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A B S T R A C T   

Lymph nodes (LNs) occupy a critical position in initiating and augmenting immune responses, both spatially and 
functionally. In cancer immunotherapy, tumor-specific vaccines are blooming as a powerful tool to suppress the 
growth of existing tumors, as well as provide preventative efficacy against tumorigenesis. Delivering these 
vaccines more efficiently to LNs, where antigen-presenting cells (APCs) and T cells abundantly reside, is under 
extensive exploration. Formulating vaccines into nanomedicines, optimizing their physiochemical properties, 
and surface modification to specifically bind molecules expressed on LNs or APCs, are common routes and have 
brought encouraging outcomes. Alternatively, porous scaffolds can be engineered to attract APCs and provide an 
environment for them to mature, proliferate and migrate to LNs. A relatively new research direction is inducing 
the formation of LN-like organoids, which have shown positive relevance to tumor prognosis. Cutting-edge 
advances in these directions and discussions from a future perspective are given here, from which the up-to- 
date pattern of cancer vaccination will be drawn to hopefully provide basic guidance to future studies.   

1. Introduction 

The hundreds of lymph nodes (LNs) in the body are one of the pri
mary places for acquired immunity to occur. The multiple types of im
mune cells in LNs, together with the peripheral lymphocytes that can 
migrate to LNs, form a massive and dynamic system that monitors the 
entrance of immunogenic foreign substances into the body [1,2]. 
Foreign substances will be carried by interstitial flow or by migratory 
dendritic cells (DCs) to LNs, where they will be further processed to 
evoke cognate immune responses [3,4]. In antitumor immune responses, 
LNs are essential tissues sensing and regulating the progression of can
cer. The functioning of immunotherapy, regardless of modality (immune 
checkpoint blockade, chimeric antigen receptor T-cell transfer, cancer 
vaccination or other strategies), relies on the efficient priming of lym
phocytes in LNs [1,5]. Specifically, cancer vaccines are expected to 
eliminate tumor cells by providing antigens to the immune system to 
bare cancer cells’ true identity, while LNs are the primary place where 

APCs and T cells reside. Delivering antigens into LNs to enable de novo 
recognition of tumor cells and boost specific immune responses is a 
promising treatment strategy [6,7]. 

The most straightforward route for LN-targeted delivery is intranodal 
administration. Compared with intravenous, subcutaneous, intradermal 
or intratumoral administration, the utilization rate of antigens and ad
juvants can be improved via intranodal injection when operated rightly 
[8]. Antigens will directly encounter antigen-presenting cells and T 
cells, reaching the ultimate and optimal place for exerting their immu
nogenic capability. A clinical trial testing intranodal administration of 
melanoma antigen plasmids and peptides into melanoma patients yiel
ded an overall immune response rate of 50 % [9]. Another more recent 
trial tested the percutaneous administration of poly-neoepitope mRNA 
into inguinal LNs of melanoma patients, and achieved 
neoepitope-specific T cell responses in all patients and vaccine-related 
objective responses in 40 % metastasis-bearing patients [10]. Despite 
these encouraging results, intranodal administration may raise some 
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masty concerns such as the damage to LNs caused by injection, and the 
technical difficulty of accurate injection (ultrasound guidance is 
generally necessary) [11]. Therefore, researchers are putting more ef
forts on leading drugs to LNs through the lymphatic vessels. 

Particles or molecules in blood hold the possibility to enter LNs via 
high endothelial venules (HEVs), but this pathway may lead to a rela
tively low LN-targeting efficiency since substances in blood will have 
many ways to go or be captured [12,13]. On the other hand, a LN is 
“protected” by a fibrous capsule that is basically not permeable, and 
therefore reaching into LNs generally need to enter the lymphatics 
which have higher permeability [14], and then arrive LNs via the 
afferent lymphatic vessels. Particles entering lymphatics via a cell-free 
passive diffusion can be classified as the “passive transport”, while 
particles reaching into LNs by using cells (e.g., migratory DCs) as carriers 
is the “active transport” [12]. The most commonly applied administra
tion routes for vaccines include intradermal, subcutaneous and intra
muscular injections [15], and the vaccine particles will need to 
penetrate interstitial matrix to achieve the passive drainage into LNs, 
thereby raising the need to carefully tailor the physiochemical proper
ties of vaccine particles. For the active transport which involves the 
capture by migratory DCs, particle-cell interaction is also governed by 
the morphological and surface features of particles. Nanotechnologies 
devoting to the modulation of size [16], shape [17] and surface chem
istry [18] are constantly contributing to nanovaccine development, 
since all these features have been demonstrated to exert great influence 
on in vivo distribution, efficacy and toxicity of not only vaccines, but also 
nanomedicines in a broad sense. 

Targeting LNs is the key to release the therapeutic potential of im
munotherapeutics, while in the context of cancer, LNs may be silenced 
after bathed with tumor-associated antigens [19]. DCs may be sup
pressed by the abundance of tumor-derived factors in LNs [20], and 
exhibit an immature and M2 macrophage-like phenotype with poor 
T-cell stimulatory ability [21]. These limitations have motivated great 
research efforts on developing LN-like niches or organoids to enhance 
tumor-specific immune responses. Biomaterial scaffolds encapsulating 
suitable cytokines have been shown to be capable of recruiting DCs, 
which then carry antigens to the draining LNs when antigens are 
co-loaded [12,22]. LN-like organoids are widely found in tumor tissues 
and are demonstrated to be positively relevant to cancer prognosis, and 
inducing the formation of LN-like organoids is becoming a new research 
focus [23]. Generally, neither the scaffold-based niches nor organoids 

can match LNs in structure and function, but they are offering a prom
ising option to enhance LN-mediated immune stimulation and expan
sion. Therefore, advances in fields spanning from nanotechnology to 
tissue engineering will all contribute to the improvement of 
LN-targeting. 

2. Lymphatic biology 

2.1. LNs and tertiary lymphoid structures 

LNs are a type of secondary lymphoid organs (which also include 
spleen, tonsils and Peyer’s patches) that distribute all over the body. 
They are bean-shaped lymphoid tissue encapsulated by a capsule of 
connective tissue, which grow in connection with the network of 
lymphatic vessels [12,24]. Each LN can be broadly divided into two 
parts, the capsule (the outer connective tissue), and the cortex and 
paracortex regions inside the capsule [12]. As shown in Fig. 1, in the 
cortex region there are specialized compartments for B cells, often called 
the B-cell follicles, while in the paracortex region T cells and DC cells 
abundantly live [12,25]. Traversing the cortex and paracortex regions, 
high endothelial venules (HEVs) carry abundant B and T cells, which 
may enter the LNs when passing through. For each LN, lymph enters 
through afferent lymphatic vessels and leave via efferent vessels; as a 
whole, lymph moves in a unidirectional manner via the synchronized 
movement of lymphatic vessel compartments [26]. Small substances 
(typically smaller than 100 nm) including antigens in the interstitial 
space may enter the lymphatic vessels by passing through the fenes
trated lymphatics, and then reach the draining LNs. When draining the 
peripheral excess fluid, LNs provide continuous monitoring of the 
presence of antigens and inflammatory factors in the fluid. LNs respond 
to the cues via the activation of immune cells and further recruitment 
through HEVs [27], which is commonly accompanied by LN 
enlargement. 

Some inflammatory or pathological conditions may lead to lym
phogenesis, producing organoids termed tertiary lymphoid structures 
(TLSs) which has similar but simplified structures compared with LNs. 
TLSs are ectopic neogenesis that form in non-lymphoid tissues, typically 
at sites of chronic inflammation including tumor [28]. They are orga
nized aggregates of immune cells that contain partitioned B and T cell 
zones, APCs, fibroblastic reticular cells (FRCs) and HEVs, resembling the 
structure of LNs [29]. Unlike those generated via implanting artificial 

Fig. 1. Lymph node biology. Schematic illustration of the definitions of sentinel LN, TDLNs and non-draining LNs, the basic structure and cell composition of LNs, as 
well as the passive and active transport pathways of nanovaccines to LNs. 
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biomaterials, TLSs are made from autologous compositions and are 
functionally and phenotypically more comparable to LNs. Due to the 
variation in cellular composition and organization of TLSs in different 
tumor types, as well as the invasiveness of immunohistochemical 
staining, identification of TLS may need to rely on the signature of an 
array of genes, such as the 12-gene signature used to predict the pres
ence of TLSs in melanoma and colorectal cancer [30]. TLS induction is 
emerging as a promising type of immunotherapy, due to the mounting 
evidence showing its positive relevance to cancer regression [31]. 

2.2. TDLNs and association with cancer immunotherapy 

LNs drain the interstitial substances from nearby areas of the body. 
After establishing their presence, tumors are also drained by the nearby 
LNs which are consequently defined as tumor-draining LNs (TDLNs). 
The first TDLN draining the tumor is called sentinel LN (Fig. 1). Exis
tence of cancer cells in TDLNs is an important prognosticator for pa
tients, and surgeons often need to resect these LNs to ensure a good 
prognosis [32]. Tumor-associated antigens, released by secretion of 
exosomes, cell exfoliation from tumor tissue, or tumor cell necrosis, can 
reach TDLNs through lymphatics. DCs in tumor tissue which are exposed 
to tumor-associated antigens can also travel to TDLNs [33,34]. Mean
while, regulatory cytokines and leukocytes will also be drained from 
tumor microenvironment, creating conditions in TDLNs for metastasis 
[35]. Therefore, TDLNs are often simultaneously bathed with antigens 
and immunosuppressive molecules/cells, creating an immunosuppres
sive microenvironment despite the abundance of immune cells. Tar
geting TDLNs has become an effective route to realize 
immuno-reeducation and metastasis control [36]. 

Swartz et al. showed the importance of targeting TDLNs, but no the 
non-TDLNs, in stimulating antitumor immune responses [19,37]. 
Adjuvant-conjugated polymeric NPs of about 30 nm in diameter effi
ciently accumulated within TDLNs only when NPs were injected in the 
site ipsilateral to the tumor. Increased frequency of antigen-specific 
CD8+ T cells and slowed tumor growth were observed in a B16F10 
melanoma and E.G7-ovalbumin (E.G7-OVA) tumor models. In compar
ison, administration in the contralateral site led to NP accumulation in 
non-TDLNs and did not suppress tumor growth [19]. The reason for this 
difference might be ascribed that tumor-derived antigens had already 
infiltrated in TDLNs and delivery of adjuvants could evoke effective 
immunity against tumor, while in non-TDLNs the antigens were rela
tively rare [33]. Activated T cells in TDLNs can also arrive tumors more 
efficiently than those in non-TDLNs. Intratumorally administrated 
agents hold the capability to be drained to TDLNs, but more direct de
livery may be needed. Park et al. reported that peritumoral injection of a 
micellar formulation of toll-like receptor 7/8 agonist led to accumula
tion in both tumors and TDLNs, and induced significantly stronger 
innate and adaptive immune responses than intratumoral delivery alone 
[36]. Tumor-specific T cells generated in TDLNs could efficiently infil
trate into tumor tissues. 

Like the researches above, employing the drainage to target TDLNs 
requires the nanovaccines to be administrated in the tumor-draining 
area (or into the tumor) rather than distant sites [37]. Administration 
to an intradermal site ipsilateral to tumor could induce efficient accu
mulation of nanovaccines in TDLNs, while administration to a contra
lateral site could not [19]. Meanwhile, targeting TDLNs through the 
drainage requires suitable physiochemical properties of the nano
vaccines, as will be discussed below. For example, ferritin nanocages of 
about 20 nm in diameter were used to carry programmed cell death 
protein 1 (PD-1) and target TDLNs [38]. Obvious accumulation in 
TDLNs after intratumoral administration was observed. Both the 
employed tumor cells (CT26.CL25 cells) and the DCs in LNs expressed 
high-level PD-L1 [38], indicating a necessity of specific recognition 
between nanovaccines and targets. 

Sentinel LN as the first TDLN is also an important target for immu
notherapy, and it has another clinical significance which is for the 

identification of metastasis. A negative sentinel LN biopsy indicates that 
cancer cells has not yet spread and therefore good prognosis can be 
expected [39]. For the identification of sentinel LNs, many imaging 
agents are available, such as the blue dye (e.g., methylene blue), 
radioactive colloid (e.g., Technetium-99 m) and indocyanine green. 
Combined utilization of blue dye and radioactive colloid is regarded as a 
golden standard for sentinel LN identification in breast cancer [40]. 
Nanomaterial-based laboratory advancements are constantly reported, 
including the colored NPs [41], fluorescence imaging agents [41], and 
even MRI-CT-PET-fluorescence multimodal agents [42]. 

3. Optimizing physiochemical properties of nanovaccines 

Adjuvants are routinely co-delivered with antigens to promote innate 
immune responses (e.g., promote the maturation of APCs and production 
of co-stimulatory signals), which in turn benefit the antigen-specific 
immunity [43]. When the delivery vehicles can serve as adjuvants, we 
will obtain “self-adjuvanted” nanovaccines [44]. While such nano
carriers can provide additional biological clues to strengthen the im
mune responses, the following are the critical physiochemical properties 
of nanocarriers that are directly relevant with the ability to travel across 
lymphatics or be internalized by migratory DCs. 

3.1. Effect of particle size 

Size is one of the most critical parameters influencing LN transport 
efficiency and pathway. Smaller particles are generally more inclined 
than large particles to travel under interstitial flow and permeate 
through vasculatures [12], thereby having greater passive transport 
efficiency. On the other hand, particle size cannot be too small. It is easy 
to imagine that if a particle was down-scaled to the size of small mole
cules, it will be highly permeable, diffusible and not easy to be actively 
internalized by cells and will enter blood circulation, accumulating in 
other organs [45]. It has been reported that drug formulations that 
stayed longer at the administration site resulted in enhanced lymphatic 
uptake [46]. Generally, NPs with hydrodynamic diameter smaller than 
5 nm are permeable through blood endothelial cell junctions, leading to 
hampered LN-targeting [25]. Meanwhile, active transport efficiency for 
ultra-small particles will be relatively low if the particle size is too small. 
Migratory DCs tend to engulf particles with suitable size, not too small 
and not too large [47]. Therefore, the overall LN transport efficiency is 
not monotonically relevant with particle size. 

The necessity of formulating vaccines into particulate nano
formulations to improve LN-targeting efficiency has been confirmed by a 
number of studies (Table 1). For example, nanovaccines prepared via the 
self-assembly of OVA and CpG showed a LN-targeting capacity of about 
10 times as that of free OVA [48]. The small size (~80 nm when hy
drated) and negative surface charge enabled quick drainage to LNs 2–4 h 
post subcutaneous injection. On the other hand, increasing particle size 
to around 100–200 nm may attenuate LN-targeting (Table 1). For 
example, when revealing the size-dependent accumulation of 
pluronic-stabilized polypropylene sulfide NPs, it was found that 25-nm 
NPs entered the dermal lymphatic capillary network much more effi
ciently than 100-nm NPs did [49]. Up to 50 % of 25-nm NPs targeted the 
LN-residing DCs, 10 times as efficient as the 100-nm NPs [49]. In 
another study, biodegradable poly(lactic-co-glygolic)-b-poly(ethyl
ene-glycol) NPs showed similar preference for LN trafficking and para
cortex penetration [50]. After subcutaneous injection, the 20-nm NPs 
were easily drained by proximal and distal LNs and retained there more 
effectively than the 40- and 100-nm NPs. Interestingly, the 100-nm NPs 
showed slightly higher uptake efficiency by DCs, suggesting that the 
greater LN-targeting of 20-nm NPs should be ascribed to the easier free 
drainage [50]. 

Increasing particle size to microscale will further attenuate the 
pathway of free drainage to LNs and cell-involved active transport will 
be necessary. This was demonstrated by Bachmann et al. using DC- 

J. Wang et al.                                                                                                                                                                                                                                    



Materials Today Bio 26 (2024) 101068

4

depleted control experiments [16]. It was found that NPs traffic to 
draining LNs by targeting distinct DC populations according to their size. 
After injected into the footpads of mice, the 500–2000 nm particles were 
mostly associated with DCs from the injection site, suggesting the vital 
role of active transport; 20–200 nm ones were found in local DCs but 
also in LN-resident DCs and macrophages, suggesting that the involve
ment of free drainage (passive transport). Using CD11c-diphtheria toxin 
receptor transgenic mice whose DCs could be conditionally depleted, it 
was found that large (500–2000) particles could not reach LNs upon DC 
depletion, confirming the necessity of active transport pathway for mi
croparticles [16]. 

Particularly, exploring the overall intra-lymph accumulation of an
tigens is convenient but may be vague. LNs have advanced physiological 
structure and multiple types of immune cells inside, and looking into the 
cell-specific uptake of antigens will be more helpful. A number of studies 
have showed the feasibility of site- or cell-type-specific delivery. Chan 
et al. showed that OVA-conjugated gold NPs have size-dependent 
retention and presentation in LN follicles (Fig. 2a) [53]. 5–15 nm NPs 
quickly appeared in the follicles after intradermal injection but were 
cleared via extracellular vesicles within 48 h; 50–100 nm NPs showed 
delayed follicle accumulation but were retained for up to 5 weeks. 
Smaller NPs preferentially entered into follicular DCs, stayed in endo
lysosomes but then be cleared, while larger NPs were mostly aligned on 
cell surface and dendrites. As a result, larger particles located outside 
and exhibited easier antigen presentation to stimulate B cells [53]. 
Therefore, it may be not enough to simply improve NP accumulation in 
LNs, and their fate and subcellular location are also critical aspects 
determining the efficiency of antigen presentation. More recently, a 
programmable multistage delivery pattern has been developed to realize 
delivery of small-molecule cargos to specific lymphocyte subpopulations 
within LNs (Fig. 2b–e) [56]. NPs were designed to have the capability to 
release small molecules with a controlled release half-life. NPs (~27 nm 
in diameter) quickly accumulated within the draining LNs after intra
dermal administration, and upon intra-lymphatic release, the 
small-molecule dyes were efficiently delivered to the cortical cells 
(including T and B cells and DCs) in LNs, while the NPs remained at the 
peripheral barrier cells, thereby realizing partitioning of NPs and cargos. 
The different size of NPs and small molecules was believed to account for 
their difference in accumulation site [56]. 

3.2. Particle shape 

Particle shape has great impact on nano-bio interactions [17]. It 
influences LN-targeting in multiple ways, including cellular uptake ef
ficiency, permeability across vasculatures and migration capability in 
interstitial flow. For example, discoidal or sheeted particles can cross 
slits that are narrower than particle diameter and therefore can be more 
permeable to enter lymph vessels [59]; spiky particles have been re
ported to be internalized more easily than spherical particles [60,61], 
holding promise to target the migratory DCs at the injection site. 
Therefore, as illustrated in Fig. 3, active and passive transport pathways 
may have different preferences for particle shape, just like the case in 
particle size. Furthermore, it was reported that particles of different 
shapes induced different types of immune responses [62,63]. Tailoring 

Table 1 
Representative studies reporting the effect of particle size on LN targeting 
efficiency.  

NP formulation Size Animals 
and Ad. 
route 

LN’s preference for 
size 

Ref. 

Pluronic- 
stabilized 
polypropylene 
sulfide NPs 

25 and 100 
nm 

BALB/c, 
C57BL/6, 
C3− /− , OT- 
II and 
CD45.1 
mice; i.d. 

25-nm NPs reached 
LNs via interstitial 
flow 10 times more 
efficiently than 100- 
nm ones 

[49] 

Polystyrene NPs 20–2000 nm C57BL/6 
mice; i.c. 

20–200 nm NPs 
could reach LNs via 
free drainage, while 
500–2000 nm ones 
needed DCs to 
arrive 

[16] 

PLGA-PEG NPs 20, 40 and 
100 nm 

SKH1 Elite 
mice and 
CD-1 IGS 
mice; s.c. 

20-nm NPs reached 
and retained in LNs 
more easily than 40- 
and 100-nm ones, 
and also were more 
penetrable in 
paracortex region 

[50] 

Melittin-lipid NPs 10–20 nm C57BL/6 
mice; s.c. 

NPs achieved higher 
LN-targeting than 
free melittin, 
yielding 3.6-fold 
increase in CD8+ T 
cell response 

[51] 

OVA-CpG 
assembled NPs 

80 nm after 
hydration 

C57BL/6 
mice; s.c. 

Accumulation in 
LNs of OVA was 
improved by 10-fold 
after prepared into 
NPs 

[48] 

Micelle NPs 
composed 
phospholipid- 
PEG-antigen 
peptide 

20–30 nm C57BL/6 
mice; s.c. 

NPs had improved 
accumulation in LNs 
and increased 
antigen-specific T 
cells to 10 fold of 
free vaccines 

[52] 

OVA-conjugated 
gold NPs 

5, 15, 50 and 
100 nm 

C57BL/6 
mice; i.d. 

50–100 nm NPs had 
175-fold more 
antigen delivery at 
FDC dendrites than 
5–15 nm ones 

[53] 

Assembled 
PAMAM NPs 

100 nm 
(breakable 
into 5 nm) 

C57BL/6 
and Balb/c 
mice; i.v. 

Size reduction from 
100 to 5 nm 
improved 
intratumoral 
perfusion and 
enhanced migration 
to LNs 

[54] 

Nanodiscs 
composed of 
phospholipids 
and ApoA1-like 
peptide 

10 nm in 
lateral size 

C57BL/6 
mice; s.c. 

Nanodiscs had 
increased antigen 
trafficking to 
draining LNs over 
free antigens 

[55] 

Thiolated PPS NPs 27-nm NPs 
that could 
release small 
molecules 

C57BL/6 
mice; i.d. 

NPs accumulated in 
draining LNs and 
remained at the 
periphery but the 
released molecules 
were in the cortex/ 
paracortex region, 
realizing 
partitioning of NPs 
and cargos 

[56] 

OVA-conjugated 
gold NPs 

10, 22 and 
33 nm after 
hydration 

C57BL/6 
mice; s.c. 

22- and 33-nm NPs 
showed higher 
accumulation in 
draining LNs than 
10-nm ones; 22-nm 
NPs induced the 
most polyfunctional 
CD8+ T cells 

[57]  

Table 1 (continued ) 

NP formulation Size Animals 
and Ad. 
route 

LN’s preference for 
size 

Ref. 

MOF-gated 
mesoporous 
silica NPs 

100 nm EG7-OVA 
tumor- 
bearing 
C57BL/6 
mice; s.c 

OVA carried by the 
NPs reached the 
draining LNs more 
efficiently than free 
OVA 

[58] 

ApoA1: apolipoprotein-A1; PPS: poly(propylene sulfide); i.d.: intradermal; i.c.: 
intracutaneous; s.c.: subcutaneous. 
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NP shape is therefore powerful in vaccination. 
Comparison of the rate and difficulty for cells to internalize NPs with 

different shapes has been ongoing since shape control becomes feasible. 
NPs with relative sharp edges were often reported to be internalized 
more easily, including triangular gold NPs [64], gold nanorods [65], 
spiky silica NPs [60], etc. There are also studies reporting contrary 
conclusions, computationally [66–68] and experimentally [69]. Several 

studies reported that the internalization of NPs depended on the orien
tation relative to cell membrane. Cellular uptake would be slower if the 
long axis of anisotropic NPs was perpendicular to cell membrane at the 
contact site, due to the need of laying down to obtained maximum 
NPs-membrane contact area and facilitate particle wrapping by cell 
membrane [66,70]. Recognition and uptake of NPs by DCs are also 
shape-dependent (Table 2). Mammalian cells were reported to 

Fig. 2. Cell- and site-specific delivery enabled by size. (a) After intradermal injection, smaller OVA-gold NPs appeared in the follicles of draining LNs but were then 
cleared by FDCs within 2 days; larger NPs were retained within follicles for weeks. Reproduced with permission [53]. Copyright 2019, American Chemical Society. 
(b) Diagram of the programmable multistage release of furan-tagged cargos. (c) Fluorescence image of excised the draining LN after intradermal injection of NPs, 
showing NP accumulation at the periphery and cargo accumulation throughout the LN. (d) Peak distance from NPs and cargos to the LN boundary, calculated from 
images such as in c. (e) Illustration of the distribution of NPs and small-molecule cargos partitioned by size. Reproduced with permission [56]. Copyright 2020, 
Springer Nature. 
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preferentially uptake disc-shaped hydrogel NPs over the nanorods of 
similar volume, surface charge and material composition [71]. While 
the uptake kinetics and efficiency was cell type-specific, mouse BMDCs, 
Hela cells and HEK293 cells and HUVECs all preferred to internalize 
nanodiscs, and the former three cells even preferred the nanodiscs with 
high aspect ratio. Uptake pathways were also shape-specific [71]. In 
another study, nanofibers composed of self-assembled peptides showed 
enhanced uptake by DCs compared with the spherical counterparts, and 
induced Th1 phenotype immune response to a greater extent [72]. All 
these studies showcased the potential of shape optimization for 
improved cellular uptake, regardless of the controversy about optimal 
shape. 

Impact of particle shape on the capability of interstitial migration 
towards LNs has been relatively less studied. Indeed, different shapes 
endow particles with different flow characteristics, as has been exten
sively studied on circulating lifetime and biodistribution [75,76]. 
Several works reported that nonspherical NPs exhibit improved lateral 
drift and are more likely to reside on vessel walls to contact with 
endothelial cells [77,78]. Researches by Ferrari et al. showed that 
nonspherical (e.g., discoidal and ellipsoidal) NPs would travel in a tra
jectory nonparallel to vessel wall due to tumbling and rolling dynamics, 
which was different from spherical particles who traveled basically 
parallel to the vessel wall [79]. As a result, nonspherical NPs were more 
likely to contact and bind endothelial cells for extravasation. The flow 
velocity towards LNs in the subcutaneous interstitial space, as well as the 
viscous resistance upon movement, are obvious different from that in 
blood. Meanwhile, it is necessary to decouple the active transport 
pathway by depleting the migratory DCs to exclusively study the 
interstitial flowing capability of differently shaped NPs. To the best of 
our knowledge, this has yet been explored. 

It was reported by Sawa et al. that gold NPs of different shapes not 
only had different uptake efficiencies by DCs but also elicited different 
immune responses [65]. Spherical gold NPs induced higher 
antigen-specific antibody production than the nanorods and cubic NPs, 
while this was not caused by the difference in cellular uptake since the 
nanorods showed higher uptake by BMDCs. Meanwhile, the spherical 
and cubic NPs elicited the secretion of inflammatory cytokines (TNF-α, 
IL-6, IL-12 and GM-CSF), while the nanorods activated the production of 
inflammasome-dependent cytokines (IL-1β and IL-18) [65]. Mitragotri 
et al. reported size- and shape-dependent immune response induced by 
antigen-carrying polystyrene particles [62]. After subcutaneously 

injected into mice, smaller spherical particles (193 nm in diameter) 
induced Th1-biased immune response, while large rod-shaped particles 
(1530 nm in length) elicited Th2-biased response against the delivered 
antigen. Variation in the rods’ maximum length, but not width, was 
proposed responsible for the difference in immune type [62]. Therefore, 
shape modulation by itself is a powerful strategy for dictating the im
mune response strength and type. 

3.3. Effect of surface chemistry 

Surface charge is probably the most influential surface property. A 
negative surface charge will enable prolonged circulation in blood, 
easier diffusion in nanoporous tissue matrix and inhibited clearance by 
macrophages [80]. Most nanovaccines are designed as negatively 
charged or non-ionic for LN-targeting [12]. Specifically, PEGylation is 
considered as a useful modification to inhibit non-specific binding of 
biomolecules and to prolong the circulation half-life in blood [81]. 
Positively charged NPs will instantly absorb a protein corona after local 
or systemic administration, thereby increasing the overall hydrody
namic size and blocking the original surface ligands [82]. NPs with 
positive surface charge can also cause inflammation to the local tissue 
and hepatotoxicity when administrated intravenously [83]. For 
example, it was reported that positively charged lipid NPs induced 
obviously increased release of alanine aminotransferase, aspartate 
aminotransferase and alkaline phosphatase in mice liver compared with 
neutral and negatively charged NPs, indicating a higher hepatotoxicity 
[84]. They also induced a significant pro-inflammatory response by 
elevating the expression of Th1 cytokines 10–75-fold higher compared 
with control NPs [84]. Therefore, positively charged NPs are rarely used 
for drug delivery despite some evidences about their capability in 
inducing innate immune responses [84,85]. Nevertheless, NH2-modified 
silica NPs, partially covered by CpG DNA, with a final surface charge of 
15 mV, were employed for vaccine delivery [86]. The positively charged 
NPs exhibited high colloidal stability, and after subcutaneously injected, 
complexation between NPs and albumin from interstitial space 
occurred, which reduced nonspecific interaction with local tissue and 
promoted drainage towards LNs (note that endogenous albumin has 
intrinsic capability to trace LNs [87]). This provides a unique route to 
improve passive LN transport efficiency and suppress the recognition by 
macrophages due to the decoration of autologous proteins on NP surface 
[86]. Meanwhile, positively charged NPs generally have higher affinity 

Fig. 3. Basic design rationales of physiochemical and surface features. NPs of different sizes in interstitial space have different destinies, especially for the microscale 
particles which can reach LNs only via active transport. The effect of particle shape, surface chemistry or stiffness is hard to generalize, and different transport 
pathways have different and sometimes opposite requirements for each of them. Surface biomodification can be employed to target DCs, enhance free drainage or 
target HEVs inside LNs. 
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to cell membrane [88], and the resulting improved uptake by DCs can be 
leveraged for enhanced active transport. 

Surface charge is usually measured as the overall net charge value in 
a solvent (typically water), while irrespective of surface charge, each 
chemical moiety on particle surface will have an impact on bio
distribution. The principle of structure-defines-function also governs the 
design of LN-targeting NPs. Truong et al. explored the impact of 
chemical structure of lipid NPs on LN-targeting efficiency [89]. When 
stabilized by an amphiphilic molecule consisting of a branched PEG and 
a lipid tail, the lipid NPs realized highly specific delivery of antigens to 
LNs; in comparison, if the stabilizing molecule had a longer unsaturated 
lipid tail, the delivery efficiency was significantly reduced. Given that 
most lipid tails were “hidden” in the interior, the difference in 
LN-targeting efficiency showcased the importance of chemical structure. 
Meanwhile, if the PEG was linear, the targeting efficiency was also much 
lower, which should be instructive since most lipid NPs have been using 
linear PEG for surface modification [89]. Ko et al. studied four protein 
NPs including E. coli DNA binding protein (DPS) and human ferritin 
heavy chain (hFTN), and found that hFTN exhibited the best 
LN-targeting [90]. hFTN migration through lymphatic vessels was 
detected instantly after injection into the foot-pad of mice, and strong 
accumulation in LNs was observed within 10 s. The DPS with similar 

size, morphology and zeta potential showed much lower LN-targeting 
[90]. Xu et al. realized cell-specific delivery to LNs after screening a li
brary of lipids with different tail lengths, linkers and head structures 
(Fig. 4) [91]. The influence of the variation in pKa and particle size 
caused by the alteration of lipid structure was negligible. LN-targeting 
capacity was obviously influenced by the subtle variation in lipid 
structure (Fig. 4 a–c), and was better than the commercial COVID-19 
mRNA vaccine (ALC-0315 from Pfizer/BioNTech) after further optimi
zation (Fig. 4 d–e). DCs and macrophages but not T cells, B cells nor NK 
cells in draining LNs were effectively transfected after s.c. administra
tion (Fig. 4 f–g), thereby enabling cell-specific delivery [91]. 

3.4. Particle stiffness 

Particle stiffness affects bio-nano interactions. Various strategies are 
currently available for modulating NP stiffness, primarily via tuning the 
cross-linking density of polymeric particles [92], tailoring particle shape 
(e.g., into biconcave shape) [59], changing thickness of shelled/layer
ed/fibrous particles [93,94], etc. Soft NPs can travel across narrower 
slits than stiff NPs of the same hydrodynamic diameter can do [59]. The 
maximum distance between endothelial cells on lymphatic vessels was 
reported to be around 100 nm [95,96], while for soft NPs they can be 
bigger than that for intra- or extravasation. Therefore, soft NPs may hold 
greater promise for entering lymphatic vessels. Soft NPs are often re
ported to exhibit inhibited cellular uptake and longer circulation time in 
blood than hard NPs [97], partly due to the unique protein corona 
composition modulated by NP stiffness [97,98]. This feature, together 
with the better extravasation capability, suggests that nanovaccines 
with low stiffness may be administrated intravenously to realize 
entrance into the lymphatic system. 

On the other hand, migratory DCs have different internalizing 
capability for NPs of different stiffness. Cells can sense material stiffness 
and response accordingly. Multiple studies found that mammalian cells 
grown on stiffer substrate were more adherent to the substrate [99,100], 
and could uptake NPs more efficiently on a per cell basis [99] or less 
efficiently in a size-dependent manner [100]. Uptake results of poly
meric nanorods by breast cancer cells showed that stiffer nanorods 
exhibited easier cellular uptake, although the influence of nanorod 
composition was not perfectly decoupled [101]. In comparison, a recent 
study explored a library of spherical PEGylated polymeric NPs and 
showed that two human cancer cell lines would uptake 100-nm softer 
NPs faster and threefold more than hard NPs of the same size, while no 
significant difference was observed for 50-nm NPs [102]. Therefore, the 
exact effect of stiffness is controversial and may be conditional. Effect of 
stiffness on DC uptake efficiency is studied to a much less extent. Cell 
line also matters, since it was reported that different cells can be directed 
to varied degree of stress state by material stiffness, which finally in
fluences the NP uptake efficiency [103]. 

4. Bio-modifications for LN-targeting 

4.1. Employing the endogenous intra-lymphatic drainage 

Some endogenous biomolecules such as albumin and immunoglob
ulins can be used as natural carriers for LN-targeting (Fig. 3). Albumin 
was reported to be blocked from disseminating into blood but instead 
migrated efficiently into the lymphatics due to its large molecular 
weight (66 kDa) [104], leading to the exploration of albumin-binding 
strategies for LN-targeting. Dye-based sentinel LN visualization is actu
ally such a ‘albumin hitchhiking’ route relying on the binding of dyes to 
endogenous albumin. Amphiphiles consisting of an antigen or adjuvant 
linked to an albumin-binding lipophilic tail have been demonstrated to 
have increased accumulation in LNs and reduced systemic dissemination 
compared with free antigens and adjuvants, yielding 30-fold enhance
ment in T cell priming [105]. In another example, 
maleimide-functionalized Evans blue, which could bind human serum 

Table 2 
Representative studies reporting the effect of particle shape on internalization 
by DCs.  

NP formulation Shape and size Surface 
chemistry 

DC’s preference 
for shape 

Ref. 

polyethylene 
glycol 
diacrylate 
hydrogel NPs 

Discs (d × h): 
80 × 70 nm; 
220 × 100 nm; 
325 × 100 nm 
Rods (l × w ×
h): 
400 × 100 ×
100 nm; 
800 × 100 ×
100 nm 

ZP: ~-57 mV 
for all 
particles 

BMDCs 
internalized 
nanodiscs with 
high aspect 
ratios more 
easily than 
nanorods, and 
larger NPs were 
internalized 
more than 
smaller ones 

[71] 

Self-assembled 
peptide 
amphiphile 
molecules 
coated with 
CpG-ODN 

Fibers: 
15–20 nm in 
diameter, 
>200 nm in 
length 
Spheres: 
15–20 nm 

+6 mV for 
nanofibers; 
+21 mV for 
nanospheres 

Nanofibers 
achieved higher 
uptake into both 
DCs and 
plasmacytoid 
DCs than 
nanospheres 

[72] 

Gold NPs coated 
with WNVE 
protein 

Spheres: 20 
and 40 nm 
Rods (l × w ×
h): 
40 × 10 × 10 
nm 
Cubes: 40 ×
40 × 40 nm 

ZP: ~-24, 
− 11 and 
− 9.9 mV for 
spheres, 
cubes and 
rods 

BMDCs 
internalized rods 
more easily than 
spheres and 
cubes, but 40- 
nm spheres 
induced the most 
WNVE antibody 

[65] 

Gold NPs coated 
with CpG-ODN 
and conjugated 
with MUC1 
antigen 

Spheres: 20 
and 45 nm 
Rods (l × w ×
h): 
20 × 6 × 6 nm; 
46 × 14 × 14 
nm 
Stars: 70 nm 
(inter-spike) 

ZP: 
17.7–11.4 mV 
for nanorods 

Nanospheres 
and nanostars 
showed weaker 
uptake by DCs 
but induced 
higher level of T- 
helper-1 
immune 
responses 

[73] 

Hydroxyapatite 
rods adsorbed 
with OVA 

Rods of ~100, 
200, 500, 1000 
and 10000 nm 
in length, and 
~3.5, 4, 7.1, 
12.7 and 25.4 
in aspect ratio, 
respectively 

not indicated Shorter rods 
with lower 
aspect ratio 
showed higher 
uptake by DCs 
and better LN- 
targeting 

[74] 

d × h: diameter × height; l × w × h: length × width × height; ZP: zeta potential; 
WNVE: West Nile virus envelope, MUC1: human mucin 1. 
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albumin, was used to modify vaccines, and the obtained nanocomplexes 
realized almost 100-fold more efficient LN accumulation of CpG-ODN 
compared with the unfunctionalized emulsion of the same antigen 
[106]. 

4.2. Cell membrane-coated nanovaccines 

Cell membranes have been widely used to fabricate liposome-like 
delivery systems [107]. Membranes from different cell types are 
extracted to encapsulate cargos, and some of the biological functions of 
the original cells may be retained due to the good preservation of cell 
membrane structures. Tumor cell membranes are also employed in the 
fabrication of cancer vaccines, as both the source of tumor-specific 

epitopes and delivery vehicles [108]. Also following this strategy, 
membranes of mature DCs have been extracted in a recent study to 
encapsulate mRNA and achieve improved accumulation in lymphoid 
organs [109]. BMDCs were separated from mice and stimulated with 
resiquimod to induce maturation, followed by membrane extraction. 
Membrane proteins including CD80, CD86 and MHC-I were well 
reserved. Compared with commercial lipid NPs without DC membrane, 
the nanovaccines showed improved accumulation in spleen and LNs 
after intravenous injection, possibly due to the LN-homing capability 
given by the DC membranes [109]. Generally, cell membrane-derived 
nanoplatforms represent a promising system in not only vaccination, 
but also drug delivery and bio-sensing, despite some limitations such as 
the difficulty in maintaining a specific differentiation state of immune 

Fig. 4. Cell-specific delivery enabled by chemical structure. (a) Chemical structures of the studied lipids. (b) Bioluminescence intensity within inguinal LNs obtained 
with lipid NPs made from different lipid structures. (c) Bioluminescence intensity acquired using 113-O12B lipid NPs but with different formulations. (d) Biolu
minescence results of mice treated with luciferase-mRNA-transfected 113-O12B lipid NPs or the commercial ALC-0315. (e) Liver-to-LN ratio of bioluminescence 
intensity in the indicated groups. (f) Diagram of the ‘lightning’ of tdTomato+ cells for evaluating NP entrance into different cells. (g) Percentage of tdTomato+ cells in 
different types of cells after the indicated treatments. Reproduced with permission [91]. Copyright 2022, National Academy of Science of the USA. 
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cells after extensive expansion ex vivo [110,111]. 

4.3. Targeting the molecules over-expressed on DCs or LNs 

Ligands that specifically bind the cells that can migrate to, or already 
reside within LNs, have been widely designed and employed for LN- 
targeting. This can be considered as an “active targeting” route [1], as 
distinguished from the “passive targeting” pathway which relies on 
passive cellular uptake. Active targeting has been widely explored in 
nanomedicine design, by employing surface ligands (e.g., cRGDyk pep
tide) to target the receptors overexpressed on cells (e.g., αvβ3 receptor in 
MDA-MB 435 cells) [112]. Targets that can be employed for 
DC-targeting include CD11c [113], MR/CD206 receptor on DCs that can 
bind mannose [114], and DEC-205 receptor which is used by DCs for 
antigen processing [115] (Fig. 3). Nanovaccines will be delivered to LNs 
by virtue of the homing capability of DCs towards LNs. Targeting 
different receptors is able to interfere specific steps in immunogenicity 
and finally induce varied immunity at varied intensity. For instance, 
mannose receptor has been reported to trigger meta-inflammation apart 
from its well-known role in facilitating the internalization of antigens 
[116], and therefore NP modification with mannose may also lead to 
inflammation modulation. 

Given the highly specific recognition and motivated by the devel
opment of antibody drugs [117], antigens were widely modified with 
antibodies against receptors on DCs. A clinical trial (NCT03358719) is 
testing the safety and efficacy of anti-DEC-205-NY-ESO-1 fusion protein 
(NY-ESO-1 is a cancer-testis antigen expressed in multiple cancer types) 
in combination with poly-ICLC, decitabine and nivolumab. Preclinically, 
a nanovaccine modified with anti-CD40 antibody was transdermally 
administrated via a microneedle, and promoted accumulation in TDLNs 
was observed [118]. Probably due to the high cost and technical 
complexity of antibody conjugation, modification with other synthetic 
ligands or short peptides is explored increasingly. Relevant preclinical 
studies are in larger number. A recent example is a porcine circovirus 
type 2 Cap protein fused with a DC-binding peptide, which has been 
demonstrated to induce stronger Cap-specific antibody production 
compared with the Cap protein without DC-binding peptide [119]. 
Similarly, using an antigen peptide that can target the scavenger re
ceptor class B1 (SR-B1), which were modestly expressed on the intra
lymphatic DCs, the LN-targeting of ultra-small nanovaccines was 
enhanced [120]. 

In comparison with antibodies and peptides, small-molecule-based 
synthetic ligands are more stable, characterizable and can avoid 
protein-induced immune side effects. Hubbell et al. reported an antigen- 
polymer platform with DC-targeting capability, where the polymer was 
composed of mannose and adjuvant monomers [121]. Presence of 
mannose led to improved antigen delivery to multiple DC subsets and 
finally increased antigen localization to the draining LNs after intra
dermal injection. It was also shown that OVA conjugated to the polymer 
enhanced the humoral and cellular immunity compared with the OVA 
conjugated to polymers lacking either mannose or the adjuvant [121]. 
Many mannose-conjugated nanoformulations are currently available, 
for delivering therapeutic agents [122–124], detecting sentinel LNs 
[125–127], etc. 

Another active targeting strategy is targeting the molecules in LNs. 
This is different from the DC-targeting method since it does not rely on 
the migration of DCs but leads vaccines directly to LNs. An example was 
reported by Abdi et al. who realized efficient targeting of TDLNs by 
targeting the peripheral node addressin (PNAd), a family of glycopro
teins on high endothelial venules (HEVs) [128]. By developing a 
monoclonal antibody against the PNAd and conjugating paclitaxel to it, 
the obtained antibody-drug conjugate showed an accumulation in 
TDLNs higher than all other major organs after intravenously injected 
into tumor-bearing mice. HEV-containing primary and metastatic tu
mors were also targeted by the antibody-drug conjugate, leading to 
reduced tumor size and metastatic number [128]. 

5. DC-based delivery to LNs 

An important class of immunotherapy is DC vaccines, which infuse 
antigen-stimulated autologous DCs back into patients to activate anti
tumor immune responses [129]. The use of autologous cells inhibits 
immune side effects and increases the survival rate of DCs after infusion, 
and ex vivo stimulation with patient-derived antigens realizes person
alized therapy [130]. Ex vivo stimulation is vital for DCs to acquire the 
migratory capacity and the ability to induce antigen-specific T cells 
[131,132]. By virtue of the intrinsic migrating capability, the infused 
DCs are able to self-deliver into LNs and prime immunity. One DC 
vaccine therapy, the Sipuleusel-T, has been approved by FDA in 2010 to 
treat castrate-resistant prostate adenocarcinoma, in which autologous 
DCs loaded with engineered fusion protein (which combines prostate 
antigen with GM-CSF) are intravenously administrated [133]. Greater 
efforts have since then been put in this field. 

Despite the extensive exploration and the FDA approval of 
Sipuleusel-T, DC vaccines are often less effective compared with the 
efficacy they theoretically have. Ex vivo manufacturing procedures may 
change the phenotype and function of the original DCs, leading to dif
ficulty in maintaining intact immunogenic capacity [129]. Several other 
limitations exist, including the technical complexity of the whole pro
cedures, the difficulty in screening suitable biomarkers, the low viability 
of engineered DCs after administration [134], as well as the relatively 
low cell percentage that can finally arrive LNs [135]. For example, de 
Varies et al. found via scintigraphic imaging and immunohistochemistry 
that maximally 4 % of intradermally injected DCs reached the draining 
LNs, and large number of DCs stayed at the injection site and lost 
viability irrespective of administration route (intradermal or intranodal) 
[135]. Interestingly, intradermal administration of DC vaccines was 
found to have superior antitumor T cell induction compared with 
intranodal vaccination in HLA-A2.1+ melanoma patients. DC migration 
into adjacent LNs after intranodal administration was significant but 
highly variable, that about 30 % patients had a complete absence of 
migration [136]. Strategies have been developed to address these hin
drances, including the use of a combination of cytokines and proteins to 
improve DC maturation during ex vivo culture (the maturation cocktails) 
[137], and notably, the modulation of migrating capability to enhance 
LN-targeting. 

The expression of C–C chemokine receptor type 7 (CCR7) on DCs is 
essential for their directional migration to the draining LNs. DCs swarm 
into the T cell zones in LNs via the interaction of CCR7 and its ligands, 
chemokine C–C motif ligand 19 (CCL19) and CCL21 [138]. Upregulating 
the expression of CCR7 has been exploited as an effective route to 
improve LN-targeting. A micellar nanovaccine containing 
CCR7-encoding plasmid DNA has been reported to exhibit promoted DC 
migration to LNs and induce strong antitumor immunity [139]. The 
migration of regulatory macrophages to the T cell zones of LNs after 
intranodal injection was also improved via the retroviral 
over-expression of CCR7 [140]. Meanwhile, the specific engagement of 
CCR7 and CCL19/21 suggests that it is possible to guide the migration of 
DCs by modulating ligand expression. This was supported by a study 
where intrapulmonary treatment with CCL21 gene-modified DCs led to 
increased intratumoral infiltration of CD11c+DEC205+ DCs in murine 
bronchoalveolar cell carcinoma [141]. This success has led to a clinical 
study testing CCL21 gene-modified DCs intratumorally administrated 
into patients with non-small cell lung carcinoma, in which systemic 
antitumor immunity and enhanced CD8+ T cell infiltration were 
observed [142]. Apart from these methods, it was shown that migratory 
capability of DCs could be improved during radiation treatment. 
Combining radiation with exogenous adjuvant increased the number of 
migrating DCs in poorly radioimmunogenic tumors [143]. 

DCs can also serve as carriers to deliver the NPs that are designed for 
LN-targeting but turn out to be less efficient. Ex vivo co-incubation with 
NPs leads to improved cellular uptake efficiency by DCs compared with 
direct administration of NPs which may be internalized by local cells; 
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the loaded NPs can modulate the immunogenicity of DCs or provide 
concomitant imaging signals [144]. For example, antigen-loaded 
upconversion NPs were used to label and stimulate DCs, realizing DC 
maturation before administration and in vivo DC tracking after admin
istration [145]. OVA-conjugated Bi2S3 NPs were used to stimulate DCs 
and monitor their in vivo spatiotemporal fate via computed tomography 
(CT) imaging (Fig. 5a–c) [144]. Bi2S3 NPs with X-ray attenuation 
capability served as the CT contrast agent. The NP-loading DCs rapidly 
and durably accumulated in draining LNs and triggered greater T-cell 
responses than OVA-stimulated DCs. Iron oxide NP-loaded DCs was 
shown useful for early prediction of antitumor responses via magnetic 
resonance imaging, in which the volume of draining LNs 48 h after 

intradermal administration was identified as a criterion of the respon
siveness to the therapy (Fig. 5d) [146]. MRI signal intensity in LNs was 
found negatively correlated with survival time in murine tumor models. 

6. Creating LN-like structures 

6.1. Biomaterial-based niches 

Implanting biomaterial scaffolds with chemokine gradients can 
attract immune cells including DCs to create artificial immune niches. A 
rationale for this strategy is that the autologous LNs are often bathed 
with tumor-associated antigens and become immunosuppressive [19, 

Fig. 5. LN-targeting via co-incubation with DCs. (a) Illustration of the preparation of Bi2S3@OVA NP-loaded DC vaccines. Monitored accumulation of (i) Bi2S3@OVA 
NPs and DC-carried Bi2S3@OVA NPs in draining LNs via (b) CT and (c) fluorescence imaging after s.c. injection. Reproduced with permission [144]. Copyright 2022, 
Wiley. (d) Illustration of the preparation of magnetic nanovaccines for predicting treatment responses based on the MRI signal intensity in LNs. Reproduced with 
permission [146]. Copyright 2019, American Chemical Society. 
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147], and during cancer treatment the LNs may be resected to ensure a 
good prognosis [148]. Creating artificial niches with a desired combi
nation of antigens, cytokines, chemokines and other immunostimulators 
can guide and enhance the immune activation. Meanwhile, the viability 
and proliferation of administrated cells can be improved under the 
protection of scaffolds [149]. Choosing suitable cytokines has been 
demonstrated highly important. For example, it was shown that GM-CSF 
loaded in macroporous poly(lactide-co-glycolide) matrix was more 
chemotactic compared with the Fms-related tyrosine kinase 3 ligand 
(Flt3L) and C–C motif ligand 20 (CCL20) in the same matrix [150]. 
GM-CSF significantly improved the expression of MHC(II) and CD86 on 
conventional DCs, while Flt3L led to greater number of plasmacytoid 
DCs, suggesting the possibility to modulate specific DC subsets using the 
chosen cytokine. 

From the perspective of material science, implantable or injectable 
biomaterials with high biocompatibility are desired, and considerable 
porosity is needed for the recruited cells to reside and expand [151]. 
Uploading with cytokines and chemokines facilitates the recruitment of 
DCs, and the presence of antigens and adjuvants stimulates the DCs to 
mature, expand and migrate (Fig. 6a). Surface chemistry of the scaffold 
has a great impact on tissue compatibility, as modification with PEG 
helped to reduce inflammation [152], and surface coating with collagen 
could enhance the residence stromal cells [153]. High porosity will 
allow the entrance of multiple types of cells to facilitate their commu
nication and growth, as demonstrated in the porous hydrogel scaffolds 
where the ‘new tissue’ was even vascularized [153]. A sponge-like 
collagenous scaffold embedding stromal cells was shown to grow into 
a functional organoid after transplanted into the renal subcapsular space 
in mice [154]. The use of collagenous scaffold rather than the segmented 
polyurethane was essential in attracting B cells. Similar to real LNs, the 
formed organoid contained compartmentalized B-cell and T-cell clus
ters, HEV-like vessels, germinal centers and follicular DC networks 
[154]. Strong secondary immune responses (i.e., antibody production) 
were induced and maintained for weeks after immunization (i.e., 

antigen challenge), in both normal and lymphocyte-deficient SCID mice 
[155]. Scaffolds with different textures are currently available, 
including porous polymeric sponges [156,157], nitinol porous films 
which were employed for delivering living cells (Fig. 6a) [149], etc. 
Biodegradable matrices are commonly preferred since surgical removal 
will be avoided. 

Injectable scaffolds are increasingly explored to avoid the invasive 
surgical implantation. For the pre-formed scaffolds, polymeric sponges 
are usually used due to the high deformability. An example was the 
injectable cryogel, made from alginate that were conjugated with RGD 
peptides, as carriers of whole-cell cancer vaccines (Fig. 6b) [159]. The 
large, continuously interconnected macropores significantly lowered 
the overall rigidity and also facilitated the residence of cells. Modifica
tion with RGD peptides enhanced the adhesion of tumor cells through 
binding with integrin, and uploading irradiated tumor cells led to sig
nificant recruitment, infiltration, maturation and trafficking of DCs 
[159]. Another category is the in situ formed scaffolds, which usually 
involves the occurrence of chemical reaction or phase transition from 
liquid precursors to indiffusible scaffolds in the site of administration 
[160]. Particularly, subcutaneously injecting the suspension of meso
porous silica rods with high aspect ratio led to the spontaneously as
sembly of the rods during the outward diffusion of solvent, finally 
generating a 3D porous depot upon the interlaced stacking of rods 
(Fig. 6b) [158]. Immunostimulators including GM-CSF and CpG-ODN 
were loaded into the pores of silica rods and released in vivo in a sus
tained manner, resulting in the recruitment of substantial number of DCs 
to the scaffolds and subsequent homing to LNs. Potent adaptive immune 
responses were induced when antigens were co-loaded [158]. Generally, 
in situ formed scaffolds hold the merit of noninvasiveness during 
administration, but the exact structure formed in vivo may be variable 
and dependent on the injection site and rate, thereby raising concerns 
about the repeatability of treatment efficacy. 

Notably, a unique strategy of constructing LN-like organoids is using 
decellularized LNs (dLNs) as scaffolds (Fig. 7). In a pioneering study 

Fig. 6. Biomaterial scaffold-based immune niches. (a) Representative implantable scaffolds. Porous biomaterial scaffolds with the capability to sustainedly release 
cytokines, antigens and adjuvants, and to provide space for cells to reside, are widely developed for implantation [153,156,157]. Metallic scaffolds can also be 
implanted to deliver living immune cells after suitable surface modification [149]. (b) Representative injectable scaffolds. Microscale rod particles can self-assemble 
into a porous pocket, realizing DC recruitment, maturation, and migration when antigens and suitable cytokines are loaded [158]. Flexible sheeted scaffold absorbing 
apoptotic tumor cells can be injected to provide a full-spectrum tumor-associated antigens for vaccination [159]. The illustration of porous scaffold in left panel of (a) 
was acquired from BioRender.com with a publication license. 
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[161], the architecture of murine LNs was maintained after decellula
rization by the detergent sodium dodecyl sulfate, and the scaffolds did 
not induce significant antigenic responses after implanted into synge
neic or allogeneic mice. When repopulated with splenocytes, the scaf
folds realized in vivo cell delivery after submuscular implantation [161]. 
In a more recent study, LNs were decellularized using organic acids (e.g., 
formic acid and citric acid) [162]. Nuclear acids and cell debris were 
efficiently removed but the extracellular matrix architecture was well 
preserved. BMDCs grew preferentially inside the dLNs, and when stim
ulated with OVA and CpG-ODN, significant DC maturation and secretion 
of cytokines were achieved. Complete rejection of E.G7-OVA tumor was 
realized by implanting the stimulated BMDC-dLNs into the original 
place of the removed inguinal LN [162]. Whether or not the dLNs still 
maintain some immunological functions such as supporting natural 
recellularization after implantation should be an interesting subject to 
study. It has been demonstrated that transplanted LNs could spontane
ously reconnect with the host lymphatic system, restore the lymphatic 
flow and maintain the T- and B-cell populations [163]. Meanwhile, 
successful lymphangiogenesis using dLNs has been realized in lymphe
dema rat models, in which human adipose-derived stem cells (hADSCs) 
were used to recellularize the dLNs [164]. Upon transplanted into rats 
whose inguinal LNs were removed, the recellularized dLNs led to lym
phangiogenesis with high expression of vascular endothelial growth 
factor A and lymphatic vessel endothelial hyaluronan receptor 1, indi
cating a sign of generating new lymph vessels [164]. Therefore, dLNs 
hold the promise to become histologically and functionally substitutes 
for resected or damaged LNs when suitably recellularized. 

6.2. Inducing LN-like organoids in vivo 

The presence of LN-like organoids, which are generally defined as 
TLSs, have been confirmed in many cancer types (Fig. 8a) [28,165]. In a 
“matured” TLS, there are FRCs in periphery, partitioned zones for the 
residence of B cells and T cells, as well as HEVs at vicinity (Fig. 8b). 
Evidences showing the correlation between TLS presence and treatment 
efficacy in cancer patients are accumulating. For example, TLS density in 
tumor has been observed to be positively correlated with the patient 
prognosis in multiple cancer types [28,166], and the induction of anti
tumor immune responses by immune checkpoint antibodies may require 
intratumoral TLSs [167]. A recent study indicated that the presence of 
mature TLSs in solid tumors could predict the efficacy of anti-PD-1 or 
anti-PD-L1 antibody independently of PD-L1 expression [168]. These 
results have motivated great efforts on inducing the intra- or 

peri-tumoral formation of TLSs, by using chemokines, cytokines or 
synthetic scaffolds. It was shown that a 12-chemokine gene expression 
signature could predict the degree of lymphoid infiltration and TLS 
formation [169], suggesting a need of screening suitable tumor models 
for this therapy. Meanwhile, whether or not upregulating the expression 
of the set of chemokine genes could facilitate TLS formation should be 
worthy to explore. 

Since stromal cells in LNs play important roles in architectural sup
port, lymphogenesis and lymphocyte recruitment [170], researchers 
have successfully induced TLS formation via subcutaneous injection of 
stromal cell lines [171]. The TLSs attracted infiltration of host immune 
cells, and their presence enhanced the efficacy of DCcell therapy in a 
MC38 tumor model. An improved cell-based strategy is using cells that 
overexpress lymphorganogenic chemokines. For example, the stromal 
TEL-2 cells, which were transfected with lymphotoxin-α and thereby 
secreted CCL19, CCL21 and CXCL13, were mixed with BMDCs [154]. 
The obtained formulation was useful in inducing the formation of 
lymphocyte-rich cell aggregates after incorporated into collagen 
sponges. To simplify the whole procedure, cell-free methods are under 
extensive exploration, such as replacement of stromal cells using a 
combination of lymphorganogenic chemokines and cytokines. A 
collagen matrix containing lymphotoxin-α1β2 and additional chemo
kines was demonstrated useful in inducing TLSs [172]. Collagen sponge 
scaffolds containing slow-releasing lymphotoxin-α1β2, CCL19, CCL21, 
CXCL12, CXCL13 and soluble RANK ligand were transplanted into the 
renal subcapsular space of mice, and 3 weeks later TLSs were produced 
with segregated B and T cell areas, DCs in T cell areas, follicular DCs and 
fibroblastic reticular cell networks. The induced TLSs were capable of 
initiating a strong antigen-specific secondary immune response [172]. 

Overall, the clinical significance of TLS-induction is still under 
exploration, and whether the abundance of TLS is the reason, or just an 
indication, of an effective antitumor immune response is still ambig
uous. This is because treatment with lymphorganogenic chemokines 
may interfere other immunological pathways, and immunotherapy per 
se can induce TLS formation. It was recently reported that systemic 
delivery of immunostimulatory agonistic CD40 antibody induced the 
formation of TLSs in the brain in murine glioma models, and unex
pectedly, this attenuated the response to immune checkpoint inhibitors 
[173]. Nevertheless, the accumulating evidence on the association be
tween TLS presence and immune responsiveness is attracting continuous 
research efforts, especially considering that the proximity of TLSs and 
tumor tissue make them potential substitutes of TDLNs to overcome the 
possible immune suppression in TDLNs. Due to the attachment or 

Fig. 7. Decellularized LNs as scaffolds. Illustration of the employment of decellularized LNs as scaffolds for delivery of immune cells after recellularization and 
stimulation, and ultimately for improved cancer vaccination. 
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proximity of TLSs to tumors, APCs will acquire abundant 
tumor-associated antigens and present them directly to the T cells within 
TLSs, thereby bypassing the need to migrate to draining LNs (Fig. 8b). 

7. Future perspectives and conclusions 

Most immunotherapies, especially cancer vaccination, exploit the 
central role of LNs in harnessing antigen-specific immune responses. As 
an optimization of common vaccinations which involves interdermal, 
subcutaneous or intramuscular injection of inactivated pathogens, the 
most straightforward strategy to enhance LN-targeting is to tailor the 
physiochemical properties of the injected matters. Particulate vaccines 
with suitable nanoscale diameter have been widely reported to reach 
LNs more easily than the sub-10-nm unmodified free vaccines. The 
reasons include inhibited entrance into blood due to the increased size, 
as well as higher possibility to be captured by migratory DCs due to 
longer residence time at administration site. The optimal size for DC 
internalization (active transport) was reported to be several times larger 
than that for passive intralymphatic drainage, suggesting the possibility 
to employ a specific transport pathway. Future studies may need to 
exclusively explore passive or active transport pathway to obtain a 

clearer view on size effect. Similarly, particle shape, surface chemistry 
and stiffness are all influential, but interplay between them makes it 
difficult to draw a generalized conclusion for all conditions. Compared 
with the abundance of preclinical studies, clinical success of nano
vaccines is relatively limited. The reasons should include the failure to 
demonstrate notable clinical benefit, the lack of standardization for 
preparing nanovaccines (especially for those containing multiple com
ponents), the toxicity of artificial synthetic NPs, the safety concern 
regarding biogenic nanocarriers (e.g., bacterial outer membrane vesicles 
and viral vectors) [174]. Representative examples of nanovaccines in 
clinical trials are listed in Table 3. 

The concept of ex vivo stimulating DCs or T cells followed by infusion 
back into patients has achieved clinical success [175]. Antigen-pulsed 
mature DCs have the capability to migrate to LNs, which can be lever
aged to realize LN-targeting. However, the objective response rates of 
DC vaccines in clinical trials are commonly below 15 % [1,176]. Low 
percentage of cell that can finally reach LNs, and the low cell viability 
after infusion, are among the main reasons. Given that CCR7 is essential 
for DCs to directionally migrate to LNs, cell engineering to improve the 
expression of CCR7 or its ligands is a useful approach to improve 
LN-targeting and has been explored in preclinical studies. For the low 

Fig. 8. TLS structure and therapeutic significance. (a) HE and CD3+CD20 staining results of TLSs in colorectal cancer, lung cancer, sarcoma and clear-cell renal cell 
carcinoma (CCRCC). Reproduced with permission [28]. Copyright 2019, Springer Nature. (b) Illustration of the typical cell composition and the potential therapeutic 
benefits of TLSs. 
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cell viability, one solution may be giving constant stimulation at the 
injection site, which is also helpful in maintaining the mature state. On 
the other hand, strong stimulation may make DCs exhausted. More ef
forts need to be devoted to monitor not only the biodistribution, but also 
the viability and activation status of DC vaccines. 

Biomaterial-based scaffolds are also a solution to the low cell 
viability. Uploading immunostimulators such as GM-CSF will enable 
constant stimulation of DCs, facilitating their survival and proliferation. 
Immunostimulators also help to recruit DCs. Therefore, uploading the 
antigens used for ex vivo DC stimulation into scaffolds will yield an in 
vivo niche for DCs to mature, expand and then migrate to LNs. Porosity 
of scaffolds allows the entrance and growth of stromal cells, which may 
lead to the formation of a vascularized “tissue” with multiple cell types. 
Placing the scaffolds in proximity to tumor, or instead, establishing a 
robust drainage between scaffolds and tumors, should be more helpful to 
develop a tumor-specific immunity; the latter has yet been realized. A 
number of scaffold-based cancer vaccinations have reached clinical tri
als (Table 3). Compared with biomaterial scaffolds, TLSs bearing com
partmentalized B-cell and T-cell clusters are more like LNs in structure 
and function. They are emerging as a potential indicator for predicting 
the potency of immunotherapies such as PD-1/PD-L1 blockade. While 
the therapeutic benefit of inducing TLS formation has been preliminarily 
established, whether or not that was the result of the interference of 
other immune pathways needs more attention, and the robustness of this 
benefit should be confirmed in more cancer types. Meanwhile, the 
development process of TLSs in number and structure during tumor 
progression, as well as the underlying reason why TLSs emerge more 
frequently in some cancer types than others, are interesting to explore. 

Generally, LNs have intrinsic capability to drain substances in the 
draining area, while modern immunotherapy pursues more targeted and 
specific immunostimulation. Advances in bioengineering and material 
science have provided many tools to achieve more effective vaccination 
than early immunologists do, and future efforts on looking into the 
molecule-level dynamics of the immune system, manipulating material- 
bio interactions, and creating advanced organoids will provide more. 

CRediT authorship contribution statement 

Jie Wang: Writing – original draft, Funding acquisition, Conceptu
alization. Zongying Zhang: Writing – original draft. Rongxiang Liang: 

Writing – original draft. Wujun Chen: Writing – original draft. Qian Li: 
Writing – original draft. Jiazhen Xu: Writing – review & editing. 
Hongmei Zhao: Writing – review & editing. Dongming Xing: Writing – 
review & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

No data was used for the research described in the article. 

Acknowledgements 

This work was financially supported by the Natural Science Foun
dation of Shandong Province, China (Grant No. ZR2023QC090). 

References 

[1] A.J. Najibi, D.J. Mooney, Cell and tissue engineering in lymph nodes for cancer 
immunotherapy, Adv. Drug Deliv. Rev. 161–162 (2020) 42–62. 

[2] A. Bogoslowski, P. Kubes, Lymph nodes: the unrecognized barrier against 
pathogens, ACS Infect. Dis. 4 (2018) 1158–1161. 

[3] S.N. Thomas, N.A. Rohner, E.E. Edwards, Implications of lymphatic transport to 
lymph nodes in immunity and immunotherapy, Annu. Rev. Biomed. Eng. 18 
(2016) 207–233. 

[4] T. Ozulumba, A.N. Montalbine, J.E. Ortiz-Cardenas, R.R. Pompano, New tools for 
immunologists: models of lymph node function from cells to tissues, Front. 
Immunol. 14 (2023) 1183286. 

[5] R. Saddawi-Konefka, A. O’Farrell, F. Faraji, L. Clubb, M.M. Allevato, S.M. Jensen, 
B.S. Yung, Z. Wang, V.H. Wu, N.A. Anang, R.A. Msari, S. Schokrpur, I.F. Pietryga, 
A.A. Molinolo, J.P. Mesirov, A.B. Simon, B.A. Fox, J.D. Bui, A. Sharabi, E.E. 
W. Cohen, J.A. Califano, J.S. Gutkind, Lymphatic-preserving treatment 
sequencing with immune checkpoint inhibition unleashes cDC1-dependent 
antitumor immunity in HNSCC, Nat. Commun. 13 (2022) 4298. 

[6] K.M. van Pul, M.F. Fransen, R. van de Ven, T.D. de Gruijl, Immunotherapy goes 
local: the central role of lymph nodes in driving tumor infiltration and efficacy, 
Front. Immunol. 12 (2021) 643291. 

[7] X. Li, X. Wang, A. Ito, Tailoring inorganic nanoadjuvants towards next-generation 
vaccines, Chem. Soc. Rev. 47 (2018) 4954–4980. 

[8] T. Morisaki, T. Hikichi, H. Onishi, T. Morisaki, M. Kubo, T. Hirano, S. Yoshimura, 
K. Kiyotani, Y. Nakamura, Intranodal administration of neoantigen peptide- 

Table 3 
Representative clinical trials of carrier-based nanovaccines and scaffold-based vaccines for cancer treatment.  

Carrier Active components Administration Indication Trial ID and Phase 

Carrier-based nanovaccines 
Small spherical gold NPs Spherical nucleic acid targeting Bcl2L12 i.v. injection Gliosarcoma, recurrent glioblastoma NCT03020017; 

Early Phase 1 
Lipid NPs mRNAs Encoding Human OX40L, IL-23, 

and IL-36γ 
i.t. injection RRSTM or lymphoma NCT03739931; Phase 

1 
Lipid NPs mRNA Encoding Human OX40L i.t. injection RRSTM or lymphoma NCT03323398; 

Phase 1/2 
Lipid NPs Plasmid encoding TUSC2 tumor 

suppressor gene 
i.v. infusion Non-small cell lung cancer NCT05062980; Phase 

1/2 
PLGA NPs NY-ESO-1 antigen and iNKT cell agonist i.v. infusion Advanced solid tumor NCT04751786; Phase 

1 
PEG-PEI-cholesterol lipopolymer IL-12 DNA Plasmid Vector i.p. administration Ovarian/fallopian tube/primary 

peritoneal carcinoma 
NCT01489371; Phase 
1 

Scaffold-based vaccines 
Porous PLGA scaffolds Autologous melanoma cell lysate, GM-CSF 

and CpG 
Implanting into an incision 
in skin 

Melanoma NCT01753089; Phase 
1 

Hydrogel made from poloxamer 
and satiaxane 

RFA, mifamurtide and GM-CSF Injection into the lesion of 
RFA 

Unresectable colorectal liver 
metastases 

NCT04062721; Phase 
1 

Biodiffusion chambers Personalized whole tumor-derived cells 
and antisense ODN 

Implantation Glioblastoma NCT04485949; Phase 
2 

Biodiffusion chambers Insulin-like growth factor receptor-1 
antisense ODN 

Implantation Malignant glioma neoplasms NCT02507583; 
Phase 1 

Biodiffusion chambers Insulin-like growth factor receptor-1 
antisense ODN 

Implantation Malignant glioma neoplasms NCT01550523; 
Phase 1 

RFA: radiofrequency ablation; RRSTM: relapsed/refractory solid tumor malignancies; i.p.: intraperitoneal. 

J. Wang et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S2590-0064(24)00127-3/sref1
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref1
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref2
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref2
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref3
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref3
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref3
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref4
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref4
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref4
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref5
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref5
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref5
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref5
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref5
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref5
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref6
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref6
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref6
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref7
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref7
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref8
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref8


Materials Today Bio 26 (2024) 101068

15

loaded dendritic cell vaccine elicits epitope-specific T cell responses and clinical 
effects in a patient with chemorefractory ovarian cancer with malignant ascites, 
Immunol. Invest. 50 (2021) 562–579. 

[9] A. Ribas, J.S. Weber, B. Chmielowski, B. Comin-Anduix, D. Lu, M. Douek, 
N. Ragavendra, S. Raman, E. Seja, D. Rosario, S. Miles, D.C. Diamond, Z. Qiu, 
M. Obrocea, A. Bot, Intra-lymph node prime-boost vaccination against Melan A 
and tyrosinase for the treatment of metastatic melanoma: results of a phase 1 
clinical trial, Clin. Cancer Res. 17 (2011) 2987–2996. 

[10] U. Sahin, E. Derhovanessian, M. Miller, B.P. Kloke, P. Simon, M. Lower, V. Bukur, 
A.D. Tadmor, U. Luxemburger, B. Schrors, T. Omokoko, M. Vormehr, C. Albrecht, 
A. Paruzynski, A.N. Kuhn, J. Buck, S. Heesch, K.H. Schreeb, F. Muller, I. Ortseifer, 
I. Vogler, E. Godehardt, S. Attig, R. Rae, A. Breitkreuz, C. Tolliver, M. Suchan, 
G. Martic, A. Hohberger, P. Sorn, J. Diekmann, J. Ciesla, O. Waksmann, A. 
K. Bruck, M. Witt, M. Zillgen, A. Rothermel, B. Kasemann, D. Langer, S. Bolte, 
M. Diken, S. Kreiter, R. Nemecek, C. Gebhardt, S. Grabbe, C. Holler, J. Utikal, 
C. Huber, C. Loquai, O. Tureci, Personalized RNA mutanome vaccines mobilize 
poly-specific therapeutic immunity against cancer, Nature 547 (2017) 222–226. 

[11] N.R. Aini, N. Mohd Noor, M.K. Md Daud, S.K. Wise, B. Abdullah, Efficacy and 
safety of intralymphatic immunotherapy in allergic rhinitis: a systematic review 
and meta-analysis, Clin. Transl. Allergy 11 (2021) e12055. 

[12] A. Schudel, D.M. Francis, S.N. Thomas, Material design for lymph node drug 
delivery, Nat. Rev. Mater. 4 (2019) 415–428. 

[13] N. Trac, E.J. Chung, Overcoming physiological barriers by nanoparticles for 
intravenous drug delivery to the lymph nodes, Exp. Biol. Med. 246 (2021) 
2358–2371. 

[14] R. Hokari, A. Tomioka, The role of lymphatics in intestinal inflammation, 
Inflamm. Regen. 41 (2021) 25. 

[15] J. Liu, L. Miao, J. Sui, Y. Hao, G. Huang, Nanoparticle cancer vaccines: design 
considerations and recent advances, Asian J. Pharm. Sci. 15 (2020) 576–590. 

[16] V. Manolova, A. Flace, M. Bauer, K. Schwarz, P. Saudan, M.F. Bachmann, 
Nanoparticles target distinct dendritic cell populations according to their size, 
Eur. J. Immunol. 38 (2008) 1404–1413. 

[17] J. Wang, Q. Li, J. Xue, W. Chen, R. Zhang, D. Xing, Shape matters: 
morphologically biomimetic particles for improved drug delivery, Chem. Eng. J. 
(Amsterdam, Neth.) 410 (2021) 127849. 

[18] S.G. Elci, Y. Jiang, B. Yan, S.T. Kim, K. Saha, D.F. Moyano, G. Yesilbag Tonga, L. 
C. Jackson, V.M. Rotello, R.W. Vachet, Surface charge controls the suborgan 
biodistributions of gold nanoparticles, ACS Nano 10 (2016) 5536–5542. 

[19] S.N. Thomas, E. Vokali, A.W. Lund, J.A. Hubbell, M.A. Swartz, Targeting the 
tumor-draining lymph node with adjuvanted nanoparticles reshapes the anti- 
tumor immune response, Biomaterials 35 (2014) 814–824. 

[20] J. Rotman, B.D. Koster, E.S. Jordanova, A.M. Heeren, T.D. de Gruijl, Unlocking 
the therapeutic potential of primary tumor-draining lymph nodes, Cancer 
Immunol. Immunother. 68 (2019) 1681–1688. 

[21] R. van de Ven, J.J. Lindenberg, D. Oosterhoff, T.D. de Gruijl, Dendritic cell 
plasticity in tumor-conditioned skin: CD14+ cells at the cross-roads of immune 
activation and suppression, Front. Immunol. 4 (2013) 403. 

[22] M. Schluck, J. Weiden, M. Verdoes, C.G. Figdor, Insights in the host response 
towards biomaterial-based scaffolds for cancer therapy, Front. Bioeng. 
Biotechnol. 11 (2023) 1149943. 

[23] L. Munoz-Erazo, J.L. Rhodes, V.C. Marion, R.A. Kemp, Tertiary lymphoid 
structures in cancer - considerations for patient prognosis, Cell. Mol. Immunol. 17 
(2020) 570–575. 

[24] N.B. Pikor, H.W. Cheng, L. Onder, B. Ludewig, Development and immunological 
function of lymph node stromal cells, J. Immunol. 206 (2021) 257–263. 

[25] X. Ke, G.P. Howard, H. Tang, B. Cheng, M.T. Saung, J.L. Santos, H.Q. Mao, 
Physical and chemical profiles of nanoparticles for lymphatic targeting, Adv. 
Drug Deliv. Rev. 151–152 (2019) 72–93. 

[26] G.W. Schmid-Schonbein, Mechanisms causing initial lymphatics to expand and 
compress to promote lymph flow, Arch. Histol. Cytol. 53 (Suppl.) (1990) 
107–114. 

[27] J. Sawada, C.Y. Perrot, L. Chen, A.E. Fournier-Goss, J. Oyer, A. Copik, 
M. Komatsu, High endothelial venules accelerate naive T cell recruitment by 
tumor necrosis factor-mediated R-ras upregulation, Am. J. Pathol. 191 (2021) 
396–414. 

[28] C. Sautes-Fridman, F. Petitprez, J. Calderaro, W.H. Fridman, Tertiary lymphoid 
structures in the era of cancer immunotherapy, Nat. Rev. Cancer 19 (2019) 
307–325. 

[29] M.C. Dieu-Nosjean, N.A. Giraldo, H. Kaplon, C. Germain, W.H. Fridman, 
C. Sautes-Fridman, Tertiary lymphoid structures, drivers of the anti-tumor 
responses in human cancers, Immunol. Rev. 271 (2016) 260–275. 

[30] D. Coppola, M. Nebozhyn, F. Khalil, H. Dai, T. Yeatman, A. Loboda, J.J. Mule, 
Unique ectopic lymph node-like structures present in human primary colorectal 
carcinoma are identified by immune gene array profiling, Am. J. Pathol. 179 
(2011) 37–45. 

[31] A.B. Rodriguez, V.H. Engelhard, Insights into tumor-associated tertiary lymphoid 
structures: novel targets for antitumor immunity and cancer immunotherapy, 
Cancer Immunol. Res. 8 (2020) 1338–1345. 

[32] S. Gholami, L. Janson, D.J. Worhunsky, T.B. Tran, M.H. Squires 3rd, L.X. Jin, 
G. Spolverato, K.I. Votanopoulos, C. Schmidt, S.M. Weber, M. Bloomston, C. 
S. Cho, E.A. Levine, R.C. Fields, T.M. Pawlik, S.K. Maithel, B. Efron, J.A. Norton, 
G.A. Poultsides, Number of lymph nodes removed and survival after gastric 
cancer resection: an analysis from the US gastric cancer collaborative, J. Am. Coll. 
Surg. 221 (2015) 291–299. 

[33] M.I. Koukourakis, A. Giatromanolaki, Tumor draining lymph nodes, immune 
response, and radiotherapy: towards a revisal of therapeutic principles, Biochim. 
Biophys. Acta Rev. Canc 1877 (2022) 188704. 

[34] H.D. Bois, T.A. Heim, A.W. Lund, Tumor-draining lymph nodes: at the crossroads 
of metastasis and immunity, Sci. Immunol. 6 (2021) eabg3551. 

[35] J.L. Hood, R.S. San, S.A. Wickline, Exosomes released by melanoma cells prepare 
sentinel lymph nodes for tumor metastasis, Cancer Res. 71 (2011) 3792–3801. 

[36] M. Jeong, H. Kim, J. Yoon, D.H. Kim, J.H. Park, Coimmunomodulation of tumor 
and tumor-draining lymph nodes during in situ vaccination promotes antitumor 
immunity, JCI Insight 7 (2022) e146608. 

[37] L. Jeanbart, M. Ballester, A. de Titta, P. Corthesy, P. Romero, J.A. Hubbell, M. 
A. Swartz, Enhancing efficacy of anticancer vaccines by targeted delivery to 
tumor-draining lymph nodes, Cancer Immunol. Res. 2 (2014) 436–447. 

[38] G.B. Kim, H.D. Sung, G.H. Nam, W. Kim, S. Kim, D. Kang, E.J. Lee, I.S. Kim, 
Design of PD-1-decorated nanocages targeting tumor-draining lymph node for 
promoting T cell activation, J. Contr. Release 333 (2021) 328–338. 

[39] J.R. Fischer, H.W. Jackson, N. de Souza, Z. Varga, P. Schraml, H. Moch, 
B. Bodenmiller, Multiplex imaging of breast cancer lymph node metastases 
identifies prognostic single-cell populations independent of clinical classifiers, 
Cell Rep. Med 4 (2023) 100977. 

[40] J. Yang, L. Xu, P. Liu, Z. Du, J. Chen, F. Liang, Q. Long, D. Zhang, H. Zeng, Q. Lv, 
Accuracy of sentinel lymph node biopsy in breast cancer: pitfalls in the 
application of single tracers, Cancer Manag. Res. 12 (2020) 3045–3051. 

[41] Z. Wang, H. Xia, B. Chen, Y. Wang, Q. Yin, Y. Yan, Y. Yang, M. Tang, J. Liu, 
R. Zhao, W. Li, Q. Zhang, Y. Wang, pH-amplified CRET nanoparticles for in vivo 
imaging of tumor metastatic lymph nodes, Angew. Chem. Int. Ed. 60 (2021) 
14512–14520. 

[42] X. Shi, K. Gao, S. Xiong, R. Gao, Multifunctional transferrin encapsulated GdF3 
nanoparticles for sentinel lymph node and tumor imaging, Bioconjugate Chem. 
31 (2020) 2576–2584. 

[43] T. Zhao, Y. Cai, Y. Jiang, X. He, Y. Wei, Y. Yu, X. Tian, Vaccine adjuvants: 
mechanisms and platforms, Signal Transduct. Targeted Ther. 8 (2023) 283. 

[44] Z. Liao, J. Huang, P.C. Lo, J.F. Lovell, H. Jin, K. Yang, Self-adjuvanting cancer 
nanovaccines, J. Nanobiotechnol. 20 (2022) 345. 

[45] D.L. Jasinski, H. Li, P. Guo, The effect of size and shape of RNA nanoparticles on 
biodistribution, Mol. Ther. 26 (2018) 784–792. 

[46] N.A. Rohner, S.N. Thomas, Flexible macromolecule versus rigid particle retention 
in the injected skin and accumulation in draining lymph nodes are differentially 
influenced by hydrodynamic size, ACS Biomater. Sci. Eng. 3 (2017) 153–159. 

[47] M.A. Dobrovolskaia, M. Shurin, A.A. Shvedova, Current understanding of 
interactions between nanoparticles and the immune system, Toxicol. Appl. 
Pharmacol. 299 (2016) 78–89. 

[48] X. Xi, L. Zhang, G. Lu, X. Gao, W. Wei, G. Ma, Lymph node-targeting nanovaccine 
through antigen-CpG self-assembly potentiates cytotoxic T cell activation, 
J Immunol. Res 2018 (2018) 3714960. 

[49] S.T. Reddy, A.J. van der Vlies, E. Simeoni, V. Angeli, G.J. Randolph, C.P. O’Neil, 
L.K. Lee, M.A. Swartz, J.A. Hubbell, Exploiting lymphatic transport and 
complement activation in nanoparticle vaccines, Nat. Biotechnol. 25 (2007) 
1159–1164. 

[50] G.P. Howard, G. Verma, X. Ke, W.M. Thayer, T. Hamerly, V.K. Baxter, J.E. Lee, R. 
R. Dinglasan, H.Q. Mao, Critical size limit of biodegradable nanoparticles for 
enhanced lymph node trafficking and paracortex penetration, Nano Res. 12 
(2019) 837–844. 

[51] X. Yu, Y. Dai, Y. Zhao, S. Qi, L. Liu, L. Lu, Q. Luo, Z. Zhang, Melittin-lipid 
nanoparticles target to lymph nodes and elicit a systemic anti-tumor immune 
response, Nat. Commun. 11 (2020) 1110. 

[52] Y. Chu, L. Qian, Y. Ke, X. Feng, X. Chen, F. Liu, L. Yu, L. Zhang, Y. Tao, R. Xu, 
J. Wei, B. Liu, Q. Liu, Lymph node-targeted neoantigen nanovaccines potentiate 
anti-tumor immune responses of post-surgical melanoma, J. Nanobiotechnol. 20 
(2022) 190. 

[53] Y.-N. Zhang, J. Lazarovits, W. Poon, B. Ouyang, L.N.M. Nguyen, B.R. Kingston, W. 
C.W. Chan, Nanoparticle size influences antigen retention and presentation in 
lymph node follicles for humoral immunity, Nano Lett. 19 (2019) 7226–7235. 

[54] J. Liu, H.J. Li, Y.L. Luo, C.F. Xu, X.J. Du, J.Z. Du, J. Wang, Enhanced primary 
tumor penetration facilitates nanoparticle draining into lymph nodes after 
systemic injection for tumor metastasis inhibition, ACS Nano 13 (2019) 
8648–8658. 

[55] A. Hassani Najafabadi, J. Zhang, M.E. Aikins, Z.I. Najaf Abadi, F. Liao, Y. Qin, E. 
B. Okeke, L.M. Scheetz, J. Nam, Y. Xu, D. Adams, P. Lester, T. Hetrick, 
A. Schwendeman, M.S. Wicha, A.E. Chang, Q. Li, J.J. Moon, Cancer 
immunotherapy via targeting cancer stem cells using vaccine nanodiscs, Nano 
Lett. 20 (2020) 7783–7792. 

[56] A. Schudel, A.P. Chapman, M.K. Yau, C.J. Higginson, D.M. Francis, M. 
P. Manspeaker, A.R.C. Avecilla, N.A. Rohner, M.G. Finn, S.N. Thomas, 
Programmable multistage drug delivery to lymph nodes, Nat. Nanotechnol. 15 
(2020) 491–499. 

[57] S. Kang, S. Ahn, J. Lee, J.Y. Kim, M. Choi, V. Gujrati, H. Kim, J. Kim, E.C. Shin, 
S. Jon, Effects of gold nanoparticle-based vaccine size on lymph node delivery 
and cytotoxic T-lymphocyte responses, J. Contr. Release 256 (2017) 56–67. 

[58] X. Li, X. Wang, A. Ito, N.M. Tsuji, A nanoscale metal organic frameworks-based 
vaccine synergises with PD-1 blockade to potentiate anti-tumour immunity, Nat. 
Commun. 11 (2020) 3858. 

[59] N. Doshi, A.S. Zahr, S. Bhaskar, J. Lahann, S. Mitragotri, Red blood cell- 
mimicking synthetic biomaterial particles, Proc. Natl. Acad. Sci. USA 106 (2009) 
21495–21499. 

J. Wang et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S2590-0064(24)00127-3/sref8
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref8
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref8
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref9
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref9
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref9
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref9
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref9
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref10
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref10
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref10
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref10
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref10
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref10
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref10
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref10
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref10
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref11
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref11
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref11
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref12
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref12
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref13
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref13
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref13
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref14
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref14
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref15
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref15
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref16
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref16
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref16
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref17
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref17
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref17
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref18
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref18
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref18
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref19
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref19
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref19
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref20
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref20
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref20
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref21
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref21
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref21
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref22
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref22
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref22
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref23
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref23
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref23
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref24
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref24
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref25
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref25
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref25
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref26
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref26
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref26
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref27
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref27
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref27
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref27
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref28
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref28
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref28
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref29
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref29
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref29
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref30
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref30
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref30
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref30
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref31
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref31
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref31
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref32
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref32
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref32
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref32
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref32
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref32
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref33
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref33
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref33
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref34
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref34
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref35
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref35
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref36
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref36
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref36
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref37
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref37
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref37
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref38
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref38
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref38
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref39
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref39
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref39
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref39
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref40
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref40
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref40
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref41
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref41
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref41
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref41
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref42
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref42
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref42
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref43
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref43
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref44
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref44
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref45
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref45
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref46
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref46
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref46
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref47
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref47
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref47
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref48
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref48
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref48
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref49
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref49
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref49
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref49
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref50
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref50
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref50
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref50
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref53
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref53
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref53
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref54
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref54
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref54
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref54
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref51
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref51
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref51
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref55
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref55
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref55
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref55
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref56
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref56
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref56
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref56
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref56
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref52
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref52
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref52
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref52
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref57
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref57
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref57
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref58
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref58
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref58
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref59
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref59
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref59


Materials Today Bio 26 (2024) 101068

16

[60] W. Wang, P. Wang, X. Tang, A.A. Elzatahry, S. Wang, D. Al-Dahyan, M. Zhao, 
C. Yao, C.T. Hung, X. Zhu, T. Zhao, X. Li, F. Zhang, D. Zhao, Facile synthesis of 
uniform virus-like mesoporous silica nanoparticles for enhanced cellular 
internalization, ACS Cent. Sci. 3 (2017) 839–846. 

[61] J. Wang, J. Zhou, D. Xu, J. Li, D. Deng, Tailoring viruslike mesoporous FeSe2 
hedgehogs for controlled drug delivery and synergistic tumor suppression, ACS 
Appl. Mater. Interfaces 12 (2020) 47197–47207. 

[62] S. Kumar, A.C. Anselmo, A. Banerjee, M. Zakrewsky, S. Mitragotri, Shape and 
size-dependent immune response to antigen-carrying nanoparticles, J. Contr. 
Release 220 (2015) 141–148. 

[63] J.C. Sunshine, K. Perica, J.P. Schneck, J.J. Green, Particle shape dependence of 
CD8+ T cell activation by artificial antigen presenting cells, Biomaterials 35 
(2014) 269–277. 

[64] K. Nambara, K. Niikura, H. Mitomo, T. Ninomiya, C. Takeuchi, J. Wei, Y. Matsuo, 
K. Ijiro, Reverse size dependences of the cellular uptake of triangular and 
spherical gold nanoparticles, Langmuir 32 (2016) 12559–12567. 

[65] K. Niikura, T. Matsunaga, T. Suzuki, S. Kobayashi, H. Yamaguchi, Y. Orba, 
A. Kawaguchi, H. Hasegawa, K. Kajino, T. Ninomiya, K. Ijiro, H. Sawa, Gold 
nanoparticles as a vaccine platform: influence of size and shape on 
immunological responses in vitro and in vivo, ACS Nano 7 (2013) 3926–3938. 

[66] Y. Li, M. Kroger, W.K. Liu, Shape effect in cellular uptake of PEGylated 
nanoparticles: comparison between sphere, rod, cube and disk, Nanoscale 7 
(2015) 16631–16646. 

[67] Y. Li, T. Yue, K. Yang, X. Zhang, Molecular modeling of the relationship between 
nanoparticle shape anisotropy and endocytosis kinetics, Biomaterials 33 (2012) 
4965–4973. 

[68] K.C.L. Black, Y. Wang, H.P. Luehmann, X. Cai, W. Xing, B. Pang, Y. Zhao, C. CS, L. 
V. Wang, Y. Liu, Y. Xia, Radioactive 198Au-doped nanostructures with different 
shapes for in vivo analyses of their biodistribution, tumor uptake, and 
intratumoral distribution, ACS Nano 8 (2014) 4385–4394. 

[69] E.C. Cho, L. Au, Q. Zhang, Y. Xia, The effects of size, shape, and surface functional 
group of gold nanostructures on their adsorption and internalization by cells, 
Small 6 (2010) 517–522. 

[70] C. Huang, Y. Zhang, H. Yuan, H. Gao, S. Zhang, Role of nanoparticle geometry in 
endocytosis: laying down to stand up, Nano Lett. 13 (2013) 4546–4550. 

[71] R. Agarwal, V. Singh, P. Jurney, L. Shi, S.V. Sreenivasan, K. Roy, Mammalian cells 
preferentially internalize hydrogel nanodiscs over nanorods and use shape- 
specific uptake mechanisms, Proc. Natl. Acad. Sci. USA 110 (2013) 17247–17252. 

[72] R. Mammadov, G. Cinar, N. Gunduz, M. Goktas, H. Kayhan, S. Tohumeken, A. 
E. Topal, I. Orujalipoor, T. Delibasi, A. Dana, S. Ide, A.B. Tekinay, M.O. Guler, 
Virus-like nanostructures for tuning immune response, Sci. Rep. 5 (2015) 16728. 

[73] S. Toraskar, P.M. Chaudhary, R. Kikkeri, Nanoparticle shape governs 
immunomodulation of MUC1 antigen to develop anti-cancer vaccine, bioRxiv 
(2021), https://doi.org/10.1101/2021.09.29.460739. 

[74] X. Wang, S. Ihara, X. Li, A. Ito, Y. Sogo, Y. Watanabe, A. Yamazaki, N.M. Tsuji, 
T. Ohno, Rod-scale design strategies for immune-targeted delivery system toward 
cancer immunotherapy, ACS Nano 13 (2019) 7705–7715. 

[75] E. Ben-Akiva, R.A. Meyer, H. Yu, J.T. Smith, D.M. Pardoll, J.J. Green, Biomimetic 
anisotropic polymeric nanoparticles coated with red blood cell membranes for 
enhanced circulation and toxin removal, Sci. Adv. 6 (2020) eaay9035. 

[76] S. Campora, G. Ghersi, Recent developments and applications of smart 
nanoparticles in biomedicine, Nanotechnol. Rev. 11 (2022) 2595–2631. 

[77] P. Decuzzi, S. Lee, B. Bhushan, M. Ferrari, A theoretical model for the 
margination of particles within blood vessels, Ann. Biomed. Eng. 33 (2005) 
179–190. 

[78] J. Tan, S. Shah, A. Thomas, H.D. Ou-Yang, Y. Liu, The influence of size, shape and 
vessel geometry on nanoparticle distribution, Microfluid, Nanofluidics 14 (2013) 
77–87. 

[79] P. Decuzzi, R. Pasqualini, W. Arap, M. Ferrari, Intravascular delivery of 
particulate systems: does geometry really matter? Pharm. Res. (N. Y.) 26 (2009) 
235–243. 

[80] Q. Feng, Y. Liu, J. Huang, K. Chen, J. Huang, K. Xiao, Uptake, distribution, 
clearance, and toxicity of iron oxide nanoparticles with different sizes and 
coatings, Sci. Rep. 8 (2018) 2082. 

[81] J.S. Suk, Q. Xu, N. Kim, J. Hanes, L.M. Ensign, PEGylation as a strategy for 
improving nanoparticle-based drug and gene delivery, Adv. Drug Deliv. Rev. 99 
(2016) 28–51. 

[82] R. Rampado, S. Crotti, P. Caliceti, S. Pucciarelli, M. Agostini, Recent advances in 
understanding the protein corona of nanoparticles and in the formulation of 
"stealthy" nanomaterials, Front. Bioeng. Biotechnol. 8 (2020) 166. 

[83] L.E. Gonzalez-Garcia, M.N. MacGregor, R.M. Visalakshan, A. Lazarian, A. 
A. Cavallaro, S. Morsbach, A. Mierczynska-Vasilev, V. Mailander, K. Landfester, 
K. Vasilev, Nanoparticles surface chemistry influence on protein corona 
composition and inflammatory responses, Nanomaterials 12 (2022) 682. 

[84] R. Kedmi, N. Ben-Arie, D. Peer, The systemic toxicity of positively charged lipid 
nanoparticles and the role of Toll-like receptor 4 in immune activation, 
Biomaterials 31 (2010) 6867–6875. 

[85] Y. Liu, J. Hardie, X. Zhang, V.M. Rotello, Effects of engineered nanoparticles on 
the innate immune system, Semin. Immunol. 34 (2017) 25–32. 

[86] M. An, M. Li, J. Xi, H. Liu, Silica nanoparticle as a lymph node targeting platform 
for vaccine delivery, ACS Appl. Mater. Interfaces 9 (2017) 23466–23475. 

[87] M. Abdallah, O.O. Mullertz, I.K. Styles, A. Morsdorf, J.F. Quinn, M.R. Whittaker, 
N.L. Trevaskis, Lymphatic targeting by albumin-hitchhiking: applications and 
optimisation, J. Contr. Release 327 (2020) 117–128. 

[88] S. Behzadi, V. Serpooshan, W. Tao, M.A. Hamaly, M.Y. Alkawareek, E.C. Dreaden, 
D. Brown, A.M. Alkilany, O.C. Farokhzad, M. Mahmoudi, Cellular uptake of 
nanoparticles: journey inside the cell, Chem. Soc. Rev. 46 (2017) 4218–4244. 

[89] D. Zukancic, E.J.A. Suys, E.H. Pilkington, A. Algarni, H. Al-Wassiti, N.P. Truong, 
The importance of poly(ethylene glycol) and lipid structure in targeted gene 
delivery to lymph nodes by lipid nanoparticles, Pharmaceutics 12 (2020) 1068. 

[90] B.R. Lee, H.K. Ko, J.H. Ryu, K.Y. Ahn, Y.H. Lee, S.J. Oh, J.H. Na, T.W. Kim, 
Y. Byun, I.C. Kwon, K. Kim, J. Lee, Engineered human ferritin nanoparticles for 
direct delivery of tumor antigens to lymph node and cancer immunotherapy, Sci. 
Rep. 6 (2016) 35182. 

[91] J. Chen, Z. Ye, C. Huang, M. Qiu, D. Song, Y. Li, Q. Xu, Lipid nanoparticle- 
mediated lymph node-targeting delivery of mRNA cancer vaccine elicits robust 
CD8+ T cell response, Proc. Natl. Acad. Sci. USA 119 (2022) e2207841119. 

[92] A.C. Anselmo, M. Zhang, S. Kumar, D.R. Vogus, S. Menegatti, M.E. Helgeson, 
S. Mitragotri, Elasticity of nanoparticles influences their blood circulation, 
phagocytosis, endocytosis, and targeting, ACS Nano 9 (2015) 3169–3177. 

[93] N. Pazos-Pe′rez, D. Baranov, S. Irsen, M. Hilgendorff, L.M. Liz-Marza′n, M. Giersig, 
Synthesis of flexible, ultrathin gold nanowires in organic media, Langmuir 24 
(2008) 9855–9860. 

[94] X. Wan, Y. Zhao, Z. Li, L. Li, Emerging polymeric electrospun fibers: from 
structural diversity to application in flexible bioelectronics and tissue 
engineering, Explorations 2 (2022) 20210029. 

[95] S. Qi, X. Wang, K. Chang, W. Shen, G. Yu, J. Du, The bright future of 
nanotechnology in lymphatic system imaging and imaging-guided surgery, 
J. Nanobiotechnol. 20 (2022) 24. 

[96] G.M. Ryan, L.M. Kaminskas, C.J. Porter, Nano-chemotherapeutics: maximising 
lymphatic drug exposure to improve the treatment of lymph-metastatic cancers, 
J. Contr. Release 193 (2014) 241–256. 

[97] M. Li, X. Jin, T. Liu, F. Fan, F. Gao, S. Chai, L. Yang, Nanoparticle elasticity affects 
systemic circulation lifetime by modulating adsorption of apolipoprotein A-I in 
corona formation, Nat. Commun. 13 (2022) 4137. 

[98] S. Abbina, L.E. Takeuchi, P. Anilkumar, K. Yu, J.C. Rogalski, R.A. Shenoi, 
I. Constantinescu, J.N. Kizhakkedathu, Blood circulation of soft nanomaterials is 
governed by dynamic remodeling of protein opsonins at nano-biointerface, Nat. 
Commun. 11 (2020) 3048. 

[99] C. Huang, P.J. Butler, S. Tong, H.S. Muddana, G. Bao, S. Zhang, Substrate stiffness 
regulates cellular uptake of nanoparticles, Nano Lett. 13 (2013) 1611–1615. 

[100] A. Lee, M. Sousa de Almeida, D. Milinkovic, D. Septiadi, P. Taladriz-Blanco, 
C. Loussert-Fonta, S. Balog, A. Bazzoni, B. Rothen-Rutishauser, A. Petri-Fink, 
Substrate stiffness reduces particle uptake by epithelial cells and macrophages in 
a size-dependent manner through mechanoregulation, Nanoscale 14 (2022) 
15141–15155. 

[101] J. Zhao, H. Lu, Y. Yao, S. Ganda, M.H. Stenzel, Length vs. stiffness: which plays a 
dominant role in the cellular uptake of fructose-based rod-like micelles by breast 
cancer cells in 2D and 3D cell culture models? J. Mater. Chem. B 6 (2018) 
4223–4231. 

[102] P. Gurnani, C. Sanchez-Cano, H. Xandri-Monje, J. Zhang, S.H. Ellacott, E.D. 
H. Mansfield, M. Hartlieb, R. Dallmann, S. Perrier, Probing the effect of rigidity on 
the cellular uptake of core-shell nanoparticles: stiffness effects are size dependent, 
Small 18 (2022) e2203070. 

[103] Q. Wei, C. Huang, Y. Zhang, T. Zhao, P. Zhao, P. Butler, S. Zhang, 
Mechanotargeting: mechanics-dependent cellular uptake of nanoparticles, Adv. 
Mater. 30 (2018) e1707464. 

[104] T.J. Moyer, A.C. Zmolek, D.J. Irvine, Beyond antigens and adjuvants: formulating 
future vaccines, J. Clin. Invest. 126 (2016) 799–808. 

[105] H. Liu, K.D. Moynihan, Y. Zheng, G.L. Szeto, A.V. Li, B. Huang, D.S. Van Egeren, 
C. Park, D.J. Irvine, Structure-based programming of lymph-node targeting in 
molecular vaccines, Nature 507 (2014) 519–522. 

[106] G. Zhu, G.M. Lynn, O. Jacobson, K. Chen, Y. Liu, H. Zhang, Y. Ma, F. Zhang, 
R. Tian, Q. Ni, S. Cheng, Z. Wang, N. Lu, B.C. Yung, Z. Wang, L. Lang, X. Fu, 
A. Jin, I.D. Weiss, H. Vishwasrao, G. Niu, H. Shroff, D.M. Klinman, R.A. Seder, 
X. Chen, Albumin/vaccine nanocomplexes that assemble in vivo for combination 
cancer immunotherapy, Nat. Commun. 8 (2017) 1954. 

[107] P. Dash, A.M. Piras, M. Dash, Cell membrane coated nanocarriers - an efficient 
biomimetic platform for targeted therapy, J. Contr. Release 327 (2020) 546–570. 

[108] M. Yang, J. Zhou, L. Lu, D. Deng, J. Huang, Z. Tang, X. Shi, P.C. Lo, J.F. Lovell, 
Y. Zheng, H. Jin, Tumor cell membrane-based vaccines: a potential boost for 
cancer immunotherapy, Explorations (2024), https://doi.org/10.1002/ 
EXP.20230171. 

[109] Y. Cao, J. Long, H. Sun, Y. Miao, Y. Sang, H. Lu, C. Yu, Z. Zhang, L. Wang, J. Yang, 
S. Wang, Dendritic cell-mimicking nanoparticles promote mRNA delivery to 
lymphoid organs, Adv. Sci. 10 (2023) 2302423. 

[110] S. Ghassemi, S. Nunez-Cruz, R.S. O’Connor, J.A. Fraietta, P.R. Patel, J. Scholler, 
D.M. Barrett, S.M. Lundh, M.M. Davis, F. Bedoya, C. Zhang, J. Leferovich, S. 
F. Lacey, B.L. Levine, S.A. Grupp, C.H. June, J.J. Melenhorst, M.C. Milone, 
Reducing ex vivo culture improves the antileukemic activity of chimeric antigen 
receptor (CAR) T cells, Cancer Immunol. Res. 6 (2018) 1100–1109. 

[111] H. Sudarsanam, R. Buhmann, R. Henschler, Influence of culture conditions on ex 
vivo expansion of T lymphocytes and their function for therapy: current insights 
and open questions, Front. Bioeng. Biotechnol. 10 (2022) 886637. 

[112] O. Jacobson, L. Zhu, G. Niu, I.D. Weiss, L.P. Szajek, Y. Ma, X. Sun, Y. Yan, D. 
O. Kiesewetter, S. Liu, X. Chen, MicroPET imaging of integrin αvβ3 expressing 
tumors using 89Zr-RGD peptides, Mol. Imag. Biol. 13 (2011) 1224–1233. 

[113] C.L. van Broekhoven, C.R. Parish, C. Demangel, W.J. Britton, J.G. Altin, Targeting 
dendritic cells with antigen-containing liposomes: a highly effective procedure for 

J. Wang et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S2590-0064(24)00127-3/sref60
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref60
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref60
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref60
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref61
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref61
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref61
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref62
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref62
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref62
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref63
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref63
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref63
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref64
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref64
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref64
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref65
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref65
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref65
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref65
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref66
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref66
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref66
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref67
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref67
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref67
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref68
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref68
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref68
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref68
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref69
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref69
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref69
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref70
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref70
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref71
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref71
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref71
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref72
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref72
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref72
https://doi.org/10.1101/2021.09.29.460739
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref74
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref74
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref74
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref75
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref75
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref75
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref76
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref76
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref77
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref77
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref77
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref78
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref78
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref78
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref79
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref79
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref79
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref80
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref80
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref80
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref81
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref81
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref81
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref82
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref82
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref82
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref83
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref83
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref83
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref83
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref84
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref84
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref84
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref85
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref85
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref86
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref86
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref87
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref87
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref87
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref88
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref88
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref88
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref90
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref90
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref90
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref91
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref91
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref91
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref91
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref89
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref89
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref89
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref92
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref92
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref92
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref93
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref93
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref93
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref94
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref94
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref94
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref95
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref95
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref95
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref96
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref96
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref96
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref97
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref97
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref97
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref98
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref98
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref98
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref98
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref99
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref99
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref100
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref100
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref100
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref100
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref100
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref101
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref101
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref101
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref101
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref102
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref102
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref102
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref102
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref103
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref103
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref103
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref104
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref104
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref105
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref105
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref105
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref106
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref106
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref106
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref106
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref106
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref107
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref107
https://doi.org/10.1002/EXP.20230171
https://doi.org/10.1002/EXP.20230171
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref109
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref109
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref109
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref110
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref110
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref110
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref110
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref110
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref111
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref111
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref111
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref112
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref112
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref112
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref113
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref113


Materials Today Bio 26 (2024) 101068

17

induction of antitumor immunity and for tumor immunotherapy, Cancer Res. 64 
(2004) 4357–4365. 

[114] J. Conniot, A. Scomparin, C. Peres, E. Yeini, S. Pozzi, A.I. Matos, R. Kleiner, L.I. 
F. Moura, E. Zupancic, A.S. Viana, H. Doron, P.M.P. Gois, N. Erez, S. Jung, 
R. Satchi-Fainaro, H.F. Florindo, Immunization with mannosylated nanovaccines 
and inhibition of the immune-suppressing microenvironment sensitizes 
melanoma to immune checkpoint modulators, Nat. Nanotechnol. 14 (2019) 
891–901. 

[115] W. Jiang, W.J. Swiggard, C. Heufler, M. Peng, A. Mirza, R.M. Steinman, M. 
C. Nussenzweig, The receptor DEC-205 expressed by dendritic cells and thymic 
epithelial cells is involved in antigen processing, Nature 375 (1995) 151–155. 

[116] H.J.P. van der Zande, D. Nitsche, L. Schlautmann, B. Guigas, S. Burgdorf, The 
mannose receptor: from endocytic receptor and biomarker to regulator of (Meta) 
Inflammation, Front. Immunol. 12 (2021) 765034. 

[117] X. Liu, J. Deng, Y. Yuan, W. Chen, W. Sun, Y. Wang, H. Huang, B. Liang, T. Ming, 
J. Wen, B. Huang, D. Xing, Advances in Trop2-targeted therapy: novel agents and 
opportunities beyond breast cancer, Pharmacol. Ther. 239 (2022) 108296. 

[118] Z. Zhou, J. Pang, X. Wu, W. Wu, X. Chen, M. Kong, Reverse immune suppressive 
microenvironment in tumor draining lymph nodes to enhance anti-PD1 
immunotherapy via nanovaccine complexed microneedle, Nano Res. 13 (2020) 
1509–1518. 

[119] Y. Lu, Z.H. Liu, Y.X. Li, H.L. Xu, W.H. Fang, F. He, Targeted delivery of 
nanovaccine to dendritic cells via DC-binding peptides induces potent antiviral 
immunity in vivo, Int. J. Nanomed. 17 (2022) 1593–1608. 

[120] Y. Qian, H. Jin, S. Qiao, Y. Dai, C. Huang, L. Lu, Q. Luo, Z. Zhang, Targeting 
dendritic cells in lymph node with an antigen peptide-based nanovaccine for 
cancer immunotherapy, Biomaterials 98 (2016) 171–183. 

[121] D.S. Wilson, S. Hirosue, M.M. Raczy, L. Bonilla-Ramirez, L. Jeanbart, R. Wang, 
M. Kwissa, J.F. Franetich, M.A.S. Broggi, G. Diaceri, X. Quaglia-Thermes, 
D. Mazier, M.A. Swartz, J.A. Hubbell, Antigens reversibly conjugated to a 
polymeric glyco-adjuvant induce protective humoral and cellular immunity, Nat. 
Mater. 18 (2019) 175–185. 

[122] D. Zhu, C. Hu, F. Fan, Y. Qin, C. Huang, Z. Zhang, L. Lu, H. Wang, H. Sun, X. Leng, 
C. Wang, D. Kong, L. Zhang, Co-delivery of antigen and dual agonists by 
programmed mannose-targeted cationic lipid-hybrid polymersomes for enhanced 
vaccination, Biomaterials 206 (2019) 25–40. 

[123] B.J. Read, L. Won, J.C. Kraft, I. Sappington, A. Aung, S. Wu, J. Bals, C. Chen, K. 
K. Lee, D. Lingwood, N.P. King, D.J. Irvine, Mannose-binding lectin and 
complement mediate follicular localization and enhanced immunogenicity of 
diverse protein nanoparticle immunogens, Cell Rep. 38 (2022) 110217. 

[124] Y. Nie, L. Shi, Y. Zhang, Y. Guo, H. Gu, Mannose and hyaluronic acid dual- 
modified iron oxide enhances neoantigen-based peptide vaccine therapy by 
polarizing tumor-associated macrophages, Cancers 14 (2022) 5107. 

[125] M. Jiratova, A. Galisova, M. Rabyk, E. Sticova, H. M, D. Jirak, Mannan-based 
nanodiagnostic agents for targeting sentinel lymph nodes and tumors, Molecules 
26 (2021) 146. 

[126] O.J. Estudiante-Mariquez, A. Rodriguez-Galvan, D. Ramirez-Hernandez, F. 
F. Contreras-Torres, L.A. Medina, Technetium-radiolabeled mannose- 
functionalized gold nanoparticles as nanoprobes for sentinel lymph node 
detection, Molecules 25 (2020) 1982. 

[127] K. Kvakova, M. Ondra, J. Schimer, M. Petrik, Z. Novy, H. Raabova, M. Hajduch, 
P. Cigler, Visualization of sentinel lymph nodes with mannosylated fluorescent 
nanodiamonds, Adv. Funct. Mater. 32 (2022) 2109960. 

[128] L. Jiang, S. Jung, J. Zhao, V. Kasinath, T. Ichimura, J. Joseph, P. Fiorina, A.S. Liss, 
K. Shah, N. Annabi, N. Joshi, T.O. Akama, J.S. Bromberg, M. Kobayashi, 
K. Uchimura, R. Abdi, Simultaneous targeting of primary tumor, draining lymph 
node, and distant metastases through high endothelial venule-targeted delivery, 
Nano Today 36 (2021) 101045. 

[129] C.R. Perez, M. De Palma, Engineering dendritic cell vaccines to improve cancer 
immunotherapy, Nat. Commun. 10 (2019) 5408. 

[130] R.A. Belderbos, J. Aerts, H. Vroman, Enhancing dendritic cell therapy in solid 
tumors with immunomodulating conventional treatment, Mol. Ther. Oncolytics 
13 (2019) 67–81. 

[131] I.J.M. de Vries, D.J.E.B. Krooshoop, N.M. Scharenborg, W.J. Lesterhuis, J.H. 
S. Diepstra, G.N.P. van Muijen, S.P. Strijk, T.J. Ruers, O.C. Boerman, W.J.G. Oyen, 
G.J. Adema, C.J.A. Punt, C.G. Figdor, Effective migration of antigen-pulsed 
dendritic cells to lymph nodes in melanoma patients is determined by their 
maturation state, Cancer Res. 63 (2003) 12–17. 

[132] M.V. Dhodapkar, R.M. Steinman, J. krasovsky, C. Munz, N. Bhardwaj, Antigen- 
specific inhibition of effector T cell function in humans after injection of 
immature dendritic cells, J. Exp. Med. 193 (2001) 233–238. 

[133] S.I.M. Sutherland, X. Ju, L.G. Horvath, G.J. Clark, Moving on from sipuleucel-T: 
new dendritic cell vaccine strategies for prostate cancer, Front. Immunol. 12 
(2021) 641307. 

[134] A. Daenthanasanmak, G. Salguero, B.S. Sundarasetty, C. Waskow, K.N. Cosgun, C. 
A. Guzman, P. Riese, L. Gerasch, A. Schneider, A. Ingendoh, M. Messerle, 
I. Gabaev, B. Woelk, E. Ruggiero, M. Schmidt, C. von Kalle, C. Figueiredo, B. Eiz- 
Vesper, C. von Kaisenberg, A. Ganser, R. Stripecke, Engineered dendritic cells 
from cord blood and adult blood accelerate effector T cell immune reconstitution 
against HCMV, Mol. Ther. Methods Clin. Dev. 1 (2015) 14060. 

[135] P. Verdijk, E.H. Aarntzen, W.J. Lesterhuis, A.C. Boullart, E. Kok, M.M. van 
Rossum, S. Strijk, F. Eijckeler, J.J. Bonenkamp, J.F. Jacobs, W. Blokx, J. 
H. Vankrieken, I. Joosten, O.C. Boerman, W.J. Oyen, G. Adema, C.J. Punt, C. 
G. Figdor, I.J. de Vries, Limited amounts of dendritic cells migrate into the T-cell 
area of lymph nodes but have high immune activating potential in melanoma 
patients, Clin. Cancer Res. 15 (2009) 2531–2540. 

[136] W.J. Lesterhuis, I.J. de Vries, G. Schreibelt, A.J. Lambeck, E.H. Aarntzen, J. 
F. Jacobs, N.M. Scharenborg, M.W. van de Rakt, A.J. de Boer, S. Croockewit, M. 
M. van Rossum, R. Mus, W.J. Oyen, O.C. Boerman, S. Lucas, G.J. Adema, C. 
J. Punt, C.G. Figdor, Route of administration modulates the induction of dendritic 
cell vaccine-induced antigen-specific T cells in advanced melanoma patients, Clin. 
Cancer Res. 17 (2011) 5725–5735. 

[137] S. Wilgenhof, J. Corthals, C. Heirman, N. van Baren, S. Lucas, P. Kvistborg, 
K. Thielemans, B. Neyns, Phase II study of autologous monocyte-derived mRNA 
electroporated dendritic cells (TriMixDC-MEL) plus ipilimumab in patients with 
pretreated advanced melanoma, J. Clin. Oncol. 34 (2016) 1330–1338. 

[138] W. Hong, B. Yang, Q. He, J. Wang, Q. Weng, New insights of CCR7 signaling in 
dendritic cell migration and inflammatory diseases, Front. Pharmacol. 13 (2022) 
841687. 

[139] X. Yang, K. Lian, T. Meng, X. Liu, J. Miao, Y. Tan, H. Yuan, F. Hu, Immune 
adjuvant targeting micelles allow efficient dendritic cell migration to lymph 
nodes for enhanced cellular immunity, ACS Appl. Mater. Interfaces 10 (2018) 
33532–33544. 

[140] K. Yu, S.I. Hammerschmidt, M. Permanyer, M. Galla, M. Rothe, X. Zheng, 
K. Werth, R. Martens, Y. Lueder, A. Janssen, M. Friedrichsen, G. Bernhardt, 
R. Forster, Targeted delivery of regulatory macrophages to lymph nodes interferes 
with T cell priming by preventing the formation of stable immune synapses, Cell 
Rep. 35 (2021) 109273. 

[141] S.C. Yang, R.K. Batra, S. Hillinger, K.L. Reckamp, R.M. Strieter, S.M. Dubinett, 
S. Sharma, Intrapulmonary administration of CCL21 gene-modified dendritic cells 
reduces tumor burden in spontaneous murine bronchoalveolar cell carcinoma, 
Cancer Res. 66 (2006) 3205–3213. 

[142] J.M. Lee, M.H. Lee, E. Garon, J.W. Goldman, R. Salehi-Rad, F.E. Baratelli, 
D. Schaue, G. Wang, F. Rosen, J. Yanagawa, T.C. Walser, Y. Lin, S.J. Park, 
S. Adams, F.M. Marincola, P.C. Tumeh, F. Abtin, R. Suh, K.L. Reckamp, G. Lee, W. 
D. Wallace, S. Lee, G. Zeng, D.A. Elashoff, S. Sharma, S.M. Dubinett, Phase I trial 
of intratumoral injection of CCL21 gene-modified dendritic cells in lung cancer 
elicits tumor-specific immune responses and CD8+ T-cell infiltration, Clin. Cancer 
Res. 23 (2017) 4556–4568. 

[143] T.C. Blair, S. Bambina, G.F. Kramer, A.K. Dowdell, A.F. Alice, J.R. Baird, A. 
W. Lund, B.D. Piening, M.R. Crittenden, M.J. Gough, Fluorescent tracking 
identifies key migratory dendritic cells in the lymph node after radiotherapy, Life 
Sci. Alliance 5 (2022) e202101337. 

[144] H. Yu, H. Guo, H. Zu, H. Ding, S. Lin, Y. Wang, L.W. Zhang, Y. Wang, Therapeutic 
dendritic cell vaccines engineered with antigen-biomineralized Bi2S3 
nanoparticles for personalized tumor radioimmunotherapy, Aggregate 3 (2022) 
e194. 

[145] J. Xiang, L. Xu, H. Gong, W. Zhu, C. Wang, J. Xu, L. Feng, L. Cheng, R. Peng, 
Z. Liu, Antigen-loaded upconversion nanoparticles for dendritic cell stimulation, 
tracking, and vaccination in dendritic cell-based immunotherapy, ACS Nano 9 
(2015) 6401–6411. 

[146] A.J. Grippin, B. Wummer, T. Wildes, K. Dyson, V. Trivedi, C. Yang, M. Sebastian, 
H.R. Mendez-Gomez, S. Padala, M. Grubb, M. Fillingim, A. Monsalve, E.J. Sayour, 
J. Dobson, D.A. Mitchell, Dendritic cell-activating magnetic nanoparticles enable 
early prediction of antitumor response with magnetic resonance imaging, ACS 
Nano 13 (2019) 13884–13898. 

[147] D. Sakurai, R. Uchida, F. Ihara, N. Kunii, T. Nakagawa, H. Chazono, T. Hanazawa, 
S. Motohashi, Y. Okamoto, Immunosuppressive property of submandibular lymph 
nodes in patients with head and neck tumors: differential distribution of 
regulatory T cells, BMC Res. Notes 11 (2018) 479. 

[148] A. Sukhbaatar, S. Mori, Y. Saiki, T. Takahashi, A. Horii, T. Kodama, Lymph node 
resection induces the activation of tumor cells in the lungs, Cancer Sci. 110 
(2019) 509–518. 

[149] M.E. Coon, S.B. Stephan, V. Gupta, C.P. Kealey, M.T. Stephan, Nitinol thin films 
functionalized with CAR-T cells for the treatment of solid tumours, Nat. Biomed. 
Eng. 4 (2020) 195–206. 

[150] O.A. Ali, P. Tayalia, D. Shvartsman, S. Lewin, D.J. Mooney, Inflammatory 
cytokines presented from polymer matrices differentially generate and activate 
DCs in situ, Adv. Funct. Mater. 23 (2013) 4621–4628. 

[151] J. Wang, Y. Zhang, J. Pi, D. Xing, C. Wang, Localized delivery of 
immunotherapeutics: a rising trend in the field, J. Contr. Release 340 (2021) 
149–167. 

[152] W.A. Li, B.Y. Lu, L. Gu, Y. Choi, J. Kim, D.J. Mooney, The effect of surface 
modification of mesoporous silica micro-rod scaffold on immune cell activation 
and infiltration, Biomaterials 83 (2016) 249–256. 

[153] R.A. Carpenter, J.G. Kwak, S.R. Peyton, J. Lee, Implantable pre-metastatic niches 
for the study of the microenvironmental regulation of disseminated human 
tumour cells, Nat. Biomed. Eng. 2 (2018) 915–929. 

[154] S. Suematsu, T. Watanabe, Generation of a synthetic lymphoid tissue-like 
organoid in mice, Nat. Biotechnol. 22 (2004) 1539–1545. 

[155] N. Okamoto, R. Chihara, C. Shimizu, S. Nishimoto, T. Watanabe, Artificial lymph 
nodes induce potent secondary immune responses in naive and immunodeficient 
mice, J. Clin. Invest. 117 (2007) 997–1007. 

[156] O.A. Ali, N. Huebsch, L. Cao, G. Dranoff, D.J. Mooney, Infection-mimicking 
materials to program dendritic cells in situ, Nat. Mater. 8 (2009) 151–158. 

[157] R. Chen, H. Ma, L. Zhang, J.D. Bryers, Precision-porous templated scaffolds of 
varying pore size drive dendritic cell activation, Biotechnol. Bioeng. 115 (2018) 
1086–1095. 

[158] J. Kim, W.A. Li, Y. Choi, S.A. Lewin, C.S. Verbeke, G. Dranoff, D.J. Mooney, 
Injectable, spontaneously assembling, inorganic scaffolds modulate immune cells 
in vivo and increase vaccine efficacy, Nat. Biotechnol. 33 (2015) 64–72. 

J. Wang et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S2590-0064(24)00127-3/sref113
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref113
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref114
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref114
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref114
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref114
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref114
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref114
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref115
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref115
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref115
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref116
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref116
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref116
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref117
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref117
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref117
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref118
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref118
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref118
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref118
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref119
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref119
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref119
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref120
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref120
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref120
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref121
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref121
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref121
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref121
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref121
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref122
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref122
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref122
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref122
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref123
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref123
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref123
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref123
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref124
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref124
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref124
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref125
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref125
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref125
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref126
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref126
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref126
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref126
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref127
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref127
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref127
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref128
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref128
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref128
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref128
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref128
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref129
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref129
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref130
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref130
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref130
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref131
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref131
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref131
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref131
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref131
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref132
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref132
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref132
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref133
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref133
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref133
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref136
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref136
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref136
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref136
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref136
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref136
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref137
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref137
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref137
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref137
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref137
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref137
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref138
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref138
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref138
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref138
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref138
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref138
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref139
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref139
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref139
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref139
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref140
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref140
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref140
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref141
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref141
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref141
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref141
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref142
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref142
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref142
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref142
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref142
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref143
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref143
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref143
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref143
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref144
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref144
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref144
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref144
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref144
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref144
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref144
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref145
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref145
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref145
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref145
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref134
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref134
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref134
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref134
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref146
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref146
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref146
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref146
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref135
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref135
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref135
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref135
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref135
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref147
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref147
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref147
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref147
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref148
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref148
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref148
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref149
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref149
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref149
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref150
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref150
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref150
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref156
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref156
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref156
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref157
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref157
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref157
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref153
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref153
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref153
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref158
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref158
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref159
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref159
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref159
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref151
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref151
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref152
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref152
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref152
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref154
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref154
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref154


Materials Today Bio 26 (2024) 101068

18

[159] S.A. Bencherif, R. Warren Sands, O.A. Ali, W.A. Li, S.A. Lewin, T.M. Braschler, T. 
Y. Shih, C.S. Verbeke, D. Bhatta, G. Dranoff, D.J. Mooney, Injectable cryogel- 
based whole-cell cancer vaccines, Nat. Commun. 6 (2015) 7556. 

[160] C. Wang, J. Wang, X. Zhang, S. Yu, D. Wen, Q. Hu, Y. Ye, H. Bomba, X. Hu, Z. Liu, 
G. Dotti, Z. Gu, In situ formed reactive oxygen species–responsive scaffold with 
gemcitabine and checkpoint inhibitor for combination therapy, Sci. Transl. Med. 
10 (2018) eaan3682. 

[161] D.A. Cuzzone, N.J. Albano, S.Z. Aschen, S. Ghanta, B.J. Mehrara, Decellularized 
lymph nodes as scaffolds for tissue engineered lymph nodes, Lymphatic Res. Biol. 
13 (2015) 186–194. 

[162] H.J. Lin, W. Wang, Y.Y. Huang, W.T. Liao, T.Y. Lin, S.Y. Lin, D.Z. Liu, 
Decellularized lymph node scaffolding as a carrier for dendritic cells to induce 
anti-tumor immunity, Pharmaceutics 11 (2019) 553. 

[163] S.Z. Aschen, G. Farias-Eisner, D.A. Cuzzone, N.J. Albano, S. Ghanta, E. 
S. Weitman, S. Ortega, B.J. Mehrara, Lymph node transplantation results in 
spontaneous lymphatic reconnection and restoration of lymphatic flow, Plast. 
Reconstr. Surg. 133 (2014) 301–310. 

[164] H.J. Kang, S.Y. Moon, B.K. Kim, Y. Myung, J.H. Lee, J.H. Jeong, Recellularized 
lymph node scaffolds with human adipose-derived stem cells enhance lymph node 
regeneration to improve lymphedema, Sci. Rep. 13 (2023) 5397. 

[165] T.N. Schumacher, D.S. Thommen, Tertiary lymphoid structures in cancer, Science 
375 (2022) eabf9419. 

[166] J. Goc, C. Germain, T.K. Vo-Bourgais, A. Lupo, C. Klein, S. Knockaert, L. de 
Chaisemartin, H. Ouakrim, E. Becht, M. Alifano, P. Validire, R. Remark, S. 
A. Hammond, I. Cremer, D. Damotte, W.H. Fridman, C. Sautes-Fridman, M. 
C. Dieu-Nosjean, Dendritic cells in tumor-associated tertiary lymphoid structures 
signal a Th1 cytotoxic immune contexture and license the positive prognostic 
value of infiltrating CD8+ T cells, Cancer Res. 74 (2014) 705–715. 

[167] E. Allen, A. Jabouille, L.B. Rivera, I. Lodewijckx, R. Missiaen, V. Steri, K. Feyen, 
J. Tawney, D. Hanahan, I.P. Michael, G. Bergers, Combined antiangiogenic and 
anti–PD-L1 therapy stimulates tumor immunity through HEV formation, Sci. 
Transl. Med. 9 (2017) eaak9679. 

[168] L. Vanhersecke, M. Brunet, J.P. Guegan, C. Rey, A. Bougouin, S. Cousin, S. 
L. Moulec, B. Besse, Y. Loriot, M. Larroquette, I. Soubeyran, M. Toulmonde, 
G. Roubaud, S. Pernot, M. Cabart, F. Chomy, C. Lefevre, K. Bourcier, M. Kind, 

I. Giglioli, C. Sautes-Fridman, V. Velasco, F. Courgeon, E. Oflazoglu, A. Savina, 
A. Marabelle, J.C. Soria, C. Bellera, C. Sofeu, A. Bessede, W.H. Fridman, F. 
L. Loarer, A. Italiano, Mature tertiary lymphoid structures predict immune 
checkpoint inhibitor efficacy in solid tumors independently of PD-L1 expression, 
Nat. Can. (Ott.) 2 (2021) 794–802. 

[169] Y. Yagawa, M. Robertson-Tessi, S.L. Zhou, A.R.A. Anderson, J.J. Mule, A. 
W. Mailloux, Systematic screening of chemokines to identify candidates to model 
and create ectopic lymph node structures for cancer immunotherapy, Sci. Rep. 7 
(2017) 15996. 

[170] D. Malhotra, A.L. Fletcher, S.J. Turley, Stromal and hematopoietic cells in 
secondary lymphoid organs: partners in immunity, Immunol. Rev. 251 (2013) 
160–176. 

[171] G. Zhu, S. Nemoto, A.W. Mailloux, P. Perez-Villarroel, R. Nakagawa, R. Falahat, 
A.E. Berglund, J.J. Mule, Induction of tertiary lymphoid structures with antitumor 
function by a lymph node-derived stromal cell line, Front. Immunol. 9 (2018) 
1609. 

[172] Y. Kobayashi, T. Watanabe, Gel-trapped lymphorganogenic chemokines trigger 
artificial tertiary lymphoid organs and mount adaptive immune responses in vivo, 
Front. Immunol. 7 (2016) 316. 

[173] L. van Hooren, A. Vaccaro, M. Ramachandran, K. Vazaios, S. Libard, T. van de 
Walle, M. Georganaki, H. Huang, I. Pietila, J. Lau, M.H. Ulvmar, M.C.I. Karlsson, 
M. Zetterling, S.M. Mangsbo, A.S. Jakola, T. Olsson Bontell, A. Smits, M. Essand, 
A. Dimberg, Agonistic CD40 therapy induces tertiary lymphoid structures but 
impairs responses to checkpoint blockade in glioma, Nat. Commun. 12 (2021) 
4127. 

[174] Y. Wu, Z. Zhang, Y. Wei, Z. Qian, X. Wei, Nanovaccines for cancer 
immunotherapy: current knowledge and future perspectives, Chin. Chem. Lett. 34 
(2023) 108098. 

[175] J. Yu, H. Sun, W. Cao, Y. Song, Z. Jiang, Research progress on dendritic cell 
vaccines in cancer immunotherapy, Exp. Hematol. Oncol. 11 (2022) 3. 

[176] A. Draube, N. Klein-Gonzalez, S. Mattheus, C. Brillant, M. Hellmich, A. Engert, 
M. von Bergwelt-Baildon, Dendritic cell based tumor vaccination in prostate and 
renal cell cancer: a systematic review and meta-analysis, PLoS One 6 (2011) 
e18801. 

J. Wang et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S2590-0064(24)00127-3/sref155
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref155
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref155
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref160
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref160
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref160
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref160
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref161
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref161
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref161
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref162
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref162
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref162
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref163
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref163
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref163
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref163
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref164
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref164
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref164
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref165
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref165
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref166
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref166
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref166
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref166
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref166
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref166
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref167
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref167
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref167
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref167
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref168
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref168
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref168
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref168
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref168
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref168
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref168
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref168
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref169
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref169
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref169
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref169
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref170
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref170
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref170
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref171
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref171
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref171
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref171
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref172
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref172
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref172
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref173
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref173
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref173
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref173
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref173
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref173
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref174
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref174
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref174
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref175
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref175
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref176
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref176
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref176
http://refhub.elsevier.com/S2590-0064(24)00127-3/sref176

	Targeting lymph nodes for enhanced cancer vaccination: From nanotechnology to tissue engineering
	1 Introduction
	2 Lymphatic biology
	2.1 LNs and tertiary lymphoid structures
	2.2 TDLNs and association with cancer immunotherapy

	3 Optimizing physiochemical properties of nanovaccines
	3.1 Effect of particle size
	3.2 Particle shape
	3.3 Effect of surface chemistry
	3.4 Particle stiffness

	4 Bio-modifications for LN-targeting
	4.1 Employing the endogenous intra-lymphatic drainage
	4.2 Cell membrane-coated nanovaccines
	4.3 Targeting the molecules over-expressed on DCs or LNs

	5 DC-based delivery to LNs
	6 Creating LN-like structures
	6.1 Biomaterial-based niches
	6.2 Inducing LN-like organoids in vivo

	7 Future perspectives and conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


