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Abstract
Immunotherapies have been established as safe and efficient modalities for numerous tumor treatments. The lymphatic sys-

tem, which is an important system, can modulate the immune system via a complex network, which includes lymph nodes,
vessels, and lymphocytes. With the deepening understanding of tumor immunology, a plethora of immunotherapies, which
include vaccines, photothermal therapy, and photodynamic therapy, have been established for antitumor treatments. However,
the deleterious off-target effects and nonspecific targeting of therapeutic agents result in low efficacy of immunotherapy.
Fortunately, nanoparticle-based approaches for targeting the lymphatic system afford a unique opportunity to manufacture
drugs that can simultaneously tackle both aspects, thereby improving tumor treatments. Over the past decades, great strides
have been made in the development of DC vaccines and nanomedicine as antitumor treatments in the field of lymphatic
therapeutics and diagnosis. In this review, we summarize the current strategies through which nanoparticle technology has
been designed to target the lymphatic system and describe applications of lymphatic imaging for the diagnosis and image-
guided surgery of tumor metastasis. Moreover, improvements in the tumor specificity of nanovaccines and medicines, which
have been realized through targeting or stimulating the lymphatic system, can provide amplified antitumor immune responses
and reduce side effects, thereby promoting the paradigm of antitumor treatment into the clinic to benefit patients.

Graphical abstract

o2
(4
QJQ\ Passive targeting  Preclinical

S e =
& _size g lymphatic imaging <
§ o %
S - Charge *6. 5 -Computed O,
& L IR tomography %

O Active targeting =
({E 3 - Fluorescence 0
o e s
=/ L ¢ - Positron emission
_CCU b4 e = tomography L%
g‘ Cell trafficking f - Photoacoustic «Q

s, imaging
= - Magnetic

s \p)

resonance imaging

Laser

\) Phototherapy ﬁ Chemotherapy
@ Radiotherapy V Immunotherapy
4% -
/7;'0 Combination therapy Qﬁ
baf/. Q‘Q

(e} \\
far Jeted ant'\tumo‘\

Xingzhou Peng and Junjie Wang have contributed equally to this
work.

Extended author information available on the last page of the article

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-021-03842-6&domain=pdf

5140

X.Peng et al.

Keywords Lymphatic targeting - Nanoplatform - Tumor metastasis - Image-guided therapy - Lymphoscintigraphy - DC
vaccine - Combinational immunotherapy

Abbreviations

AR. Administration route

Anti-PD 1  Anti-programmed cell death 1

Ap Antigen

APC Antigen presenting cell

BBB Blood-brain barrier

CpG Cytosine-phosphate-guanine

CT Computed tomography

CXCL10  CXC-chemokine ligand 10

DC Dendritic cell

DiR-BOA 1,1'-Dioctadecyl-3,3,3',3"-tetra-
methylindotricarbocyanine iodide bis-oleate

DOX Doxorubicin

ECM Interstitial extracellular matrix

FDA Food and Drug Administration

FI Fluorescence imaging

GC N-dihydrogalactochitosan

GDR Galactosyl-dextran-retinal

HA Hyaluronic acid

HDL High-density lipoprotein

HEV High endothelial venules

HMGBI1 High-mobility groups box 1

HPPS High-density lipoprotein-mimicking peptide-
phospholipid scaffold

HSP Heat-shock protein

id. Intradermal

i.p. Intraperitoneal

Lv. Intravenous

ICB Immune checkpoint blockade

ICD Immunogenic cell death

ICG Indocyanine green

Inf-LN Inflamed LN

LEC Lymphatic endothelial cell

LSEC Liver sinusoidal endothelial cell

LV Lymphatic vessel

LYVE-1 Lymphatic vessel endothelial hyaluronic acid
receptor 1

MEB Maleimide-functionalized Evans blue
derivative

MGL Galactose C-type lectin

MPF Magnetic pull force

MRI Magnetic resonance imaging

M2pep M2 macrophage binding peptide

NIR Near-infrared

N-LN Normal LNs

NP Nanoparticle

OVA Ovalbumin

PAI Photoacoustic imaging

PDI Perylene diimide
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PDT Photodynamic therapy

PEG Polyethylene glycol

PEI Polyethylene imine

PET Positron emission tomography
PLGA Poly(lactic-co-glycolic acid)
PNAd Peripheral node addressin
PRR Pathogen recognition receptor
PTT Photothermal therapy

QD Quantum dot

RFA Red fluorescent protein

R4F ApoA-1 mimetic peptide

S.C. Subcutaneous

SERS Surface-enhanced Raman scattering
SLN Sentinel lymph node

SR-B1 Scavenger receptor class B member 1
SWCNT  Single-walled carbon nanotube
TAM Tumor-associated macrophages

TCL Tumor cell lysates

TL Tumor lymphatic

T-MLN Tumor-metastasis LN
VLP Virus-like particle
Introduction

Tumors with a high mortality rate are a major threat to
human survival and health worldwide. Currently, the most
common antitumor treatments involve surgical removal of
the tumor, radiation therapy, chemotherapy, immunotherapy,
and combinations of these treatments. Although surgical
resection, radiation therapy, and chemotherapy are utilized
in the clinic, challenges remain, such as side effects that are
caused by X-ray radiation and off-target toxicity of chemo-
therapy, which hamper the optimal efficiency of developing
these therapies. Immunotherapy, which is a safer and more
efficient approach, has been extensively exploited and widely
applied by many researchers for tumor treatment [ 1-4].
Given the intricate mechanisms of tumors [5], it should
come as no surprise that antitumor treatment cannot be
used to realize optimal human health and well-being.
Whether immunotherapies require the unleashing of cyto-
toxic T lymphocyte functions, exhaustion of immunosup-
pressive cell populations, or alteration of the tumor micro-
environment, they share the common goal to modulate the
immunity to ultimately overcome malignant growth [6-9].
The lymphatic system is a nonnegligible component of
the immune system and is composed of a complex net-
work of lymphoid tissues, nodes, and thin-walled capil-
laries for draining excess fluids and their solutes (e.g.,
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antigens, cells, and exosomes) [10, 11]. Lymphatics have
demonstrated feasibility as efficient delivery channels for
immunomodulators (adjuvants, cytokines, and monoclonal
antibodies), by which the diverse range of autoimmune
diseases that are caused by off-target “immune-related
adverse events” are minimized. In recent decades, immu-
nostimulatory agents have been introduced into the tumor
microenvironment or surrounding immune-rich tissues
with the assistance of lymphatic targeting for immune
response reshaping and tumor-associated treatments [12].

The direct administration of therapeutic agents often
results in undesirable effects such as suboptimal phar-
macokinetics, vulnerability to biodegradation, and com-
promised targeting. More recently, nanoparticle-based
approaches for targeting lymphatic cells have become
emerging strategies for improving immunomodulation
modalities. These approaches not only can be used to
surmount the aforementioned hurdles by fine-tuning the
physical properties of nanocarriers, but can also signifi-
cantly decrease toxicity due to their reduced uptake by
untargeted tissues [13]. Moreover, nanomedicine or medi-
cal treatment with the assistance of nanotechnology can
offer flexible and designable approaches for increasing
antitumor immunity [2].

In the clinic, organ dysfunction that is caused by can-
cer metastasis, namely, the dissemination of tumor cells
via the lymphatic or haematogenous pathway, is the main
reason for the majority of cancer mortalities. Surgical
resection usually serves as the primary treatment. Thus,
sentinel lymph-node (SLN) mapping in the preoperative
lymphoscintigraphy is especially important for the iden-
tification of metastasis. Additionally, for intraoperative
localization, surgeons rely heavily on lymphatic imaging
techniques. Therefore, a lymphatic-enriched image tracer
delivery system that is facilitated by a nanoplatform can
facilitate the acquisition of accurate lymphoscintigraphy
images and, consequently, provide a better prognostic
perspective.

In this review, we outline current strategies through which
nanoparticle technology has been devised for targeting the
lymphatic system for antitumor therapies. First, nanoparti-
cle-based methods for targeting the lymphatic system are
summarized, and the following main topics are considered:
the design parameters for effective targeting of the lymphatic
system, the strategies for targeting lymphatic vessels and
specified cells within the lymph nodes separately, and vari-
ous administration routes for targeting the lymphatic system.
Then, lymphatic imaging, which provides direct visualiza-
tion of the lymphatic system, is discussed, because it plays
a vital role in diagnosis and acts as a guideline for tumor
metastasis. Finally, and more importantly, an overview of
recent research on nanoparticles that target the lymphatic
system for antitumor treatment is presented.

Nanoparticles that target the lymphatic
system

Nanoparticles (NPs) provide a superior versatile platform
for delivering therapeutic and diagnostic agents for tar-
geting the lymphatic system. In principle, the design of
advanced nanoparticles that target the lymphatic system
increases the efficiency of lymph-node delivery, thereby
optimizing the treatments against cancer and autoimmune
diseases by reducing the agent dose required and reducing
deleterious off-target effects and toxicities [14, 15].

Various nanoparticle formulations that target the lym-
phatic system have been undergoing rapid development,
such as polymeric micelles, liposomes, dendrimers, metal-
lic NPs, and nature/biomimetic NPs [16—-19]. Immu-
nomodulatory agents (adjuvants, secretory cytokines, and
antibodies) can be codelivered via either encapsulation
inside the core of an NP or by surface modification of the
NP [12]. A variety of strategies, such as synthetic chemis-
try and engineering techniques, can help improve targeting
effects and enhance the immunomodulatory outcomes by
tuning the physicochemical properties of NPs and adopt-
ing various administration routes to facilitate lymphatic
system uptake [20]. In addition, nanoparticle self-assem-
bly in vivo has been employed for sustained drug delivery
by inducing transitions in nanostructure morphology [21].
Used as a theranostic strategy, nanoparticles are promising
because of their improved bioresorptive capacity and mod-
ularity that enables their customization, thereby enhancing
immune responses.

Influential parameters for the effective targeting
of the lymphatic system

Various factors, such as the size, shape, surface charge,
molecular weight of carriers and the surface hydrophobic-
ity, rigidity, and surface-conjugated ligand, determine the
fate of NPs in the lymphatic system [20, 22].

For effectively reaching lymphatic system targets, small
spherical NPs are preferred. Leveraging their permeation
abilities, NPs can be used to passively target the lym-
phatic system. NPs with a diameter of 10—100 nm can
be efficiently absorbed into lymphatic vessels [23, 24].
Similarly, it has been demonstrated that compounds of
higher molecular weight possess an inferior blood cap-
illary extravasation capability. For massive substances,
lymphatic drainage is the primary efflux route initiated
at the injection site, and the proportion of the dose that
is absorbed by the lymphatics is typically linearly cor-
related with the molecular weight [22]. In general, the
critical molecular weight threshold has been identified as
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70 kDa, at which mass, the molecule can cross the conduit
barrier that is created by the reticular network [25, 26].
In addition, NP shape can significantly affect the interac-
tions between NPs and antigen presenting cells (APCs),
because the contact angle determines the energy required
for the formation of the actin cup and ring structure and,
subsequently, the efficiency of NP phagocytosis and other
types of internalization by macrophages and dendritic cells
(DCs). Thus, spherical NPs have higher APC uptake and
greater APC activation effects than worm-like particles
due to the smaller contact angle [27, 28].

The surface charge, which is a crucial NP feature, con-
tributes to NP stability and the compatibility between NPs
and biological systems, and it can be tuned by modulating
the cationic and anionic ion-forming materials or modifying
the surfaces of NPs with materials with the desired charges.
Glycosaminoglycans are the major components that con-
tribute to the negative charge of the interstitial extracellular
matrix (ECM), which greatly affects the passage of charged
species through the tissue interstitium. Therefore, NPs with
a negative charge undergo faster drainage and promote inter-
stitial transfer due to fewer electrostatic interactions with the
matrix [26]. As a result, negatively charged NPs accumu-
late more easily in lymph nodes than neutral and positively
charged NPs [29]. In addition, it is posited that hydrophilic
NPs move through interstitial water channels more effec-
tively than hydrophobic NPs [30].

In addition to tuning the chemical and physical prop-
erties of NPs, the use of surface-conjugated ligands is
a powerful strategy for targeting specified cells and tis-
sues in the lymphatic system for inducing the reduction
in nonspecific toxicity and the promotion of immune

Table 1 Ligands/antibodies that are used for lymphatic targeting

responses to enhance therapeutic efficacy (Table 1).
Recently, lymphatic-specific receptors, such as lymphatic
vessel endothelial hyaluronic acid receptor 1 (LYVE-1)
[31], scavenger receptor class B member 1 (SR-B1) [32],
vascular endothelial growth factor receptor 3 (VEGFR-3)
[33], peripheral node addressins (PNAds) [10], and podo-
planin [34], have been utilized for biomedical engineering;
therefore, NPs that are decorated with correlated synthetic
ligands are expected to target lymph nodes and promote
interaction and uptake by the lymphatic endothelium.
Small-molecule ligands are also involved in the surface
modification of NPs to target specified lymphatic cells. For
example, mannose [35] demonstrates the potential to serve
as a ligand for targeting CD206 on macrophages and DCs,
and hyaluronic acid (HA) [36] and DEC-205 [37] can be
used to induce NP interactions with the CD44 receptor of
macrophages and the CD205 receptor of DCs, respectively.

Endogenous macromolecules are also utilized to
develop nanovesicles due to their minimal heterogene-
ity and distinct targeting features. Protein-based NPs are
advantageously designed to interact with APCs to facilitate
downstream antigen presentation and immune stimulation.
Ovalbumin (OVA) [38] and heat-shock proteins (HSPs)
[31] are the typical protein matrices for NP designed for
use in cancer immunotherapy. Another emerging class of
naturally originating delivery vehicles is cell membrane
vesicles, such as white blood cell hybrids [39], red blood
cell hybrids [40], and cancer cell hybrids [41], which pos-
sess diverse membrane biomolecules and intrinsic bio-
markers for specific cell targeting and immune response.
Thus, engineered tumor or immune cell membranes that
are loaded with exogenous functional moieties can realize
specific targeting and enriched accumulation.

Immune cell/  Ligands/antibodies  Delivery system/payload Target sites AR Application Ref
tissue targeting

LEC HA Polymeric NP LYVE-1 / / [49]
TL LyP-1 PEG-PLGA NP P32 s.c Lymphatic metastatic tumors [50]
TL LyP-1 Liposome P32 s.c Lymphatic metastatic tumors [51]
Macrophage HA HA-PEI/miR-125b CD44 ip Anticancer immunotherapy [36]
Macrophage HA HA-PEI/miR-223 CD44 / Re-polarization of peritoneal macrophages [57]
DC Mannose Chitosan NPs/TCL CD206 s.C Cancer vaccine [56]
DC Galactose GDR nanogel/OVA MGL ip Cancer vaccine [59]
DC R4F HPPS/Ap and CpG SR-B1 s.c Cancer vaccine [67]
DC Anti-DEC-205 Ferrous NPs/CpG and OVA  CD205 iv Antitumor immunotherapy [37]
HEV MECA79 Polymeric NP/anti-CD3 PNAd iv Immune therapy in transplantation [78]
HEV MECA79 Polymeric NP/tacrolimus PNAd iv Immune therapy in transplantation [79]
TAM M2pep-R4F HPPS/siRNA M2/SR-B1 iv Antitumor immunotherapy [89]
SLN HA /R4F HPPS/DiR-BOA CD44/SR-B1 i.d  Diagnosis of LN metastases [100]
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Strategies for targeting lymphatic vessels

Lymphatic vessels are essential for immune function, tissue-
fluid homeostasis, and the absorption of dietary fat [42].
Lymphatic uptake and transport of exogenous NPs in the
tissue interstitium are driven by expansion and compression
of the initial lymphatics, which are similar in terms of fluid,
endogenous macromolecules, and cells [43]. Since the ECM
forms a meshwork with irregular spacings of approximately
100 nm and is composed of glycosaminoglycans with a net
negative charge [44], NPs with a 10-100 nm diameter [24,
45], a mass of 20-30 kDa, and neutral or negative charge are
prone to travel across the interstitium and access lymphatic
vessels [46, 47]. Small NPs, with a diameter of less than
10 nm (or molecular mass of 16—20 kDa [46]), are absorbed
primarily via the blood capillaries draining the injection site
not lymphatic vessels [48]. However, particles that are larger
than 100 nm are poorly transported into lymphatic vessels
due to reduced diffusion and convection through the inter-
stitium [48]. This passive strategy is primarily utilized to
target therapeutic delivery to lymphatic vessels.

Surface coating of chaperones that are complementary
to highly expressed receptors on lymphatic endothelial cells
(LECs) has also been utilized advantageously for boosting
NP interactions with LECs and enhancing the uptake of NPs
by the lymphatic endothelium. HA [49] and LyP-1 [50, 51]
have been applied to endow chaperones with the capacity for
targeting LY VE-1 and p32 on the surface of LECs, respec-
tively. Other receptors, namely, podoplanin and prox-1,
along with secreted cytokines (e.g., IFN-y and TGF-f [52])
to promote the adhesion and trafficking of immune cells,
are also intriguing for the utilization in lymphatic vessel
targeting. In addition, the VEGFC-VEGFR3 and VEGFD-
VEGFR3 axes make substantial contributions to the lym-
phangiogenic signaling pathway [33, 53]. VEGFR-3 can
be employed as a specific marker for engineered NPs, and
has been utilized to restrict angiogenesis and lymph-node
metastasis [54]. Therefore, NPs that constitute or respond to
these components can provide additional routes for specific
lymphatic-specific delivery (Table 1).

Alternatively, cell-mediated trafficking of NPs may be
another promising approach for lymphatic-specific deliv-
ery. Exogenous materials are phagocytosed by interstitial
APCs such as dendritic cells and subsequently induced to
mature, enter the lymphatic system, and migrate to lymph
nodes, where they present antigens to lymphocytes [55].
Therefore, designed NPs that are subcutaneously adminis-
tered and internalized by APCs can be trafficked to draining
lymph nodes in association with the APC homing process.
It was found that the mannose receptor (CD206) [35, 56],
HA receptor (CD44) [57, 58], and lectin receptor (CD205)
[35, 59] are exclusively expressed on the surfaces of APCs.
Thus, improved targeting of APCs may be realized via the

modification of NPs with mannosylation, hyaluronic acidi-
fication, and galactosylation.

Strategies for targeting immunocytes in LNs

The lymph nodes are the primary lymphoid organs and serve
as depots where lymphocytes (e.g., NK, B, and T lympho-
cytes) elicit an efficient antitumor response. Therefore, LN-
resident lymphocyte targeting is beneficial for regulating
immune functions and anticancer immunotherapy.

LN-resident B cells are primarily distributed in lymph-
node follicles, and the access of B cells to antigens is tightly
managed by the subcapsular sinus. Therefore, B-cell target-
ing requires antigen transit by barrier capsule cells, typi-
cally subcapsular sinus macrophages [60]. Conduits serve
as another pathway for distributing antigens to the follicu-
lar cells. Only soluble antigens (< 70 kDa) can be solely
sampled by B cells in the lymph-node conduits. The lack
of effective targeting strategies for B cells remains a chal-
lenge to date [61]. In contrast to conventional macrophages,
subcapsular sinus macrophages have poor phagocytic abil-
ity, and their low capacity for processing particles makes
them prone to serve as cellular barriers that direct antigen
exposure to other lymphocytes. Thus, compared to phago-
cytosis, endocytosis is more reliable for the subcapsular
sinus macrophages, since the scavenging is down-regulated
[62]. In this case, liposomes are the preferred vehicles due
to their amphipathic composition and enhanced internaliza-
tion by subcapsular sinus macrophages. A typical example
of subcapsular sinus macrophage targeting is the delivery of
clodronate for macrophage depletion on demand [63, 64],
which can be further utilized for deeper delivery into the
lymph nodes.

DC:s are critical for presenting antigens to LN-resident T
cells and inducing the production of antigen-specific cyto-
toxic CD8* T cells. LN-resident DCs can be sorted into
immature DCs (imDCs) and mature DCs (mDCs), which
demonstrate different phagocytic capacities [65, 66]. In
contrast to enhanced antigen processing and presentation,
the nonspecific uptake capacity of DCs is dramatically
down-regulated during maturation; hence, their potential
as vaccine targets has been substantially overestimated.
In one of our recent studies [67], a peptide-based vaccine
was avidly delivered to LN-resident mDCs via the SR-B1
pathway. The self-assembled a-peptide controlled the size
of the vehicles to approximately 30 nm and provided mDC
affinity. By encapsulating CpG oligodeoxynucleotides, the
obtained nanovaccine demonstrated substantially enhanced
antitumor efficacy in prophylactic and therapeutic tumor
models. The excellent outcome demonstrated the potential
of LN-resident mDC targeted vaccination for clinical cancer
immunotherapy (Table 1).
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LN-resident T lymphocytes play crucial roles in the adap-
tive immune response, and they are critical for metastatic
colonization and various immune system diseases. Nano-
platforms that target T lymphocyte for drug/gene delivery
have shown substantial promise in cancer immunotherapy.
One of the most extensively used strategies is use of the
HEV, since T cells are widely distributed in the paracortex
near blood capillaries [10]. Due to the high level of PNAd
expressed in the draining lymph nodes with chronic inflam-
mation, the surface ligand MECA-79 enables nanoplatforms
to target the PNAd [68, 69] (Table 1). Therefore, therapeutic
agents can be selectively delivered to draining LN-resident
T-cell populations, which can also be applied to direct can-
cer immunomodulation.

Administration routes for targeting the lymphatic
system

The lymphatic system is engaged in immune surveillance
and the generation of immune responses. In addition, it plays
a nonnegligible role in initial cancer metastasis. Therefore,
the delivery of exogenous therapeutic agents into the lym-
phatic system is important for anticancer treatment. Facili-
tated by nanoparticles, cargos can be administered transder-
mally (intradermally or subcutaneously) in peripheral tissues
or injected intravenously to provide low but sustained levels
of lymphatic delivery and to regulate the immune system
systematically, respectively. For antigen-delivering nano-
vehicles with a~300-900 nm diameter, limited accumula-
tion in lymph nodes can be addressed via direct lymph-node
injection [70, 71]. The invasive intra-lymph-node approach,
which has been explored in vaccination studies for decades,
can lead to uptake of the required drug levels in the lymph
node for local release and bypass the systemically deleteri-
ous effects that originate from superfluous dosage used to
overcome insufficient blood transport.

Regarding patient compliance and the potential genera-
tion of a systemic immune response, oral delivery to the
target lymphatic system that is mediated by intestinal APCs
has been utilized for decades in clinical vaccination [72].
To be transported to mesenteric lymphatic nodes efficiently,
drug delivery systems must overcome several barriers, such
as the mucosa and gut barriers [73]. Once intestinal APCs
capture nanoparticles, they are activated, migrate along mes-
enteric lymphatics, and accumulate in lymph nodes. Many
physiochemical properties of a delivery system, such as the
size, charge, and surface decoration, may influence this pro-
cess pleiotropically and contextually. To date, the pathways
and mechanisms of nanoparticle-mucosal APC interactions
and subsequent immune responses remain to be elucidated.
Nevertheless, oral delivery remains crucial for the intestinal
lymphatic transport of highly lipophilic drugs due to its high
efficiency.

@ Springer

A prominent challenge in oral drug delivery is the poor
bioavailability that stems from the first-pass metabolism
[74]. Intestinal lymphatic transport can circumvent this
issue, but relatively limited studies have described its ben-
efits for lymphatic targeting of the orally administered thera-
peutic agents used for cancer treatment [55, 72, 75, 76]. The
major barrier that hampers research progress is related to the
elusive underlying mechanisms of mucosal uptake. Inter-
estingly, lymphatic entrance and accumulation in the sites
of lymphatic cancer metastasis after subcutaneous or intra-
venous administration offer other possibilities. Numerous
designs have been developed for the delivery of therapeutic
agents with various clinical objectives, such as the utiliza-
tion of microneedle patches to overcome interstitial efflux
[77] and the surface functionalization of nanoparticles with
anti-PNAd antibodies for HEV targeting via intravenous
injection [78, 79]. Hence, the route of administration helps
define the distribution and bioavailability of the delivered
therapeutic agents, and it should be comprehensively con-
sidered for efficient lymphatic targeting based on disease
models.

In vivo lymphatic imaging

The lymphatic system plays crucial roles in collecting cir-
culating fluid, maintaining the tissue-fluid balance, and
regulating immune responses [80, 81]. Various pathological
processes (e.g., lymphoedema and cancer metastases) and
local immunocompromise can lead to significant morbidity
and trigger structural and pathophysiological changes in the
lymphatic system, thereby generating diagnostic informa-
tion [82]. Thus, the visualization of lymphatic anatomy and
function has presented intriguing opportunities for lymph-
directed cancer therapies.

Due to the invisibility and fragility of the lymphatic ves-
sels, direct injection into the lymphatic vessels is a delicate
task for surgeons and researchers [83]. To date, the vast
majority of lymphatic visualization is based on the inter-
stitial administration of a contrast agent and its subsequent
transportation and accumulation, which enables detection
by various imaging modalities. An overview of preclini-
cal contrast agents for lymphatic imaging is presented in
Table 2, and further clinical applications, such as image-
guided photothermal treatment and surgery, are discussed
below (Fig. 1).

Imaging techniques that are applied in lymphatic
mapping

As tracers for imaging the lymphatic system are typically
administered via intradermal or subcutaneous injection, the
main obstacle is gaining efficient entry into the lymphatic
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Fig. 1 Preclinical applications of lymphatic imaging: a system map-
ping of the lymphatic system [90]. Copyright 2019, American Chem-
ical Society. b In vivo tracking of DC vaccines with multimodality

system after passing the interstitial matrix. The phys-
icochemical properties of nanoparticles can substantially
influence the fate of an interstitially administered contrast
agent [84]. A study on the optimal sized of subcutaneously
injected particles for lymphatic uptake showed that particles
that ranged in size from 10 to 80 nm tended to be taken up by
APCs, while smaller particles drained into the systemic cir-
culation [85]. Zhu et al. developed nanocomplexes that were
self-assembled in vivo by utilizing the well-known interac-
tion between Evans blue and endogenous albumin [86]. The
resulting hybrid complexes, which exceed the scale thresh-
old for systemic dissemination, can be endocytosed effi-
ciently by APCs and subsequently homed to the lymphatic
nodes for fluorescence tracking and immunomodulation.
Similarly, molecular markers that are highly expressed
in the lymphatic system serve as additional crucial param-
eters that have long been correlated with the development of
lymphatic imaging. Recently, it was demonstrated that LECs
that are characterized by a high level of SR-B1 facilitate
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high-density lipoprotein (HDL)-mediated reverse cholesterol
transport via active transcytosis [32]. Zhang and Zheng et al.
developed a phospholipid scaffold (HPPS) with an amphip-
athic a-helical peptide in which the size of the scaffold was
structurally and functionally controlled, which demonstrated
increased draining efficiency and SR-B1 targeting capability
[87-89].

In the tumor lymphatic metastasis model, diagnostic
imaging for the identification of LNs with lymphatic metas-
tases demonstrated the feasibility of quantification. Conven-
tional clinical imaging techniques (e.g., MRI, CT, and PET)
have demonstrated unique functionalities [85]; for example,
MRI provides high resolution in soft tissue, CT provides
deep tissue penetration, and PET provides excellent spatial
resolution for the identification of early tumor foci. However,
long-distance mapping of the lymphatic system remains
challenging due to the absence of a suitable image contrast
system. On the basis of liposomes that consist of lipids with
spatial complementary structures, a PL(I/D) nanoparticle
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was designed by our group to encapsulate lipiodol and DiR-
BOA, which are a CT tracer and a near-infrared (NIR) dye,
respectively [90]. CT can provide high spatial resolution,
desirable imaging depth, and precise anatomic informa-
tion. Meanwhile, hydrophobic lipiodol exhibits excellent
lymphatic retention, not the natural diffusion out of lym-
phatic vessels (LVs) that is observed with the water-soluble
contrast agents. The utilization of lipid nanovehicles facili-
tates the resolution of the technical difficulties and adverse
responses (pulmonary oil embolization) during the clinical
application of lipiodol. Dual-modality lymphatic imaging
produces a long-distance map of the lymphatic system with
a remarkable length of ~68 mm and provides accurate infor-
mation on the size of the lymphatic nodes and the lengths
of the LVs.

Optical imaging approaches, which include fluorescence
and PAI, demonstrate superior advantages for surgeons over
conventional techniques due to the real-time LN mapping
and 3D tumor foci localization. Fluorescent imaging using
indocyanine green (ICG) is a typical example of preopera-
tive tumor imaging and LN mapping for numerous cancers
in the clinic [93, 94]. However, translation barriers, namely,
high dosage demands and confined span of the clinical
operation, impede the clinical application of NIR fluores-
cent imaging. NIR-II fluorophores (900—1700 nm) demon-
strate reduced tissue scattering compared to NIR-I fluoro-
phores (650-900 nm); thus, the tissue penetration and spatial
resolution of NIR-II fluorophores are much better and have
recently attracted substantial attention. Chao et al. utilized
SWCNTs for NIR-II fluorescent imaging [95]. Photothermal
ablation was also conducted ~ 90 min post-injection when
the accumulation of the SWNTs reached its peak level, and
metastatic spread was substantially inhibited. Nonnegligible
challenges that are encountered during the clinical transla-
tion of NIR-II fluorophores are the low extinction coeffi-
cients and quantum yields.

PA provides the high soft-tissue contrast that is desir-
able for LN mapping and represents another emerging
clinical technique that demonstrates substantial potential
for visualization of the lymphatic system. Intensive stud-
ies have been conducted on the development of photoa-
coustic contrast agents, such as gold and perfluorocarbon
nanoparticles, which aid in SLN mapping procedures
[96-99]. A tumor-node-metastasis staging study using the
PA technique was performed by our group to discriminate
inflamed LNs (Inf-LNs) and normal LNs (N-LNs) from
tumor-metastatic LNs (T-MLNs). The NIR-PA contrast
agent (DiR-BOA) was loaded in HPPS, and hyaluronic
acid was utilized for surface decoration. The obtained
dual receptor-targeted nanoparticles demonstrated spe-
cific selectivity to breast cancer cells in vitro and in vivo.
The biodistribution of the PA signal in LN aided in dis-
tinguishing T-MLN from Inf-LN and N-LN. The distinct

distribution of the PA signal was demonstrated to be
originate from the characteristic distribution patterns of
nanoparticles, which are mainly in the tumor cells of the
T-MLN and in the subcapsular sinus macrophages of the
Inf-LN [100]. However, for clinical implementation, safer
organic contrast agents and more cost-effective instrumen-
tation must be developed.

Lymphatic imaging for the in vivo tracking of DC
vaccines

Antigen presentation by DCs occurs primarily in the lymph
nodes. Thus, lymph-node homing of DC is essential for
the curative effect of DC vaccines, and monitoring of the
lymph-node homing of DC vaccines is a paramount chal-
lenge. Engineered DCs can be efficiently labeled ex vivo
via the coincubation with numerous nanoparticles as imag-
ing tracers due to their superior phagocytosis capability of
the DCs [101]. Cho et al. designed an iron-oxide-zinc oxide
core—shell nanoparticle for the delivery of the antigen to
DCs that simultaneously functioned as an MRI agent, which
enabled the monitoring of DC migration in vivo [102]. In
another study, quantum dots (QDs), which are NIR-emitting
fluorescent semiconductor nanocrystals, were used by Noh
et al. to identify the movement of injected DCs to a target
tissue [103]. Using QDs as a contrast agent, QD-labeled DCs
were tracked from injected footpads into the popliteal and
inguinal lymph nodes by NIR fluorescence. The results dem-
onstrated negligible influences of the QDs on the DC phe-
notype and maturation potential. Limited by sophisticated
physiological environments, suitable visualization and quan-
titative information are acquired only by the multimodality
biomedical imaging, even though tracing of the lymphatic
architecture has been realized via single imaging strategies
at superficial sites.

The combination of magnetic resonance and near-infra-
red fluorescence imaging has produced superior results
for in vivo DC tracking due to its capacity to provide both
anatomical background information and high-sensitivity
detection [104, 105]. Nanoparticles that are loaded with
antigens, namely, nanovaccines, can also deliver adjuvants
and imaging reagents for immunomodulation and tracking of
the biodistribution of endogenous DCs in vivo. Zhang et al.
demonstrated a multifunctional DC-targeted nanoplatform
for immunotherapy [106]. The Au nanoparticles that were
modified with Prussian blue as the core were coated with
ovalbumin (APG@OVA) to form a DC-targeted nanoplat-
form with high sensitivity to magnetic fields and inelastic
photon scattering. The activation of DCs and the real-time
tracking of the DC migration process were displayed by
MRI. In addition, the distribution of colonized DCs in the
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lymph nodes was demonstrated by background-free Raman
mapping at the single-cell level via the SERS technique.

Image-guided surgery and photothermal therapy
of cancer metastasis

Lymphatic metastasis is among the most common forms of
cancer metastasis. Studies have shown that tumor-associated
lymphatic vessels are essential for tumor metastasis, because
they spread tumors to draining lymph nodes and adjacent
tissues [108], and lymphangiogenesis within tumor-drain-
ing LNs might be the earliest sign of metastasis [109, 110].
Lymph-node metastasis and prognosis are closely related to
the expression of lymphangiogenic factors and the density of
lymphatic vessels. Thus, to obtain a clinical diagnosis, it is
crucial to acquire a systemic, precise and quantitative in vivo
map of the lymphatic system. In addition, lymphoscintigra-
phy can be of substantial assistance to surgeons.

Lymphoscintigraphy used for surgery, that is, image-
guided surgery, is typically classified into preoperative,
intraoperative, and postoperative imaging. Accurate preop-
erative identification of LN metastasis can offer physiologi-
cal information (tumor distribution and anatomical position),
and consequently, more reasonable treatment schedules can
be established for the patient. In addition, SLN mapping
demonstrates the potential to be used to detect low-volume
metastasis, which facilitates tumor staging and refined
regional lymphadenectomy [111]. Intraoperative imaging
has emerged as a valuable tool for tumor margin delinea-
tion for surgical resection by which tumor recurrence that is
caused by incomplete tumor resection is minimized. Chen’s
group implemented dual-modal PET and intraoperative pho-
toacoustic imaging for LN mapping, which provides deep
penetration for LN imaging and high spatial and temporal
resolution, respectively [24].

Although the primary tumor can be removed during sur-
gery, in-transit tumor cells in the lymphatic vessels can still
cause tumor metastasis. It has been reported that photody-
namic therapy (PDT) and liposomal verteporfin can effec-
tively destroy lymphatic vessels, which not only eliminates
tumor cells in the lymphatic system but also prevents the
metastasis of cancer cells and subsequent recurrence [112].
Recently, image-guided PTT was utilized against metastatic
gastric cancer cells via «, f3; integrin-mediated endocytosis,
which enabled rapid self-monitoring of PTT efficacy in vivo
[113]. Multimodal imaging guidance has contributed to the
identification of tumor metastasis and efficient photothermal
ablation. The therapeutic regimens of PTT are optimized,
and further treatment for distant metastasis deep in organs
remains to be explored.

As demonstrated in the study that is discussed above,
visualization of the lymphatic system may indeed facili-
tate pathophysiological diagnosis with multiple imaging
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modalities. The pathological investigation of the lymphatic
system also improves the molecular understanding of lym-
phatic-based immunomodulation. In addition, the tracer
delivery strategies that have been developed for lym-
phatic imaging can be directly transferred to the transport
of nanoscale theranostic agents, which may open up new
avenues for lymphatic therapy. In light of lymphatic metas-
tasis, mapping, visualization, and further surgical removal
of tumor metastases substantially rely on lymphatic imaging
[114]. Imaging-guided surgery holds great potential for the
clinical dissection of cancer lesions and remains to be devel-
oped for clinical trials. In addition, antigen trafficking with
a sophisticated platform in the lymphatic system has been
investigated for the next generation of vaccines [115]. One
highlighted strategy for vaccination is the cascade of deliver-
ing antigens and adjuvants to lymph-node-resident dendritic
cells via interstitial-to-lymphatic flow, which triggers the
desirable immune responses smartly and precisely [116].

Nanoparticle-based approaches
for targeting the lymphatic system
for antitumor treatment

The eradication of tumor foci by the immune system and the
elicitation of systemic antitumor responses are involved in
the following stepwise processes, which can be referred to as
the cancer-immunity cycle (Fig. 2) [117]. Tumor-associated
antigens and neoantigens are released from various antitu-
mor treatments and transported into LNs by draining or APC
trafficking. Subsequently, the activation of LN-resident T
cells is elicited with costimulatory agents. The following
antitumor immune responses are realized by the migration
and infiltration of effector T cells from LN to tumor foci via
blood circulation with the stimulation of various chemokines
and integrins. Finally, tumor cells are recognized by effector
T cells and killed via cellular apoptosis or lysis. Collectively,
the lymphatic system is the key junction of multimodal anti-
tumor treatment.

Currently, immunotherapy, which includes DC vaccines
and numerous immunomodulatory therapies, has been one
of the most apparent motivations for targeting the lym-
phatic system. For immunotherapy, the quality and quantity
of the immune response are finely manipulated by adjust-
ing the activation state of APCs. Therefore, many studies
are being conducted on the regulation of the functions of
lymphocytes via various approaches, such as costimulation
[118], antigen presentation [119], and targeting [120]. In
addition, the nanoparticle-based lymphatic system target-
ing approaches can dramatically influence the pharmacoki-
netics and biodistribution of delivered cargos, and various
conventional and emerging cancer therapies are now used
in combination with immunotherapies, thereby offering the
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Fig.2 Schematic illustration of
the cancer-immunity cycle
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possibility of amplifying antitumor immune responses and
sensitizing tumors to immunotherapies safely and effectively
[121-124]. In this section, we focus on the progress of vac-
cine and immune therapeutic agent treatment for antitumor
therapy with the assistance of nanoparticle strategies, fol-
lowing the introduction of the emerging trend of combina-
tional therapies.

DC vaccine approaches to cancerimmunotherapy

Currently, emerging cancer immunotherapy repertoires
include the checkpoint blockade antibody treatment for
modulating the cancer immune microenvironment and chi-
meric antigen receptor T-cell therapy for patient-specific
adoptive immunotherapy [125]. However, there remains a
substantial population for whom newly developed immu-
notherapy agents or combination treatments are ineffective
and/or induce significant toxicity. To enhance immuno-
therapy efficacy and reduce deleterious effects, extensive
scientific efforts have been directed towards designing
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smart-biomaterials-based drug delivery systems in which
antibodies are encapsulated and targeted for delivery [126].

The vaccine, which has created the paradigm for modulat-
ing the immune system since its discovery, is now playing a
vital role in antitumor immunotherapy. Various types of can-
cer vaccines, including tumor cell lysates and dendritic cells
[127], have been developed, and the lymphoid system is stra-
tegically positioned to be targeted. DCs, which are a diverse
group of specialized APCs, constitute a rare immune cell
population within peripheral tissues and lymph nodes but
play essential roles in immune activation and link between
innate and adaptive immunity [128]. Immune responses
are ineffective in many tumors due to the immunosuppres-
sive environment and the promoted exhaustion of effector
T cells [129-131]. The absence or malfunction of endog-
enous DCs can be addressed by DC vaccines through the
manipulation of autologous DCs to enhance T-cell responses
that are directed against the tumor. To date, DC-based can-
cer vaccination has made significant progress by exploit-
ing autologous DCs that have been incubated with specific
tumor-associated antigens or whole-tumor lysates ex vivo
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to elicit the cancer elimination immune response. The first
therapeutic DC vaccine (PROVENGE), which is a type of
autologous cellular immunotherapy, was approved by the
US Food and Drug Administration (FDA) for the clinical
treatment of prostate cancer in 2010 [132]. PROVENGE
was less clinically effective than anticipated. The median
survival time of patients was prolonged by only 4.1 months.
It is anticipated that the low efficiency can contribute to the
inefficient migration of DCs to the lymph nodes, where
DCs activate antigen-specific T cells [133]. To improve
DC migration, proinflammatory cytokines (such as tumor
necrosis factors) are preinjected to produce an inflamma-
tory microenvironment for the migration of DCs through
lymphatic vessels [134]. The quantity of injected DCs and
the degree of DC maturation may also affect the migration
efficiencies of the injected DCs [99]. In addition to these
efforts, magnetic nanoparticles can be exploited to facilitate
the migration and selective accumulation of in vitro cultured
DCs in lymph nodes under a locally applied magnetic field.
In a recent study by our group [107], iron oxide nanopar-
ticles with a a-helix peptide-functionalized phospholipid
shell (a-AP-fmNPs) were developed in combination with
a magnetic pull force (MPF) to manipulate the migration
of DC vaccines in vitro and in vivo. a-AP-fmNPs endowed
DC vaccines with MPF sensitivity, and their migration effi-
ciency was dramatically augmented, thereby resulting in sig-
nificant potentiation of antitumor efficacy. DC-swallowed
a-AP-fmNPs can be further used for migration tracking and
lymph-node imaging by multimodality imaging.

Despite these promising results, the successful translation
of ex vivo DC vaccines into clinical applications has been
restrained by variable yields and quality. The generation of
DC vaccines ex vivo is labor-intensive and involves the use
of specialized equipment for the differentiation of peripheral
blood monocytes and the pulsing of DCs with antigens [135,
136]. Moreover, the yield and quality of DCs that present
MHC-peptide complexes vary by batch depending on the
condition of the patient’s peripheral blood monocytes. Fur-
thermore, only a low rate (< 4%) of lymphoid tissue homing
is typically realized upon the administration of DCs after
intradermal injection [137]. To address these limitations,
an alternative approach is proposed: the direct delivery of
antigens that are complexed with antibodies that target DC
receptors to DCs in vivo with facilitation by nanovehicles.
To date, various surface proteins (e.g., CD205 [138], DCIR
[139], DC-SIGN [140], Dectin 1 [141], CLEC9a [142],
and Langerin [143]) that are specifically expressed in DC
subsets have been leveraged for the preparation of DC vac-
cines in vivo. However, the expression levels of the ligands
are inconsistent among DC subsets; hence, DC targeting
strategies must be based on their physiological functional-
ity. For instance, lymph-node-resident mature DCs (mDCs)
can mediate immune responses by presenting antigens to
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lymph-node-resident T cells. Their nonspecific uptake capa-
bility is dramatically down-regulated during maturation. To
deliver the antigen peptide directly to LN-resident mDCs for
DC vaccination, we designed a nanoparticle for delivering
the peptide antigen via the SR-B1 pathway [67]. The small
size (~30 nm) facilitated passive targeting of the lymphatic
system, and SR-B1 targeting substantially enhanced anti-
gen uptake by mDCs, thereby leading to the activation of a
specific immune response and significantly retarded tumor
growth. In addition to the aforementioned efforts, newly
emerging engineering approaches can also improve DC
vaccines. For example, in situ vaccination with an inject-
able hydrogel can recruit immature DCs from local tissues
and prime the antitumor immune response without the need
for ex vivo manipulation of DCs [144]. The utilization of
exosomes to culture DCs can also promote antigen presen-
tation that results from membrane exchange between tumor
antigen-containing exosomes and DCs [145].

For cancer vaccines, antigens are regarded as a criti-
cal component. However, the quality of tumor-associated
antigens is not well defined, thereby resulting in the
empirical development of an efficient vaccine in most
cases. Synthetic peptides represent a new generation of
the explicit subunit vaccine concept. Compared to full-
length-protein-based vaccines, peptide-based vaccines
often demonstrate the advantages of general safety, ease
of large-scale production, and high purity [146]. The
main limitation of synthetic peptide-based vaccines is
their rarely sufficient immunogenicity when used alone.
Similarly, the newly generated neoantigens, which origi-
nate from tumor-specific mutations and have been proven
to be highly relevant to tumor control, are restrained by
the sophisticated prognosis of individuals [147-149].
In contrast to the well-defined specific tumor antigens,
whole-cell tumor antigens can provide a broad spectrum
of patient-specific tumor antigens that facilitate the elici-
tation of a strong antitumor immune response, thereby
leading to the diminishment of tumor escape and recur-
rence [150]. Recently, talimogene laherparepvec (T-VEC,
which is also known as OncoVEXGM_CSF), an oncolytic
viral treatment, was approved for melanoma immunother-
apy by the FDA in 2015 [151]. Intratumorally injected
oncolytic viruses result in the release of various endog-
enous tumor-associated antigens and damage-associated
molecular patterns (e.g., ATP and calreticulin), thereby
increasing the immunogenicity of the tumor microenvi-
ronment [152, 153]. In another study, Shi et al. developed
a chitosan-based nanoplatform for loading whole-tumor
antigens from tumor cell lysates for LN-resident DC tar-
geting [56]. The mannose derivative-based nanovehicle
enhanced DC-mediated cell trafficking to draining lymph
nodes and subsequently enhanced a cytotoxic T lympho-
cyte response. Since the preparation of the tumor lysate
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antigens requires a substantial time commitment and is
inconvenient, our group proposed a strategy for utilizing
melittin for the induction of tumor antigen release in situ
by promoting tumor necrosis or apoptosis [154]. As a tra-
ditional medicine, melittin has demonstrated a wide vari-
ety of immunomodulatory capabilities as a cationic host
defense peptide. However, the immunomodulatory effects
of melittin on the antitumor response are mild due to the
narrow safe dose range and hemolytic side effects. Moreo-
ver, melittin can be rapidly metabolized after parenteral
administration via passive fusion into the blood circula-
tion. The reduced cytotoxicity to red blood cells encour-
aged further application of the obtained melittin-lipid
nanoparticles (ax-melittin-NPs) to antitumor treatment.
Due to their ultrasmall size (10-20 nm), a-melittin-NPs
have an optimal capacity for LN-targeting for direct drain-
age into lymphatic capillaries and lymph nodes, where
melittin can exert its full immunomodulatory effect via
the activation of APCs, namely, DCs and macrophages.
After intratumoral injection of a-melittin-NPs in a bilat-
eral flank B16F10 tumor model, the in situ vaccination
elicited prominent systemic humoral and cellular immune
responses and led to the elimination of 70% of primary
tumors and 50% of distant tumors. The advantages of
a-melittin-NP, such as simple preparation, excellent
stability, and inherent oncolytic properties, render them
ideal LN-targeted nanovaccines and endow them with sub-
stantial potential for clinical translation because of their
remarkable immunoregulatory efficiency.

In addition to the DC vaccine delivered ex vivo or in vivo
with numerous antigens (e.g., synthetic peptide, neoantigens,
or whole-cell tumor antigens), recent studies have suggested
that antitumor immunity can also triggered in tumor foci
in situ, especially in organs with tissue-resident APCs, such
as the liver [155, 156]. Due to the intrinsic immune suppres-
sion environment of the liver organ, immunotherapies, such
as checkpoint inhibitors, chimeric antigen receptor cell ther-
apies, and cancer vaccines, produce unsatisfactory outcomes
in preventing liver metastasis compared with other antitu-
mor treatments. The most attractive strategy for preventing
liver metastasis that has been developed thus far involves
reversing the tolerogenicity of the liver by either eliminating
suppressor lymphocytes (e.g., T,.,s and MDSCs) or activat-
ing hepatic effector cells (e.g., NK and T cells) [157, 158].
Furthermore, nonprofessional APCs were recently found
to be involved in the modulation of immune responses in
the liver, in which they can be activated via special immu-
nomodulators (e.g., melittin) and subsequently reverse the
immunosuppressive environment of the liver and minimize
liver metastasis, which is discussed below in detail.

As demonstrated in the aforementioned studies, novel
professional/nonprofessional APC-targeting nanovaccines or
immunomodulators may indeed provide valuable strategies

in anticancer treatment. Nevertheless, antitumor immunity
is a stepwise physiological process that involves a variety
of lymphocytes, and in which the lymphatic system plays a
vital role. Therefore, this strategy may be a particular help-
ful addition to surgery. Further cancer vaccination develop-
ments remain to be evaluated in future clinical trials.

Lymphatic-targeted nanotherapeutic agents
for antitumor treatment

Lymphatic-targeted nanotherapeutic agents, namely, nano-
particles, serve as delivery tools for immunostimulatory
agents (e.g., adjuvants, cytokines, and monoclonal antibod-
ies) to specifically target lymphatic cells and have substan-
tial potential to increase antitumor immunity by leveraging
proper nanoformulation designs compared to free formula-
tions [12].

Adjuvants, which include small molecules and biomol-
ecules, can stimulate pathogen recognition receptors (PRRs)
on APCs and, thus, induce strong proinflammatory responses
[159]. They are commonly codelivered with antigens to elicit
potent tumor-specific responses. Adjuvants also demonstrate
potency as monotherapies due to the nonspecific stimulation
of immune activity. As a typical nucleic acid-based adjuvant,
cytosine-phosphate-guanine (CpG) is known to modulate the
immune response for antitumor treatments via TLR9 signal-
ing [160, 161]. Synthetic high-density lipoprotein (sHDL)
nanodiscs that are loaded with Adpgk neoplastic antigens
and CpG adjuvants can be targeted for delivery to lymph
nodes, thereby creating an individualized vaccine response
[162]. Recently, virus-like particles (VLPs) have garnered
tremendous attention, since they can be readily employed to
induce immune responses. For example, VLPs covalently
bind tumor-associated antigens gp100 and CpG and signifi-
cantly inhibit the growth of melanoma [163]. Additionally,
the modulation of tolerogenic APCs in the liver can be a
promising alternative for the activation of a specific antitu-
mor immune response due to their immunomodulatory prop-
erties. It was reported that peptides that contain the RXR
or RXXR sequences can demonstrate the capacity to target
LSECs [164]. Thus, a-melittin-NPs have the potential to tar-
get liver sinusoidal endothelial cells (LSECs) in the liver and
modulate immune responses to suppress liver metastasis. In
our recent study [165], a-melittin-NPs were intravenously
injected into multiple experimental liver metastasis models.
Intravital imaging showed fast targeting of LSECs within
20 s after i.v. injection. Upon exposure to the treatment of
a-melittin-NPs, the cytokine/chemokine milieu in the liver
dramatically switched from being a hepatic immunosuppres-
sive environment to an activated state environment. After
ingesting the antigen in situ, tissue-resident APCs do not
migrate to the tumor-draining lymph node but present anti-
gens directly to local infiltrating T cells, thereby initiating
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an antitumor immune response with high efficiency. Moreo-
ver, the survival rate strikingly reached 80% in spontane-
ous liver metastatic tumor models, and the median survival
time exceeded 100 days, compared to less than 40 days in
the control groups. This novel immunomodulator may have
substantial potential for clinical translation by controlling
liver metastasis through the immunomodulation of LSECs.

In addition to adjuvants, a different category of
cytokines is engaged in the signaling and communication
of various immune cells, thereby exerting the function of
immunomodulation in complex ways [8, 166]. On the basis
of physiological features, cytokines can be classified into
two types: proinflammatory cytokines (e.g., IL-12, IL-2,
IL-18, and IFN-y) and functional inhibitory cytokines
(e.g., TGF-B and IL-10). Proinflammatory cytokines can
directly stimulate immune effector cells at the tumor site
and enhance tumor cell susceptibility to immune attack.
For example, the encapsulation of cytokine IL-2 into a
nanogel enables the sustained release of IL-2 and retards
the growth of tumors by significantly reducing systemic
side effects, thereby resulting in enhanced therapeutic
efficacy compared to that of the free formulation [167].
Functional inhibitory cytokines are involved in the induc-
tion of an immunosuppressive tumor microenvironment.
The coencapsulation of inhibitory cytokines and pro-
inflammatory cytokines produces enhanced antitumor
responses by modulating multiple immune pathways. Park
et al. designed a nanoscale liposome polymer gel (nLGs)
that synchronically delivered TGF-f inhibitors and IL-2 to
subcutaneous and lung metastasis foci, thereby resulting
in increasing performance due to the activation of both
innate and adaptive immune responses by the nLGs [168].

Agonists can also serve as candidates for promoting
immune stimulation or antagonizing immunosuppressive
interactions [169]. CD40, OX40, STING, and ICOS are
among the most commonly used immune targets for ago-
nists [170]. However, the clinical sequelae of agonists are
substantially neutralized by deleterious effects that originate
from their deficient bioavailability. Nanoparticle-mediated
targeted delivery of agonists can provide an opportunity
to address issues of bioavailability and diminished effects.
Luo et al. developed luminescent mesoporous silica nano-
particles (LPSiNPs) that were loaded with a CD40 agonist
(FGK45) [171]. The LPSiNPs remarkably enhanced the
local immune responses and generated activated B cells in
an amount equal to that induced by the application of 30- to
40-fold free FGK45.

In clinical trials, immune checkpoint blockade (ICB)
therapy based on checkpoint inhibitors (e.g., PD-1/PD-L1
and CTLA4) has produced exciting results for treating vari-
ous tumors and has been approved by the FDA [172, 173].
PD-1 belongs to a family of CD28 proteins that are overex-
pressed in multiple immune cells, such as activated T cells,
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B cells, NKs, and DCs. In addition, PD-L1 is overexpressed
on various tumor cells and binds with PD-1 on immune cells
to inhibit immune killing functions [174, 175]. To further
amplify the efficacy of ICB therapy and decrease off-target
effects on healthy tissue, refined nanoformulations that are
based on a platelet-derived PD-1-containing membrane were
proposed. These NPs accumulate at the tumor site postresec-
tion and boost the activity of CD8* T cells to inhibit tumor
recurrence [176].

Combinational cancer immunotherapy

The major limitation of immunotherapy in antitumor treat-
ment is its limited efficacy when applied to large tumors.
In addition to the prioritized surgical removal of the pri-
mary tumor, noninvasive trials are occasionally needed
when tumor resection is infeasible. In this context, com-
binational antitumor treatments offer alternatives. Chemo-
therapy, which is the standard-of-care cancer treatment, has
been extensively studied. Various chemotherapeutic agents,
such as checkpoint blockades and kinase inhibitors, can
modulate immune responses and alter the tumor microen-
vironment [177, 178]. Others, such as doxorubicin (DOX),
mitoxantrone, and oxaliplatin, demonstrate the capacity to
directly kill tumor cells and trigger immunogenic cell death
and systemic immune activation [179, 180]. Lymph-targeted
chemotherapy optimizes the efficiency of therapeutic agent
delivery to lymphatics-resident cancers (such as lymphomas
and lymphatic metastases) and reduces off-target toxicity,
especially for combination therapies that include immuno-
therapeutic agents, which are dose-limited due to concerns
that they can induce systemic autoimmune disease. Improved
lymph-node targeting has been realized using a wide range
of nanoparticles platforms, such as liposomes [181], inor-
ganic matrices [182], and polymer—drug conjugates [30].
Radiotherapy is another standard antitumor therapy, and
over 50% of patients with cancer receive radiation during
the course of their disease [183]. Similar to chemother-
apy, radiotherapy can also trigger immunogenic cell death
(ICD) of tumor cells and, subsequently, release a variety
of soluble danger signals, namely, calreticulin, ATP, CXC-
chemokine ligand 10 (CXCL10), and high-mobility group
box 1 (HMGBJ1). In contrast to cancer vaccines that rely
on a defined set of tumor antigens, ICD-inducing damage-
associated molecular patterns can elicit antitumor immune
responses against a broad spectrum of tumor antigens that
are found on dying tumor cells. Thus, the administration of
radiotherapy has been regarded as a key clinical approach for
improving the abscopal effect of checkpoint inhibitor-based
immunotherapy. Min et al. developed an antigen-capturing
nanoplatform for enhancing antigen delivery to APCs after
radiotherapy [184]. By utilizing a set of engineered antigen-
capturing nanoparticles with various surface properties, the
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efficacy of anti-programmed cell death 1 (anti-PD 1) treat-
ment demonstrated a significant improvement in the B16F10
melanoma model, and a cure rate as high as 20% was real-
ized. Mechanistic studies elucidated the expansion of CD8”
T cells and increased ratios of both CD4*T/T,,, and CD8T/
T, cells. These synergic therapeutic outcomes can also be

Ie,

reaglized by the combination of photothermal therapy and
immunotherapy. Nanoparticles have been designed to inter-
act with external energy resources such as lasers and to carry
immunostimulatory drugs. For example, neutral PEGylated
polymeric gold nanorods can be delivered and accumulated
in lymph-node-resident tumors through lymphatics in an
attempt to enable local photothermal therapy [185]. Gold
nanorods demonstrated robust efficacy against lymph-node
metastasis when combined with photothermal therapy and
immunotherapy through noninvasive techniques, thereby
opening an alternative avenue for the treatment of lymph-
node-resident tumors. Despite the promising efficacy of the
combined therapy of local laser irradiation and immunostim-
ulants, the correlated immunological mechanism, which is
crucial for understanding the process of antitumor immu-
nity initiation, remains to be elucidated. In one of our recent
studies [186], a 980 nm laser and a novel immunostimulant
(N-dihydrogalactochitosan, GC) were applied to investigate
the mechanism of laser immunotherapy spatially and tempo-
rally. Intravital imaging and immunological assays showed
that tumor infiltration increased along with the motility of
lymphocytes. Tumor-infiltrating lymphocytes were also
shown to have long-term interactions with tumor cells,
which was attributed to long-term T-cell immune memory.

Finally, various nanoparticle-based antitumor treatment
modalities have been developed. In contrast to surgical
resection, which is the primary clinical approach and often
results in tumor recurrence due to residual tumors, com-
binational immunotherapies have demonstrated the ability
to ablate tumors and induce humoral and cellular immune
responses by triggering the release of tumor antigens and
intracellular danger signals. Preclinical and clinical studies
can provide a substantial basis for clinical translation.

Conclusions and outlook

Over the past decade, nanoparticle-based approaches for
targeting the lymphatic system have made tremendous
contributions to efficient tumor treatment. Compared to
traditional therapy approaches, tailored nanoformulations
show many unique and excellent advantages, such as sus-
tained release, targeted delivery, and improved pharma-
ceutical properties (e.g., half-life, stability, and solubility)
of cargos. The convergence of nanotechnology and tumor
immunology, which targets nanoparticles to the lymphatic
system, can realize superior immune therapy and reduce

systemic and long-term toxicity. By rationally tuning the
physicochemical features of NPs such as size, shape, sur-
face charge, and targeting ligand, and by utilization of
various administration routes, both approaches have made
excellent contributions to LN-targeting, antigen release,
APC interaction, and immune response in vivo [15, 20,
187]. Due to the utilization of elaborately designed NPs
for targeting the lymphatic system, lymphatic imaging can
be used to visualize the lymphatic vessels, track cargoes,
and provide holistic information on the lymphatic system,
which vitally influences the clinical diagnosis and image-
guided approach of surgeons [84]. Moreover, nanovaccines
and/or nanotherapeutic agents, in combination with other
treatment modalities, such as radiation, laser ablation, and
resection, can increase lymphatics-enriched immunomodu-
lation efficiency and further improve antitumor nanothera-
peutic agents.

Despite the impressive experimental results that have
been generated using nanoparticle-based approaches for
antitumor treatments, these approaches have seemingly
failed in clinical translation [188]. The heterogeneity of
tumors and the limited understanding of lymphatic remod-
eling during tumor progression hinder the clinical trans-
formation of lymphotropic targeted therapies. Emerging
techniques such as lymphoid organoids cultures provide
validated models and facilitate the study of the immune
response and the prediction of in vivo distribution of thera-
peutics [189]. Cascade delivery in which the size of the
well-designed vehicle is tunable upon the stimulations
from the environment, can also be an efficient strategy for
enhancing vaccine utility by leveraging the size barriers
of the lymphatic structure. Further improvement and inno-
vation of lymphatic-targeted cancer therapy will be asso-
ciated with the identification and regulation of immune
targets and reduced systemic and long-term toxicity. Inter-
disciplinarity, among materials science, immunology, and
oncology and other fields, will create enormous research
opportunities for filling knowledge gaps and expediting
potential clinical translation.

Furthermore, many studies are being conducted on
the lymphatic system, in addition to cerebral tissue. The
blood-brain barrier (BBB) restricts therapeutic delivery
into disease foci. In addition, breaching the integrity of the
BBB to optimize the delivery efficiency subsequently ham-
pers the ability to maintain an isolated environment, which
is required by brain tissues for their unique functionalities.
This tug-of-war difficulty must be addressed deep in cervi-
cal lymph nodes, which link the cervical lymph nodes and
cerebral spinal fluid for mass exchange [190]. A new strat-
egy in which nanoparticle-mediated transport through the
brain lymphatic vasculature is utilized bypasses the BBB and
yields 44-fold higher drug uptake than conventional drug
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administration [191]. This strategy paves a new avenue for
the treatment of various brain diseases.

We expect that various nanoparticle-based strategies,
such as immunomodulation via the lymphatic system, recon-
stitution of the tumor-associated microenvironment, and the
combination thereof, will eventually shift the paradigm of
tumor treatment and dramatically increase the patient sur-
vival in the foreseeable future.
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