection site. Immune cells such as neu-
trophils, macrophages, and DCs that are at the injection site
or become recruited to the injection site can take up the
immunomodulators, a fraction of which will traffic to the
draining lymph nodes to facilitate the T- and B-cell priming
processes.

Direct lymphatic drainage of immunomodulators to lymph
nodes

Upon subcutaneous, intradermal, intramuscular, or intra-
peritoneal injection, immunomodulatory agents can directly
traffic to the draining lymph nodes via the afferent lymphatic
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vessels. The lymphatic drainage efficiency of immunomodu-
latory agents is dependent on the easiness of transportation
by lymph, their interactions with molecules and cells within
the lymphatic vessels, and likelihood of their leaking into the
blood circulation, all of which are related to the composition
and physicochemical properties (e.g. size, morphology, and
hydrophobicity) of agents (Figure 2B and C).>*>*° Size is
undoubtedly one of the key parameters for affecting the
lymphatic drainage efficiency. Small-molecule agents can be
easily and efficiently transported by lymph, but are also
rapidly cleared from the lymph node via efferent lymphatic
vessels. They also have a higher chance of leaking into the
blood vessels and become distributed to different tissues.
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Figure 3. Lymph node targeting via albumin-hitchhiking. (A) Design of amphiphilic adjuvant conjugate (amph-CpG) that can bind to albumin. (B) Size-exclusion
chromatography (SEC) of CpGs alone or after incubation with fetal bovine serum (FBS) for 2 h (left), and percentage of CpG bounded to albumin (right). (C) In vivo
imaging system (IVIS) images and fluorescence quantification of inguinal and axillary nodes at 24 h post-injection. (D) CpG accumulation in draining lymph nodes at
different times. (E) Structure of amph-peptides. (F) Lymph node accumulation of subcutaneously injected free peptides (D-E7) or amph-peptides (amph-D-E7).

**0,001<P <0.01; statistically significant. A-F are adapted from Liu et al.*®

Increasing the size of the immunomodulators by modifying
them with polymers (e.g. polyethylene glycol) was shown to
improve their retention and overall accumulation in the
lymph nodes.””*® Further, immunomodulatory agents are
loaded into nanoscale materials (e.g. micelles, liposomes,
and inorganic nanoparticles) for enhanced retention in lymph
nodes and controlled release and exposure to immune cells
within the lymph nodes. These polymeric conjugates and
nanoparticles are also less likely to leak into the blood vessels.
In addition, the tunable size, hydrophobicity, and surface
chemistry of nanomaterials have enabled fine-tuning of
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lymphatic drainage efficiency and lymph node retention
time. While the optimal size range varies with the type of
nanomaterials,”>*>°°®* a diameter of 10-200 nm is generally
considered suitable for drainage into the lymph nodes
through the lymphatic vessels. With a diameter larger than
200 nm, nanoparticles possess limited diffusive and convec-
tion mobility and tend to remain in the peripheral tissue after
injection. The dimension of the interstitial channel also limits
their trafficking.>® As particles are traveling along the inter-
stitial water channels, a hydrophilic surface often facilitates
their lymphatic drainage.®”®® In terms of surface charge,
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Figure 4. Immune cell homing material-enabled lymph node targeting. (A) Macroporous hydrogels loaded with granulocyte—macrophage colony-stimulating factor
(GM-CSF) and azido-sugar nanoparticles (NPs) can recruit dendritic cells (DCs) and metabolically label DCs with azido groups in situ. Azido-labeled DCs can then
migrate to lymph nodes for subsequent targeted conjugation of antigens, adjuvants, and cytokines via efficient click chemistry. (B and C) After injection of gels (day 0)
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negatively charged or neutral particles can reach the lymph
node more easily compared with positively charged ones that
are more likely to be trapped by the negatively charged
extracellular matrix of interstitium.®* It is noteworthy that,
with rational chemistry designs, nanomaterials also enable
the tuning of the release kinetics of immunomodulatory
agents once they enter the lymph node.

In addition to lymphatic drainage via the afferent
lymphatic vessels, the entry of immunomodulatory agents
or materials to lymph nodes via blood vessels can also be
facilitated. For example, immunomodulatory agents can be
functionalized with antibodies that can bind to HEVs, which
can facilitate the penetration of agents across HEVs and
enter lymph nodes by mimicking the multistep adhesion
process of naive B and T cells.®® Microparticles were also
functionalized with MECA-79 antibody that can bind to
peripheral node addressin of HEVs. Upon intravenous in-
jection, anti-MECA-79-modified microparticles exhibited
significantly enhanced accumulation in lymph nodes than
the unmodified counterpart.®® This HEV-mediated delivery
approach could be utilized to amplify the immunomodula-
tory effect of systemically administered agents, especially
when the timely modulation of immune cells in the
bloodstream or within tissues via intravenous administra-
tion of immunomodulators is crucial. Further understanding
of the mechanism of blood capillary transport into lymph
nodes as well as the careful evaluation of its potential in-
fluence on the distal sites such as liver and spleen are
needed before fully exploiting this strategy.®’

Lymphatic drainage via immune cells at the injection site

Upon the injection of the immunomodulatory agents,
phagocytic cells such as macrophages and DCs at or near
the injection site can also take up the agents and shuttle
them to lymph nodes, taking advantage of their intrinsic
ability to migrate to the lymph node through afferent
lymphatic vessels or blood vessels under the guidance of
cytokines, chemokines, as well as physical cues.®>®*%° This
approach is especially useful for delivering large particles
that cannot efficiently drain to lymph nodes by themselves.
The injection of immunomodulators that can retain at the
injection site is often accompanied by inflammation and
the recruitment of immune cells such as neutrophils,
macrophages, and DCs.”%7? These immune cells can take
up the immunomodulators before they traffic to lymphatic
tissues and pass the immunomodulators to other immune
cells in the lymph node. Among them, macrophages and
DCs, two major types of APCs, can also directly process and
present antigens at the injection site, and migrate to lymph
nodes to prime antigen-specific T and B cells. Both path-
ways could occur and the contribution from each pathway

tends to be indistinguishable to some extent in the context
of certain diseases. More sophisticated than the simple
pick-up and transporting process is the modulation of im-
mune cells at the injection site. For example, upon
capturing and endocytosing the injected adjuvants or cy-
tokines, immature DCs could mature into a less phagocy-
totic but more motile state, with the up-regulated
expression of MHC, costimulatory receptors, as well as
chemokine receptors on the cell surface.”*’* The mature
and migratory DCs can then be attracted to lymphatic tis-
sues by the chemokine gradients, where they interact with
and prime T and B cells.””> The lymph node trafficking ef-
ficiency of immunomodulators mediated by immune cells
in situ is undoubtedly dependent on the abundance and
phagocytic and migratory properties of immune cells. The
abundance of phagocytic cells at the injection site varies
with the location of injection and the types of immuno-
modulators. For example, immunomodulators injected to
the subcutaneous space tend to recruit a higher number of
immune cells than those injected intramuscularly.”®”’
Different types of immunomodulators also induce
different levels of inflammation and thus recruit varied
amounts of immune cells to the injection site. Among the
same type of immune cells (e.g. DCs or macrophages),
different cell subsets could also exhibit distinct phagocytic
and migratory properties. All of these contribute to the
lymph node trafficking efficiency.

Active lymph node targeting

Different from passive targeting that purely relies on the
lymphatic drainage of particulate systems, active targeting
aims to specifically deliver immunomodulatory agents to
immune cells of interest within the lymph node. One
approach is to modify immunomodulatory agents with
targeting ligands that can specifically bind to surface re-
ceptors of immune cells. For example, nanoparticles
encapsulating antigens and adjuvants can be modified
with anti-DEC205 or anti-CD11c that can bind to DCs, for
improved uptake and antigen presentation by DCs in the
lymph node.”® Molecules or materials can also be func-
tionalized with anti-CD3, anti-CD4, or anti-CD8 for T-cell
targeting. In addition to targeting the endogenous re-
ceptors of resident immune cells, amphiphilic lipids that
can bind to albumin and hijack the ability of albumin to
target lymph nodes have also been developed. Immune
cell homing macroporous biomaterials can also be utilized
to generate chemically tagged DCs in the lymph nodes, for
subsequent targeted conjugation of antigens, adjuvants,
and cytokines via efficient and bioorthogonal click
chemistry.

was subcutaneously injected (day 6). (B) In vivo imaging system (IVIS) imaging of lymph nodes and quantification of A647 fluorescence signal in lymph nodes. (C) Total
number of A647-OVA+ DCs in lymph nodes at 6 or 24 h post-injection of A647-conjugated DBCO-OVA or OVA. (D and E) Gels loaded with azido-sugar NPs and GM-CSF
were subcutaneously injected (day 0), ultrasound was applied (day 3), and DBCO-E7 and DBCO-CpG were subcutaneously injected (days 6, 8, and 10). Percentage of
(D) E7 tetramer+ cells and (E) interferon (IFN)-y+ cells among CD8+ T cells in peripheral blood mononuclear cells (PBMCs) (day 16). (F and G) TC-1 tumors were
inoculated (day 0), followed by subcutaneous injection of gels with azido-sugar NPs and GM-CSF (day 4), ultrasound treatment (day 7), and subcutaneous injection of
DBCO-E7 and DBCO-CpG (days 10, 12, and 14). (F) Average tumor volumes over therapeutic study (statistical comparisons on day 35 given). (G) Kaplan—Meier plots.

A-G are adapted from Wang et al.*®
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Antibody-mediated cell targeting

Functionalization of immunomodulatory agents or nano-
particles with antibodies that can specifically bind to the
surface receptors of immune cells such as DCs, T cells, and
B cells in the lymph nodes can improve their uptake by the
target cells. Among them, DCs have been a frequent target
for the delivery of antigens and adjuvants, especially in
the context of cancer. For example, by modifying nano-
particles encapsulating tumor antigens and adjuvants with
anti-DEC205 that can bind to DEC205-expressing DCs, the
accumulation of antigens and adjuvants and exposure to
DCs in the lymph nodes were improved, resulting in
enhanced CTL response and antitumor efficacy.*>**7”®
DEC205 is a type of endocytic C-type lectin receptors,
and their binding can mediate a higher efficiency in anti-
gen uptake and cross presentation by DCs.”® In the context
of viral vaccines, it was also shown that conjugation of
human immunodeficiency virus (HIV) gap protein with
anti-DEC205 can significantly improve HIV-specific CD8-+ T-
cell response in comparison with protein without anti-
DEC205 functionalization.®® In addition to DEC205, DCs
that express various types of pattern recognition receptors
can also bind to a variety of pathogen-associated molec-
ular patterns such as mannose, lipopolysaccharide, fucose,
peptidoglycans, and lipoproteins.®* For example, man-
nosylated antigens and adjuvants have been widely
explored for DC-targeted delivery. Nanomaterial vaccines
based on gold nanoparticle, dendrimer, and chitosan
nanoparticles were also modified with mannoses for
improved delivery into DCs in the lymph node, with a goal
of improving antigen presentation and subsequent T- and
B-cell priming processes.®>®> To achieve the DC-targeting
effect, extensive effort has also been made to modify
vaccine components or nanomaterial vaccines with anti-
CD11c that can bind to the CD11c lineage marker of
DCs. While this approach was able to improve the uptake
of vaccines by DCs in vitro and in vivo, its benefit in
boosting the antigen presentation and subsequent T-cell
responses has been inconsistent, casting a doubt on uti-
lizing lineage markers to mediate the targeting effect.
Other types of immune cells in the lymph nodes,
including T cells and SCS macrophages, have also been
explored as the target. For example, nanosized exosomes
coated with anti-cytotoxic T-lymphocyte-associated protein
4 and costimulatory molecules were utilized to target T
cells. The engineered exosomes showed enhanced speci-
ficity toward T cells and facilitated tumor-specific T-cell
response.®® Functionalization of immunomodulatory agents
with antibodies against T-cell lineage markers such as anti-
CD3, anti-CD4, and anti-CD8 has also been explored for
selective modulation of T cells in the lymph nodes.®”° For
the targeting of SCS macrophages, immunomodulatory
nanogels functionalized with C-agarose, which can bind to
Siglec-1 on the surface of macrophages, were able to
exhibit enhanced uptake by SCS macrophages in lymph
nodes and result in improved prevention of lymphatic
metastasis in comparison with unmodified nanogels.’*
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Albumin-mediated targeting

Albumin has a natural abundance in the bloodstream and
can bind water, cations, fatty acids, hormones, and
pharmaceuticals. Albumins also tend to drain into the
lymphatics where their concentration is lower than in the
blood, making them an attractive endogenous vector for
targeted delivery of cargos such as antigens and adjuvants
into lymphatic tissues.””> To achieve lymph node targeting
via albumins, the administered molecules need to be able
to efficiently bind to albumins, and then become trans-
ported to the lymph node where they are passed on to DCs
for subsequent antigen presentation and T- and B-cell
priming processes.”® In view of the ability of albumin to
bind to fatty acids and hydrophobic molecules, an
albumin-binding domain composed of diacyl lipids was
developed and utilized to conjugate CpG and peptide an-
tigens. The amphiphilic conjugates are able to form nano-
sized micelles in aqueous solutions, effectively bind to
albumin, and traffic to lymph nodes with the assistance
from albumin, leading to improved accumulation in lymph
nodes than antigens/adjuvants without the diacyl modifi-
cation (Figure 3A-F). As a result, a significantly improved
accumulation of peptide antigens and adjuvants in DCs in
lymph nodes was achieved, as well as the enhanced CTL
response and antitumor efficacy.’* The albumin-hitchhiking
amphiphilic adjuvant was also shown to improve the hu-
moral response toward protein antigens. In addition to
antigens and adjuvants, the albumin-hitchhiking approach
was also used to deliver azido-functionalzied 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-poly(ethylene  glycol)
(DSPE-PEG) to the lymph node to tag endothelial cells with
azido groups, for subsequent targeted conjugation of
dibenzocyclooctyne (DBCO)-bearing liposomes via efficient
click chemistry.”® This approach improved the accumulation
as well as cellular uptake of antigen/adjuvant-loaded lipo-
somes by DCs in the lymph node, leading to a more robust
and prolonged immune response compared with liposome
alone.”®

Immune cell homing material-based lymph node targeting

Instead of attempting to deliver immunomodulatory agents
to immune cells in the lymph nodes, immune cell homing
materials have been developed to actively recruit and pro-
gram immune cells (e.g. DCs) in situ before they traffic to
lymph nodes. In these designs, chemokines such as
granulocyte—macrophage colony-stimulating factor (GM-CSF)
are loaded in the macroporous biomaterial and gradually
released to recruit DCs and other immune cells.”*® The
recruited DCs can then become modulated within the
biomaterial scaffold before they migrate out of the material
and traffic to lymphatic tissues. By loading unnatural sugars
[e.g. tetraacetyl-N-azidoacetylmannosamine (AAM)] into the
GM-CSF-loaded macroporous scaffold, the recruited DCs can
be metabolically labeled with azido groups via the metabolic
glycoengineering process.*”*® These azido groups are
expressed on DC membrane in the form of glycoproteins and
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Figure 5. Magnetic field-mediated lymph node targeting.

(A) Fabrication and immunogencity of magnetic nanoclusters (MNCs) coated with cancer cell membrane and anti-CD205 and loaded with CpG. (B) Accumulation and
retention of MNCs in the presence of external magnetic field. The cancer cell membrane coated on to MNCs was labeled with DiR. A and B are adapted from Li et al."*
CTL, cytotoxic T-lymphocyte; DC, dendritic cell; LN, lymph node; MF, membrane fragment; MRI, magnetic resonance imaging.

Volume 20 m Issue C m 2023 https://doi.org/10.1016/].iotech.2023.100395 9


https://doi.org/10.1016/j.iotech.2023.100395
https://doi.org/10.1016/j.iotech.2023.100395

glycolipids, and enable subsequent targeted conjugation of
DBCO-bearing molecules via efficient and bioorthogonal click
chemistry (Figure 4A). By subcutaneously injecting AAM- and
GM-CSF-loaded macroporous gels into mice, a high number
of azido-labeled DCs could be generated in situ, a fraction of
which managed to migrate to the draining lymph nodes.
Once within the lymph nodes, the azido-labeled DCs can
covalently capture subsequently administered antigens, ad-
juvants, and cytokines for improved processing and presen-
tation of antigens and enhanced CTL response and antitumor
efficacy (Figure 4B-G).

External stimuli-mediated lymph node targeting

External stimuli such as magnetic field can also be utilized
to achieve lymph node targeting.’®®*° For example, by
locally applying magnetic field to the lymph node, the
subcutaneously administered magnetic particles that traffic
to the Ilymph nodes can retain better and become
concentrated within the lymph node (Figure 5A and B). In
the absence of the magnetic field, instead, magnetic par-
ticles that migrate to the lymph nodes are rapidly cleared
via the efferent vessels. The magnet-assisted approach was
able to prolong the retention of iron oxide nanoparticles
loaded with CpG and coated with cancer cell membranes in
the lymph node. A 5.99-fold enhancement in the retention
half-life of the iron oxide nanoparticles in the lymph node
was achieved at an optimized magnetic field.**° As a result,
the exposure of the cancer antigens and adjuvants to DCs in
the lymph node was extended, for improved CTL response
and antitumor efficacy. Moreover, magnetic field can also
be used to directly manipulate DC migration. By loading DCs
with magnetic nanoparticles, the migratory property of DCs
was improved in the presence of the magnetic field that can
pull DCs though the lymph and extracellular matrix.**

SUMMARY AND OUTLOOK

Targeted delivery of immunomodulatory agents including
antigens, adjuvants, cytokines, and antibodies into immune
cells in the lymph nodes is critical for achieving optimal
humoral and T-cell responses in the context of cancer, in-
fectious diseases, and other diseases. While intranodal de-
livery can directly expose immunomodulators to immune
cells in the lymph nodes, the technical challenges and
intrinsic invasiveness have limited its use. Alternatively,
various passive and active lymph node-targeting strategies
have been developed. These approaches have enabled the
development of new immunotherapies with robust and
persistent humoral and T-cell responses, and facilitated a
better understanding of immune responses occurring within
the lymph nodes, the communication between peripheral
tissues and lymphatic tissues, and the critical role lymph
nodes are playing in orchestrating systemic immune re-
sponses. Scientifically, much remains to be understood,
including the synergistic effect of immune responses
within the lymph nodes and the immune cascades at the
peripheral tissues, especially at the injection site of immu-
nomodulatory agents or materials. For example,
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subcutaneously antigen-loaded alum particles can form an
inflammatory in situ node while releasing antigens to the
draining lymph nodes, raising a question on the importance
of immune responses at each site and the potential syner-
gistic effect.

For passive targeting that is mediated by direct lymph
drainage or migratory phagocytic cells, the contribution
from each mechanism to the overall immunomodulatory
effect has been elusive. While the physicochemical proper-
ties (e.g. size, surface charge, and hydrophobicity) of injec-
ted immunomodulatory materials can be adjusted to tune
the lymph draining efficiency, scrutiny should be given to
compare across different types of materials. Active targeting
strategies can further improve the accumulation and
retention of immunomodulatory agents in lymph nodes,
and may also facilitate their delivery into immune cell types
of interest. Nevertheless, significant room remains to
further improve the targeting efficiency, especially toward
DCs, T cells, and B cells in the lymph nodes. Translationally,
various types of nanomaterial and biomaterial scaffold-
based immunotherapies for the treatment of cancer and
viral infections are under clinical trials. We expect more
progress in the clinical translation of lymph node-targeted
immunotherapies over the next decade. In addition to
cancer and infectious diseases, lymph node-targeted de-
livery of immunomodulators also holds tremendous promise
for the treatment of autoimmune diseases, inflammatory
disorders, injured tissues, and other diseases, which hope-
fully will be more actively explored in the years to come.
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