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Abstract As one of the most serious threats to human being, cancer is hard to be treated when metas-

tasis happens. What’s worse, there are few identified targets of metastasis for drug development. There-

fore, it is important to develop strategies to prevent metastasis or treat existed metastasis. This review

focuses on the procedure of metastasis, and first summarizes the targeting delivery strategies, including

primary tumor targeting drug delivery, tumor metastasis targeting drug delivery and hijacking circulation

cells. Then, as a promising treatment, the application of immunotherapy in tumor metastasis treatment is

introduced, and strategies that stimulating immune response are reviewed, including chemotherapy,

photothermal therapy, photodynamic therapy, ferroptosis, sonodynamic therapy, and nanovaccines.

Finally, the challenges and perspective about nanoparticle-enabled tumor metastasis treatment are dis-

cussed.
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1. Introduction

Cancer is one of the most serious threats to human being. In the
past decade, although the 5-year survival of cancer-bearing pa-
tients is increased, patients with metastasis don’t share the same
trend1. The development of various drugs could more effectively
manage the tumor, but little attention is paid on the targets about
metastasis, and there is even overt scepticism in pharmaceutical
industry and academy about the drugging metastasis1. Compared
with primary tumor, tumor metastasis is hard to be surgically
resected or treated by drugs because of their widely distribution,
small size and high heterogeneity2. Therefore, it is urgent to
develop strategies to prevent or treat tumor metastasis.

Tumor metastasis starts when the tumor mass is small. How-
ever, it is not easy for cancer cells to depart from its primary site
and further form a distant metastatic colonization. Multiple factors
will be involved for the migration of cancer cells. First, when a
tumor mass grow up exceed to 1 mm in diameter, the secretion of
proangiogenic and antiangiogenic factors will be out of balance,
which induces vascularization and establishes a complex capillary
network3. Then, the secretion of a series of enzymes, such as
cathepsins and matrix metalloproteinase4e6, promotes the invasion
and migration of cancer cells into surrounding tissues and the
circulatory system. Once cancer cells enter the lymphatic or blood
vessels, they will become circulating tumor cells (CTCs). The
metastatic colonization process is very inefficient, less than 0.01%
of CTCs actually survives and forms macrometastases at sec-
ondary sites after exposing of immune defenses, shear forces, and
oxidative stress of the circulation7,8. Platelets give assistance to
CTCs for survival by building a partial physical barrier9e11.
Furthermore, contacting with macrophages can stimulate extrav-
asation of associated CTCs in lungs, brain or other organs by
releasing kinds of cytokines (e.g., sialyltransferase enzyme)10.
Meanwhile, organs with rich and tortuous capillaries, like liver,
lungs, brain and bone provide the ability for CTCs survival,
contribute to a high rate of tumor metastases formation12. In
addition, tumor exosome integrins also plays an important role in
determine organotropic metastasis (e.g., a6b4 and a6b1 were
associated with lung metastasis)13e15. Then, after CTCs lodging in
the capillary beds of distant organs, they need to extravasate into
the parenchyma, adapt to the new microenvironment and finally
proliferate to become a new micrometastasis16e18.

Based on the whole process, drugs could intervene in any steps
of the procedure to inhibit tumor metastasis2. And they could
directly induce apoptosis of tumor cells in metastasis when the
metastasis forms. However, specific delivery the drugs to their
targets, no matter in primary tumor, blood circulation, or meta-
static site, is a great challenge for researchers. The development of
nanotechnology provides a powerful tool to deliver the drugs to a
specific tissue or cells with high efficiency, which could greatly
improve the therapeutic effect and reduce side effect19,20. What’s
more, the nanoparticles could be designed to deliver several drugs
for combinational therapy, which is a trend in tumor treatment21.
Except directly inducing tumor cell apoptosis, immunotherapy
could employ the immune system to kill tumor cells in blood
circulation or metastatic site. However, the immune response is
tolerated in tumor-bearing patients22. To improve the immuno-
therapy outcome, various nanoparticles are developed to stimulate
the antitumor immune response, which have shown better anti-
tumor effect when combined with immunotherapy23.

This review focuses on the nanoparticle-based strategies for the
management of tumor metastasis. According to the aim of various
nanoparticles, the strategies are divided into cancer targeting drug
delivery and stimulating antitumor immunity response. At the end
of the review, the problems and challenges are also discussed in
tumor metastasis management.
2. Cancer targeting drug delivery

Tumor have specific properties that could be used for targeting
drug delivery, among which, enhanced permeability and retention
(EPR) effect is the most widely used rationale24. Furthermore, the
tumor cells and tumor stroma cells display distinct surface
markers due their quick proliferation and altered metabolism
pathways. Therefore, these markers could serve as targets for
targeting drug delivery. Traditionally, ligands of these markers are
decorated onto the surface of nanoparticles, which could bind with
makers on tumor or stroma cells and trigger internalization,
improving their distribution in tumor cells20,25. According to the
location of the tumor cells, we could divide the strategies into
primary cancer targeting drug delivery and cancer metastasis-
targeting drug delivery (Fig. 1 and Table 126e33).

2.1. Primary cancer targeting drug delivery

Although the review focuses on the treatment of tumor metastasis,
many studies showed successfully prohibiting tumor metastasis by
inhibiting primary cancer growth or inducing cancer cells
apoptosis. For example, our group developed a cationic bovine
serum albumin-protected gold nanocluster (AuNC@CBSA) and
hyaluronic acid (HA) fabricated nanoparticles (AuNC@CB-
SA@HA) for breast cancer targeting drug delivery26,34, owing to
the specific interaction between HA and tumor cell-overexpressed
CD44 receptor35. Compared with AuNC@CBSA, AuNC@CB-
SA@HA showed higher distribution in subcutaneous breast can-
cer. After decorating with nitric oxide (NO) donor, which could
improve tumor blood supply and enhance tumor penetration36, the
tumor accumulation of AuNC@CBSA@HA-NO3 was further
enhanced. Consequently, paclitaxel (PTX) and indocyanine green
(ICG)-loaded nanoparticles could greatly inhibit primary tumor
growth. The tumor inhibition rate was as high as 95.3%. As a
result, 88.4% of lung metastasis was prohibited (Fig. 2). Similarly,
co-administration of iRGD with nanoparticles could further
improve tumor accumulation of nanoparticles, thus resulting in
better antitumor effect37. Additionally, the reduced size could
facilitate the nanoparticles transport from tumor to lymph nodes,
which may treat lymph metastasis. For example, the 100 nm
iCluster could distribute in tumor and reduce the size to 5 nm38.
As a result, the iCluster showed 4.6-fold higher distribution in
lymph nodes than the particles which did not shrink their size.
Consequently, the number of lung metastatic nodules was reduced
from 50 to 5. These studies indicated the effective depleting pri-
mary tumor cells and/or tumor cells in lymph nodes could greatly
inhibit tumor metastasis.

Cancer stem cells (CSCs) are a group of cells with highly self-
renewal potential, which are responding to tumor recurrence and
metastasis39. Reducing CSC-liker property or targeting depletion
of CSC can effectively kill primary tumor and inhibit metastasis.
The Wnt/b-catenin pathway is an important pathway that involved
in the generation and maintenance of CSCs40, which are highly
activated in triple negative breast cancer41. Norcantharidin diacid
form (NCTD) could repress b-catenin pathway to inhibit cancer
cell proliferation42, so Li et al.27 encapsulated NCTD into Arg-



Figure 1 Targeting drug delivery strategies for tumor metastasis treatment.
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Gly-Asp (RGD)-modified lipid-polymer hybrid (LPH) nano-
particle (RGD-LPH-NCTD) due to the binding affinity of RGD to
integrin a5 on breast cancer cells. In cell growth clonogenic assay,
one dose of RGD-LPH-NCTD significantly reduced the clono-
genic number of breast cancer cells, which was much better than
free NCTD and LPH-NCTD that without RGD modification.
According to serum-free culture tumorigenic sphere formation
assay, RGD-LPH-NCTD greatly reduced the number of tumori-
genic suspension spheres, indicating that the RGD-LPH-NCTD
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could reduce the number of CSC in breast cancer cells. As ex-
pected, the treatment considerably reduced expression of active
(non-phospho-b-catenin) and total b-catenin protein in breast
cancers, suggesting the RGD-LPH-NCTD reduced breast cancer
cells CSC-like property through b-catenin pathway. In vivo, the
RGD-LPH-NCTD significantly inhibited primary breast
cancer growth and its lung metastasis. Alternatively, Liu et al.43
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Figure 2 Anti-tumor effect in vivo. (A) Tumor volumes of mice treated with different formulations. (B) Tumors imaged by digital camera. (a)

Control, (b) AuNC@CBSA-PTX-ICG, (c) AuNC@CBSA-PTX-ICG@HA, (d) AuNC@CBSA-PTX-ICG@HA-NO3. The circles represent the

tumors of mice were eliminated. (C) Lung metastasis growth inhibition measured by BLI. Different colors in color scale represents different

luminescence counts. The absences represent the dead mice. (D) The growth of metastasis along the timeline semi-quantified by luminescence

intensity. (1) 5% glucose, (2) PTX, (3) ICG, (4) AuNC@CBSA-PTX@HA-NO3, (5) AuNC@CBSA-ICG@HA-NO3, (6) AuNC@CBSA-PTX-

ICG, (7) AuNC@CBSA-PTX-ICG@HA, (8) AuNC@CBSA-PTX-ICG@HA-NO3. (E) BLI and morphology under the natural light of ex vivo

lungs. P < 0.05, P < 0.01 and P < 0.001 were considered as significant difference (*, ** and ***, respectively). Reproduced with permission

from Ref. 34. Copyright ª 2018, Elsevier Inc.
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HSPI&Fe3O4@SiNPs) to target lung CSC and deplete them by
chemotherapy and photothermal therapy. The particles showed
higher uptake in lung CSCs, and could effectively deplete lung
metastasis by intravenous injection. Yin et al.44 developed RNA
nanoparticles that carried an RNA aptamer for CD133 targeting
and anti-microRNA (miR) for miRNA21 inhibition. The particles
showed higher uptake in breast CSCs because of the interaction
between aptamer and CD133 on the surface of breast CSC, and
several miR21-targeted tumor suppressor genes, such as PTEN
and PDCD, were upregulated to induce more apoptosis. Addi-
tionally, chemotherapy may promote the stemness of tumor cells
through cyclooxygenase-2 (COX-2)-mediated pathway, so co-
delivery chemotherapeutics with COX-2 inhibitor celecoxib
showed good antitumor effect and low metastasis45. These studies
demonstrated that targeting CSC, no matter reducing its CSC-like
property or its number, can be used as an effective strategy for
tumor metastasis inhibition or treatment.
However, the targeting capacity of ligand-decorated nano-
particles is influenced by the protein corona, which is formed as
soon as the particles are introduced into biological fluid46,47. To
overcome the shortages, many biomimetic nanoparticles were
constructed by various cell membranes, whole cells and exo-
somes. There are many reviews that have well overviewed the
development of biomimetic nanoparticles48e51, so we would not
describe them in detail in this review. Overall, biomimetic nano-
particles are effective in delivering various cargoes to tumor,
expanding their antitumor capacity and metastasis inhibition.

The tumor metastasis has several pathways, while some drugs
could not inhibit tumor metastasis, although they could kill pri-
mary tumors. Therefore, combination with different agents is an
attractive direction. Di-2-pyridylketone-4,4-dimethyl-3-
thiosemicarbazone (Dp44mT), a thiosemicarbazone chelator, has
high Fe-binding affinity and membrane permeability, which could
inhibit tumor cell migration52. Ding et al.53 coloaded Dp44mT and



Figure 3 A, Representative fluorescence images of ex vivo heart, lung, spleen, liver, kidney, and bone at 4, 24, and 48 h after intravenous

injection of Au@MSNs-ZOL-FITC. The colored scale represents the fluorescence signal to quantify the amount of Au@MSNs-ZOL-FITC. B, CT

images of tibias from different angles and micrographs of H&E-stained tibias (right) at the end of the treatment period (35 days). Reproduced with

permission from Ref. 29. Copyright ª 2019, American Chemical Society.
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cisplatin into nanoparticles for tumor targeting therapy and
metastasis inhibition. In vitro, the A549 cells without treatment
showed 71% wound closure, demonstrating their high wound
healing ability and metastasis potential. Dp44mT contained
nanoparticles greatly reduced the wound closure to 13%, while
cisplatin treatment did not show any significant influence on
wound healing. As expected, the Dp44mT and cisplatin-coloaded
nanoparticles greatly reduced the expression of hypoxia inducible
factor-1 (HIF1) and vascular endothelial growth factor (VEGF),
which participate the tumor invasion and migration. However,
cisplatin treatment did not influence them. Consequently, the
in vivo lung metastasis after treatment was significantly inhibited.

The tumor microenvironment may promote metastasis, such as
hypoxia and leaky vascular system, making tumor microenviron-
ment modulation a promising strategy in primary tumor treatment
and metastasis inhibition54,55. Hypoxia contributes to tumor
resistance and metastasis, and several treatment strategies, such as
radiotherapy, phototherapy and vascular disrupting agents, could
elevate hypoxia microenvironment56. Temsirolimus is a mamma-
lian target of the rapamycin (mTOR) inhibitor that can inhibit
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HIF1 and VEGF expression57. To attenuate the hypoxia micro-
environment, combretastatin A4 (a vascular disrupting agent)-
loaded PLGA nanoparticles was combined with intraperitoneal
injection of temsirolimus28. In vitro, 4T1 cells treated with tem-
sirolimus significantly reduced the expression of HIF1 as deter-
mined by Western blot. In vivo, although combretastatin A4-
loaded nanoparticles treatment decreased primary tumor growth,
the expression of HIF1a in tumor elevated to 2.3-fold, and the
relative necrotic area increased to 17-fold compared to PBS
treatment. However, after co-treatment with temsirolimus, the
expression of HIF1a significantly reduced. As a result, the lung
metastasis rate reduced from 46% to 18% for nanoparticles
treatment and co-treatment respectively. C�XeC motif chemo-
kine ligand 12 (CXCL12) that secreted by cancer associated fi-
broblasts (CAF) could promote tumor cell migration, survival and
proliferation. Therefore, delivery CXCL12 siRNA to prostate
cancer could effectively reduce the metastasis in many organs,
such as liver, spleen and kidney58. These studies demonstrated that
modulating tumor microenvironment is a promising strategy for
cancer metastasis prevention and treatment.

2.2. Cancer metastasis-targeting drug delivery

Different tissue metastasis has different characteristics. Bone
metastasis did not only reduce patient survival time, but also
greatly decrease the quality of life due to pain and clinical com-
plications59. Bisphosphonates are widely used in bone metastasis
targeting drug delivery and treatment because of their high affinity
with bone mass. Zoledronic acid (ZOL), a nitrogen containing
bisphosphonate, could not only induce tumor cell apoptosis,
reduce vascular endothelial growth factor level, inhibit farnesyl
pyrophosphate synthase which leads to the loos of osteoclast, but
also has strong affinity with bone and could drive nanoparticles to
bone metastasis60. Sun et al.29 conjugated zoledronic acid (ZOL) a
third-generation bisphosphonate, onto mesoporous silica nano-
particles coated gold nanorods (Au@MSNs-ZOL) for breast
cancer bone metastasis targeting and combinational therapy. After
intravenous injection, the fluorescent imaging showed that
Au@MSNs-ZOL could accumulate in the leg region, with in-
tensity higher than unmodified nanoparticles (Au@MSNs,
Fig. 3A). Consequently, after 10 min laser irradiation, the tem-
perature reached 46.3 �C, while the Au@MSNs group only
reached 34.1 �C. Therefore, the Au@MSNs-ZOL could be used
for bone metastasis photothermal therapy. After intraosseous in-
jection of MDA-MB231 breast cancer cells, the tumor grew very
quickly, and could reach over 13,000 mm3 on Day 35. However,
the tumor volume greatly reduced to 21 mm3 if treating the tumor-
bearing mice with Au@MSNs-ZOLþ laser for four times from
Days 4 to 28, suggesting the Au@MSNs-ZOLþ laser could
effectively suppress growth of bone metastasis. What’s more, the
bone pain was also decreased which was determined by the leg
lifting time. According to the CT results (Fig. 3B), the osteolysis
on the surfaces and inside of the tumor-bearing tibias was greatly
attenuated after the treatment with Au@MSNs-ZOLþ laser, which
was similar to the normal bone.

Similarly, alendronate, another commonly used bisphospho-
nate, was anchored onto polyamidoamine (PAMAM) dendrimer
for bone metastasis targeting delivery of docetaxel (DTX@ALN-
PAMAM)61. The DTX@ALN-PAMAM significantly reduced the
size of bone metastasis as determined by micro-CT, and the
number of paw lifting was also considerably reduced. However, as
discussed in section 2.1, the targeting capacity of ligand
modification would be influenced by the protein corona, which
could reduce blood circulation time of nanoparticles62. To mini-
mize the side effect and maximum the targeting capacity, Van-
derburgh et al.30 optimized the density of alendronate on the
surface of nanoparticles. Although 100%-functionalized alendro-
nate showed highest bone affinity, the blood circulation time was
greatly reduced. To balance the bone binding and blood circula-
tion, biodistribution ratio of bone-to-liver was introduced. It
showed that 10% alendronate modification generated highest
biodistribution ratio. Consequently, after loading with small
molecule Gli2 inhibitor, the alendronate-modified nanoparticles
decreased 3-fold of tumor-associated bone lesion area and
increased 2.5-fold of bone volume fraction in the tibiae of the
mice. These studies demonstrated that the nanoparticles decorated
with bisphosphonate could effectively target bone metastasis,
inhibit tumor growth and attenuate the complications. Addition-
ally, the bisphosphonates only improved affinity with bone tissue
rather than tumor cells in bone metastasis. Therefore, folic acid
was anchored onto alendronate-modified PTX-loaded poly(lactic-
co-glycolic acid, PLGA) nanoparticles for dual targeting de-
livery63. In vitro, the nanoparticles, AFTPNs, showed higher 4T1
breast cancer cell uptake than ATPNs, which did not have folic
acid modification. In vivo, the tumor-bearing mice treated with
PTX-loaded AFTPNs displayed lower tumor growth rate and
longer survival time than those of ATPNs. These results indicated
the dual targeting delivery to improve tumor cellular uptake is
beneficial for bone metastasis treatment.

Brain metastasis is hard to be treat due to restriction by blood‒
brain barrier (BBB)64. Traditional chemotherapeutics cannot
distribute into brain tumor and metastasis, resulting in a very short
survival time of patients (about 2.3e7.1 months for breast cancer
brain metastasis)65. Therefore, developing targeting drug delivery
systems is important for brain metastasis management20. To target
the breast cancer brain metastasis, Zhou et al.66 modified gene
delivery nanoparticles with AMD3100, a small molecule antago-
nist of CXCR4 that is overexpressed in breast cancer brain
metastasis67. The AMD3100-modified nanoparticles showed
higher accumulation in brain metastasis than the PEGylated
nanoparticles as determined by in vivo fluorescent imaging. After
encapsulated with artificial gene, proMel, the AMD3100-modified
nanoparticles could effectively deliver the gene to brain metas-
tasis, resulting in the expression of secretory promelittin protein.
The promelittin could be cleaved by tumor overexpressed MMP-2
and release cytolytic melittin to induce tumor cell apoptosis. But
in normal tissue, the promelittin could not be activated due to low
level of MMP-2, enabling good safety of the drug delivery system.
As a result, the luciferase signals from brain metastasis of the
nanoparticles-treated mice were significantly reduced, and the
survival was significantly increased. Over 50% mice were still
alive at Day 60, while all mice of control groups died in 45 days.

Except functionalization nanoparticles with metastasis target-
ing ligand, biomimetic nanoparticles could also be utilized for
metastasis targeting drug delivery due to their specific interaction
with tumor metastasis cells68. Platelet is known to bind with
metastatic tumor cells and circulation tumor cells through inter-
action between P-selectin and CD44 or other receptors69. There-
fore, Ye et al.70 coated PLGA nanoparticles with platelet
membrane (PMNPs) for breast cancer lymphatic metastasis tar-
geting therapy. Due to the highly expressed CD44 on MDA-MB-
231 breast cancer cells, the PMNPs showed higher cellular uptake
than uncoated nanoparticles. In vivo, to mimic the circulation
tumor cells, MDA-MB-231 cells were intravenously injected and



Figure 4 Strategies to stimulate antitumor immunity response for

tumor metastasis treatment.
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the lung micrometastases were calculated. In saline-treated mice,
many lung micrometastases were observed, while treatment with
doxorubicin- and ICG-loaded PLGA nanoparticles only slightly
decreased the number of lung micrometastases. Promisingly,
treatment with drug-loaded PMNPs significantly reduced the
micrometastases number, indicating the platelet membrane
coating could improve the adhesion to circulation tumor cells and
eliminate them, thus reducing the lung metastasis.

In many lethal metastasis cases, there are multiple metastasis
nodules which infiltrated grow with normal cells. Especially at
late stage, these metastasis nodules are hard to be surgically
resected, and chemotherapy or radiotherapy may disrupt normal
cells and harm functions of these organs71. Therefore, targeting
the metastasis with tumor cell specific toxicity is a promising
strategy. To treat liver metastasis, Huo et al.72 developed a
photosensitizer (Ce6)-loaded triphenyl phosphonium (TPP) mes-
oporous silica nanoparticle (MSN) for mitochondria targeting
photodynamic therapy and a nuclear localization sequence (NLS)
decorated W18O49 nanoparticle (WONPs) for nucleus targeting
photothermal therapy. Then the mitochondria-targeting MSNs
[Mito(T)] were conjugated with nucleus-targeting WONPs
[Nuc(T)] through cathepsin B cleavable peptide [Mito(T)-pep-
Nuc(T)]. In hepatocytes, due to the low level of cathepsin B, the
Mito(T)-pep-Nuc(T) would be kept intact, and the laser
irradiation-generated singlet oxygen by Mito(T) could be
consumed by WONPs and changed them into photothermally inert
WO3, thus abolishing their photothermal capacity. Therefore,
Mito(T)-pep-Nuc(T) had good safety in normal hepatocytes. But
in cancer cells of liver metastasis, the overexpressed cathepsin B
could cleave the peptide and release Mito(T) and Nuc(T), which
could then target to mitochondria and nucleus, respectively. Upon
laser irradiation, the singlet oxygen by Mito(T) and photothermal
capacity of Nuc(T) could destroy both organelles, resulting in
apoptosis of tumor cells. This study provided an interesting
strategy that could overcome the unintended toxicity to normal
cells and improve the treatment specificity.

The formation of metastasis depends not only conditions in
primary tumor, but also the microenvironment in the distant or-
gans, called pre-metastasis niche, so it may inhibit tumor metas-
tasis by targeting the pre-metastasis niches and altering their
microenvironment73. Upregulation of S100A4 could form the pre-
metastasis niches and establish a microenvironment that can
promote breast cancer cells seed and proliferation74. Additionally,
it showed the exosome from cancer cells could target the pre-
metastasis niches-enriched lung13. Therefore, Zhao et al.31 con-
jugated S100A4 siRNA with cationic bovine serum albumin
(CBSA) and then coated them with exosome membrane for tar-
geting modulation of pre-metastasis niches in lung. In vitro, the
particles, CBSA/siS100A4@exosome, obviously downregulated
the expression of S100A4 in mouse embryonic lung fibroblast,
which was better than free siRNA and siRNA-loaded lipofect-
amine 2000. Furthermore, the particles could reduce the migration
of breast cancer cells. In vivo, the CBSA/siS100A4@exosome
showed higher accumulation in lung than siRNA-loaded lipo-
somes. Consequently, the index of lung weight of CBSA/siRNA/
exosome treatment was the lowest among all the groups, while the
number of metastatic nodules decreased from about 37 in saline
group to 4, which was much lower than other siRNA groups. The
study demonstrated the exosome coating could effectively target
pre-metastasis niches in lung and modulate the metastasis
microenvironment by downregulating S100A4, representing an
effective strategy for cancer metastasis inhibition.
2.3. Hijacking circulation cells

In the blood, there are several kinds of cells that involved in the
metastasis of cancer. For example, platelet can be activated by
tumor cells through intercellular adhesion molecules, and help
tumor cells disassociate from primary tumor and migrate to distant
organs69. Therefore, the activated platelet shows with targeting
ability to primary tumor, circulating tumor cells and cancer
metastasis. To hijack the activated platelets for cancer metastasis
targeting, Zhang et al.32 modified P-selectin targeting peptide
(PSN) onto a redox-responsive paclitaxel-loaded micelle (PSN-
PEG-SS-PTX4). After activated by adenosine diphosphate, the
whole blood was incubated with BODIPY-labeled PSN micelles,
and significant higher fluorescence was observed compared with
the unmodified micelles, while the fluorescence was greatly
reduced if pre-incubation with free PSN, indicating the PSN
modification indeed improved binding with activated platelet.
After binding with platelet, the PSN micelles showed higher
MDA-MB-231 cell uptake and cytotoxicity than the unmodified
micelles. In vivo, the PSN micelles could target not only primary
breast tumor but also its lung metastasis as determined by both
in vivo fluorescent imaging and confocal microscopy. After three
times treatment with PSN-PEG-SS-PTX4 micelles, there was
almost no tumor signal in lung, which was greatly lower than
PTX-loaded unmodified micelles and free drugs-treated groups.
The study showed that hijacking platelet was a promising strategy
to target and treat both primary tumor and its metastasis with a
single formulation.

Other cells, such as circulating leukocytes, can be actively
recruited in tumor or metastasis, which can be used for targeting
drug delivery. The denatured albumin nanoparticles could be taken
up by activated neutrophils in blood circulation. So, Chu et al.33

loaded pyropheophorbide-a (Ppa), a photosensitizer, into albu-
min nanoparticles, and co-injected them with TA99 antibody. The
TA99 antibody could activate neutrophils and improve internali-
zation of albumin nanoparticles in blood circulation. At 24 h post-
injection, the percentage of nanoparticle-labeled neutrophils in co-
injection group was 6.2%, while the number was only 0.7% in



Figure 5 Immune responses and lung metastasis treatment of PLGA-ICG-R837. (A) IR thermal images of 4T1-tumour-bearing mice injected

with PLGA-ICG-R837, PLGA-ICG or PBS under the 808 nm laser (0.5 W cm�2) irradiation. (B) The tumour temperature changes based on IR

thermal imaging date in a. (CeH) DC maturation induced by PLGA-ICG-R837-based PTT on mice-bearing 4T1 tumours (gated on CD11c þ DC

cells). Cells in the tumour-draining lymph nodes were collected 72 h after various treatments for assessment by flow cytometry after staining with

CD11c, CD80 and CD86. (IeK) Cytokine levels in sera from mice isolated at 24, 72 and 168 h post different treatments (surgery, surgery and s.c.
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nanoparticles only group. Consequently, the distribution of
nanoparticles in tumor was greatly increased. Similarly, in vitro
anchoring nanoparticles onto or into leukocytes could also target
tumor or metastasis site75. However, few studies used the strategy
for in vivo hijacking cells to improve tumor metastasis treatment.

3. Stimulating antitumor immunity response

Cancer immunotherapy has gained great attention in the recent
years, and the 2018 Nobel Prize in Physiology or Medicine was
awarded to researchers in the field of cancer immunotherapy.
Clinically, most immunotherapy agents are immune checkpoint
blockade (ICB) antibodies, which could block the immune
checkpoint interaction between cytotoxic T cells and tumor cells
to recover the antitumor function of cytotoxic T cells76. Although
several ICB antibodies are approved for clinical use, the response
rate is low. A main reason is the immunological tolerance of tu-
mors, such as low immunogenicity, poor antigen presentation ef-
ficiency and low T cell infiltration 77. Except ICB, there are other
metabolic immune surveillance pathways, such as the indoleamine
2,3-dioxygenase (IDO-1) pathway78. The IDO catalyzes the
oxidative catabolism of tryptophan (Trp) to kynurenine (Kyn),
which prevent sufficient T-cell priming and impair CD8þ T cells
survival. Therefore, stimulating antitumor immunity response may
settle the immunological tolerance and improve treatment of
cancer metastasis (Fig. 4).

3.1. Chemotherapy-enhanced immunotherapy

Several chemotherapeutics, such as doxorubicin (DOX) and
oxaliplatin, are demonstrated with ability of inducing immunity
caused death (ICD). ICD could release tumor associated anti-
gens, which could distribute into draining lymph node to stim-
ulate immune response or be captured by macrophages in tumor
for antigen presenting. Therefore, delivery chemotherapeutics to
tumor could stimulate immunity response and treat cancer
metastasis. However, the immunity response is pretty low due to
the immunosuppressive conditions in tumor. So, many re-
searches combined the chemotherapy-induced ICD with ICB to
further boost the immunotherapy. Our group reported a dimer-7-
ethyl-10-hydroxycamptothecin (d-SN38) and dimer-lonidamine
(d-LND)-coloaded bilirubin nanoparticles (SL@BRNPs) to
improve the immunotherapy of PD-L1 antibody79. With the
assistance of iRGD peptide, the SL@BRNPs could actively
distribute primary breast cancer, and induce robust antitumor
effect and immune response. The CD3þCD8þ T cells in
SL@BRNPs/iRGDþanti-PD-L1 group were much higher than
controls, while CD4þFoxp3 cells were greatly reduced. Conse-
quently, the lung metastasis in SL@BRNPs/iRGDþanti-PD-L1
group almost disappeared, indicating an excellent lung metas-
tasis treatment capacity. Similarly, Kuai et al.80 reported a kind
of nanodiscs to deliver DOX into tumor, which could boost the
antitumor immune response and enhance the PD-L1 antibody
treatment outcome. Folinic acid, 5-fluorouracil and oxaliplatin,
injection of PLGA-ICG-R837, i.t. injection of PLGA-ICG-R837 and PTT).

of i.v. injected fLuc-4T1 cancer cells in different groups of mice after the c

Three mice were measured in each group in (AeK). Data are presented as

(***P < 0.001, **P < 0.01 or *P < 0.05). For (IeK), P values were determ

third group (PLGA-ICG-R837þlaser). Reproduced with permission from
is a standard treatment for colorectal cancer patients. Nano-
particles loaded with these three drugs successfully inhibited
liver metastasis of colorectal cancer when combined with anti-
PD-L1 treatment81. These studies indicated chemotherapy
could serve as an effective strategy to boost antitumor immune
response and enhanced ICB treatment outcome.

Combination chemotherapy with IDO pathway inhibitor could
enhance the immunotherapy to prevent or treat cancer metastasis.
Indoximod (IND) is an IDO inhibitor, Lu et al.82 conjugate IND
with lipid to form prodrug, which could be used to prepare lipo-
somes and encapsulate DOX. In vitro, the DOX induced certain
expression of calreticulin (CRT) in 4T1 cells; in vivo, subcu-
taneous injection of dying 4T1 cells caused by DOX incubation
could considerably suppress tumor growth, indicating the DOX
could cause ICD and induce antitumor immune response. The
IND and DOX dual-loaded liposome, DOX/IND-liposome,
showed a blood half-life (t1/2) of 3.3 h, which was significantly
longer than free drugs. In tumor, the percent of injected IND
(dose/g tissue) of DOX/IND-liposome was 9.6%, which was
greatly higher than free IND (0.5%), suggesting the liposomes
could deliver more drugs to tumor. As a result, the DOX/IND-
liposome could suppress the tumor growth, and inhibit lung
metastasis when further combined with PD-L1 antibody.

Combination chemotherapy with immune adjuvant could
stimulate strong antitumor immunotherapy to treat tumor metas-
tasis. CpG ODN is a Toll-like receptor 9 (TLR9) agonist that is
widely used in cancer immunotherapy to improve antitumor im-
mune response. Liu et al.83 developed nanovaccine by self-
assembly of CpG, antigenic peptide and cationic polymeric
nanoparticles, and then they loaded the nanovaccine with nano-
medicine into hydrogel, while the nanomedicine encapsulated
curcumin to induce cancer cell apoptosis. The nanomedicine-
contained hydrogel successfully delayed the growth of primary
tumor, and reduced the lung metastasis. After evaluating the
mechanism, results showed the combination therapy promoted
higher level of infiltration of CD8þ T cells in the tumor and spleen
compared with nanomedicine or nanovaccine. The serum cytokine
level also demonstrated the combination therapy stimulated higher
level of TNF-a and IL-6. The study demonstrated combination
immune adjuvant with chemotherapy could promote stronger
antitumor immune response, which is a promising strategy for
tumor metastasis treatment or prevention.

3.2. Photothermal therapy-enhanced immunotherapy

Photothermal therapy could stimulate antitumor immune response
by producing tumor-related antigens. Similar to chemotherapy, the
tumor related antigens could stimulate immune response. In a
preliminary clinical study, laser irradiation of tumor after indoc-
yanine green (ICG) injection could deplete not only the primary
tumor but the non-treatment lesions84, indicating the generation of
antitumor immune response. Therefore, several photothermal
agents and nanoparticles were developed to combine with
immunotherapy for tumor metastasis treatment.
(L) In vivo bioluminescence images to track the spreading and growth

ancer cells after various treatments to eliminate their primary tumours.

the mean � SEM. P values were calculated by Tukey’s post-hoc test

ined between the second group (Surgery þ PLGA-ICG-R837) and the

Ref. 86. Copyright ª 2016, Nature Springer Inc.
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Although there are several studies showing that the photo-
thermal therapy could inhibit tumor metastasis85, the antitumor
immune response is still restricted by the immunosuppressive
tumor microenvironment. So, combination photothermal therapy
with checkpoint blockade is a promising strategy. Chen et al.86

developed a kind of ICG and imiquimod (R837) dual-loaded
PLGA nanoparticles (PLGA-ICG-R837) to treat tumor metas-
tasis in combination with anti-cytotoxic T-lymphocyte antigen-4
(CTLA4). In vitro, after incubated with PLGA-ICG-R837, the
bone-marrow-derived DCs were maturated in a higher level than
the free R837 treatment. In vivo, after subcutaneous injection of
PLGA-ICG-R837, the percentage of CD11cþCD80þCD86þ-
matured DCs increased to 45%, which was significantly higher
than saline (28%), PLGA-ICG (30%), and free R837 (35%),
indicating the combination of photothermal agent and Toll-like-
receptor-7 agonist could elevate immunity response. After intra-
tumor injection of PLGA-ICG-R837 and laser irradiation, the
temperature of tumor quickly increased to about 60 �C (Fig. 5A
and B), which was high enough to ablate tumor and release tumor-
associated antigens. Three days after photothermal therapy, the
tumor-draining lymph nodes showed 72% maturation of dendritic
cells (DC, Fig. 5CeH), which was significantly higher than
nanoparticles without R837 or other treatment. Additionally, the
pro-inflammatory cytokines, such as IL12p70, IL-6, and TNF-a,
were secreted with higher level than other groups (Fig. 5IeK).
These results indicated the photothermal therapy with adjuvant
could stimulate stronger antitumor immune response. Conse-
quently, PLGA-ICG-R837 could suppress the growth of primary
tumor, distant tumor and tumor metastasis. However, it could not
completely deplete the tumor due to the immunosuppressive
condition. In combination with CTLA-4, the PLGA-ICG-R837
almost depleted the tumor completely. At Day 50 since treat-
ment, no lung metastasis was observed, while mice in other groups
died due to the serious lung metastasis (Fig. 5L). Similarly, pol-
ydopamine loaded with resiquimod (R848) also showed effective
liver and lung metastasis inhibition when combination with PD-1
antibody, and the tumor-infiltrated CD3þCD8þ T cells greatly
increased87. These studies indicated the photothermal therapy with
immune adjuvant could stimulate robust antitumor response due to
the effective release of tumor associated antigen and successful
antigen presenting, which could considerably elevate anti-
metastasis capacity of ICB.

Combination photothermal therapy with chemotherapy could
further boost the immunotherapy. A polypyrrole-loaded camp-
tothecin (CPT)-conjugated HA nanoparticle (P@CH) was
developed for tumor targeting combinational therapy88. The
P@CH showed high tumor accumulation due to the overex-
pressed CD44 receptors on 4T1 cells. With laser irradiation, the
temperature of tumor could achieve 48.4 �C, which could
effectively deplete primary tumor with assistance of campto-
thecin. The tumor volume of combinational therapy was
significantly lower than mice that received monotherapy. When
further combined with anti-PD-L1 antibody, the primary tumor
was completely depleted, and the lung metastasis could not be
observed, which was much better than anti-PD-L1 antibody
treatment, indicating the combination could enhance the
immunotherapy of ICB.

3.3. Photodynamic therapy-enhanced immunotherapy

Photodynamic therapy could induce ICD because of the genera-
tion of ROS, such as singlet oxygen. The ROS-induced cell death
could lead the release of damage-associated molecular pattern
proteins (DAMPs), which is the characteristic of ICD and could
stimulate tumor-specific antigen presenting and antitumor immune
response. In our group, we designed a hyaluronidase-responsive
size-changeable nanoparticles (pPP-mCAuNCs@HA) with blood
red cell membrane coating to deliver photosensitizer pheo-
phorbide A, chemotherapeutic PTX, and anti-PD-L1 peptide
dPPA89,90. The pPP-mCAuNCs@HA could respond to overex-
pressed hyaluronidase in tumor to decrease the particle size, so the
small particles could penetrate into deep tumor and deliver drug to
tumor homogenously. After laser irradiation, the particles could
produce high concentration of ROS. Consequently, the surface
exposure of CRT and secretion level of HMGB1 was greatly
elevated, much higher than those without laser irradiation. In vivo,
the percentages of CD3þCD8þ T cells of pPP-mCAuNCs@HA
with laser irradiation was about 2.47-fold higher than the groups
without laser irradiation, which clearly demonstrated the photo-
dynamic therapy could stimulate antitumor immune response. As
a result, the pPP-mCAuNCs@HA with laser irradiation greatly
inhibited the primary tumor growth, and the tumor inhibition rate
achieved 84.2%. What’s more, the lung metastasis was greatly
inhibited, and no obvious lung metastasis was observed (Fig. 6).
Similarly, chlorin e6 (Ce6)-loaded shape changeable nanoparticles
could improve the accumulation of Ce6 and chemotherapeutics,
thus stimulating strong antitumor immune response, which could
suppress the lung metastasis of breast cancer91,92.

The effective photodynamic therapy requires sufficient oxygen
in tumor to generate ROS. However, in the deep tumor, especially
hypoxia, the oxygen level is low, thus restricting ROS generation.
Therefore, delivering oxygen or generating oxygen in situ could
effectively promote photodynamic therapy. Hemoglobin is the
endogenous carrier of oxygen, which was hybridized with albumin
to deliver both oxygen and Ce6 (C@HPOC)93. The nanoparticles
induced higher intracellular ROS level and more cell apoptosis in
hypoxic condition. In vivo, the infiltration of CD8þ T cells was
improved, resulting in better inhibition of lung metastasis. The
nanoenzymes, such as MnO2-based nanoparticles, could catalyze
H2O2 to O2, improving oxygen level in hypoxic tumor. Therefore,
delivering nanoenzymes to tumor could also enhance the photo-
dynamic therapy and the following anti-metastasis94.

The photodynamic therapy could combine with IDO inhibitor
for boosting immune response. Liu et al.95 conjugated Ppa with
lipid through disulfate bond, which could response to tumor
overexpressed GSH and release the Ppa. Then an IDO inhibitor,
NLG-8189, was loaded into the redox activatable liposomes
(RAL) for tumor targeting therapy. The Ppa in RAL was greatly
quenched due to homofluorescence resonance energy transfer,
while the fluorescence activation ratio was 149-fold higher with
the incubation of 10 mmol/L GSH, indicating the redox activation
capacity of RAL could provide the Ppa with site specific photo-
toxicity. In cellular level, RAL treatment with laser irradiation
greatly enhanced the expression of CRT, reduced the intracellular
ATP and HMGB1, and elevated the release of extracellular
HMGB1 and ATP, suggesting its great potential in inducing ICD.
In vivo, the blood t1/2 increased from 1.17 h of free IND to 8.23 h
of RAL, and the area under curves at 24 h was 3.8-fold higher than
that of free IND. Consequently, the intratumor concentration of
ARL was 11-fold higher than that of free IND. As a result, the
IND-loaded ARL significantly suppressed primary tumor growth,
improved survival time and induced effective antitumor metas-
tasis. The percentage of CD3þCD8þ T cells in the tumor was 2-
fold higher than the PBS. Similarly, our group loaded Ce6 with



Figure 6 In vivo anti-tumor effect. (A) Tumor growth curves after treated with different preparations, Symbol on each column represents statistic

difference comparing with pPP-mCAuNCs@HA þ laser group (n Z 6). (B) Tumor weights at the end points, symbol on each column represents

statistic difference comparing with 5% glucose group. (C) Photographs of tumors after treated for 4 times. (D) Body weight changes of 4T1 tumor

bearing mice during the therapeutic process. H&E (E) and TUNEL (F) staining of tumor slices of different treatment groups. (G) Inhibition of lung

metastasis detected through bioluminescence imaging. (H) Bioluminescence of ex vivo lungs. (I) H&E staining of ex vivo lungs in lung metastasis

4T1-tumor bearing mice. Scale bar represents 500 mm. Reproduced with permission from Ref. 89. Copyright ª 2019, Elsevier Inc.
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Figure 7 LDIMP process. (A) Fabrication of the integrated regimen and the release process of CpG-P-ss-M. (B) Simplified mechanism of

CpG-P-ss-M-mediated DCs maturation for cancer immunotherapy. Letters LDIMP in green frame represent: loading tumor-specific antigens by

DDS, draining to LNs, internalization by DCs, DCs maturation for co-stimulatory molecules expression and presenting peptide-MHC-I complexes

to T cells, respectively. Reproduced with permission from Ref. 107. Copyright ª 2020, Nature Springer Inc.
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IND by size-reducible nanoparticles, which could greatly suppress
the lung metastasis of breast cancer96. These studies suggested the
co-delivery IDO inhibitor with photosensitizer could stimulate
robust antitumor immune response, which contributed to the good
antitumor metastasis capacity.

3.4. Ferroptosis-enhanced immunotherapy

Ferroptosis is a recently identified format that could inhibit tumor
growth by an iron-dependent irreversible accumulation of lipid
peroxides, which is caused by elevating ROS level and attenuated
activity of glutathione peroxidase 497,98. Therefore, it may also
induce mild immunogenicity. Jiang et al.99 loaded sulfasalazine
(SAS) magnetic nanoparticles (Fe3O4) and coated them with
platelet membranes (Fe3O4-SAS@PLT) for tumor ferroptosis and
enhancing PD-1 blockade therapy. SAS could inhibit uptake of
cysteine and work together with Fe3O4 to induce synergistical
ferroptosis at low concentration, while platelet membrane could
drive the nanoparticles to tumor metastasis with high efficiency.
The ferroptosis inhibitor ferrostatin-1 and iron chelator deferox-
amine significantly decreased 4T1 cytotoxicity caused by Fe3O4-
SAS@PLT. Similarly, Fe3O4-SAS@PLT considerably elevated
cellular ROS level, while ferrostatin-1 and deferoxamine could
decrease it. These results indicated the cytotoxicity of Fe3O4-
SAS@PLT involved in ferroptosis. According to detailed evalua-
tion, the main ROS induced by the particles was hydroxyl radical,
and it could induce high lipid peroxidation level in 4T1 cells.
Furthermore, the Fe3O4-SAS@PLT could deplete GSH through
inhibiting cystine transportation by glutamate-cystine antiporter
system Xc

� transporter. After coculture the immature DCs with
Fe3O4-SAS@PLT treated 4T1 cells, the maturity of DCs was
significantly higher than control group (CD86þ/CD80þ, gated on
CD11cþ cells, 82.8% versus 1.1%), while ferrostatin-1 and
deferoxamine coculture reduced the ratio to 16.9% and 21.0%,
respectively, indicating the Fe3O4-SAS@PLT-induced ferroptosis
could effectively stimulate antitumor immune response. In vivo,
Fe3O4-SAS@PLT showed higher accumulation in lung metastasis
than Fe3O4-SAS without platelet membrane coating. The level of
CD86þ/CD80þ positive mature DCs in draining lymph elevated
significantly in Fe3O4-SAS@PLT treated group than other groups.
As expected, the lung metastasis in Fe3O4-SAS@PLT-treated
group was significantly reduced, while combination with PD-1
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antibody could completely inhibit lung metastasis. These studies
demonstrated that the ferroptosis could effective prime immune
response and enhance cancer metastasis immunotherapy.

Similarly, other ferroptosis agents also could inhibit or treat
metastasis in combination with ICB. Folic acid-modified FePt/
MoS2 multifunctional nanoparticles could effectively deplete
primary tumor because of FePt-enabled Fenton reaction and
MoS2-enabled photothermal therapy100. Then, with the help of
CpG, the systemic immune response was successfully stimulated,
which could erase tumor metastasis in combination with anti-
CTLA-4 antibody. These studies demonstrated the combination
therapy could provide benefit for metastasis management.
3.5. Sonodynamic therapy-enhanced immunotherapy

Sonodynamic therapy is a new ultrasound-based therapeutic mo-
dality that activates the sonosensitizers to generate ROS, which
may induce tumor cell ICD and stimulate immune response101. A
sonosensitizer, Ce6, was grafted onto chondroitin sulfate, and
docetaxel was also decorated onto the material by adipic dihy-
drazide bond, and then the drugs-conjugated materials could self-
assemble to nanoparticles for tumor targeting delivery due to the
recognition of chondroitin sulfate with CD44 receptors on tumor
cells102. The particles could inhibit tumor growth due to combi-
nation of chemotherapy with ROS generated by sonodynamic
therapy. The enhanced ROS led to release of cytochrome C and
the expression of cleaved caspase-9. What’s more, the immune
response was stimulated as determined by the enhanced CTL
percentage in tumor tissue and INF-g level, which successfully
inhibit lung metastasis of melanoma. The targeting capacity could
be further improved by membrane coating. Zhao et al.103 coated
Ce6 and tirapazamine dual-loaded nanoparticles with platelet
membrane. The particles showed good tumor accumulation, and
enhanced antitumor metastasis due to the sonodynamic therapy
and chemotherapy.

Effective antitumor response also requires effective antigen
presenting. Therefore, combination the sonodynamic therapy with
immune adjuvant could further boost the immunotherapy. Yue
et al.104 loaded imiquimod (R837), a Toll-like receptor-7 (TLR7)
agonist, with a sonosensitizer hematoporphyrin monomethyl ether
(HMME) into liposomes for combinational therapy. The HMME/
R837@Lip significantly enhanced intracellular ROS production
under ultrasound irradiation, while R837 did not influence the
generation of ROS. The ROS generated by ultrasound irradiation
induced obvious 4T1 cell apoptosis and produce antigens. When
co-culturing the treated cells with immature DCs, the percentage
of CD80þCD86þ DCs significantly increased, which was higher
than the treatment without R837, indicating the immune adjuvant
could promote antigen presenting and DC maturation. Conse-
quently, the HMME/R837@Lip treatment triggered highest level
of secreted cytokines, such as IL-6 and TNF-a. Similarly, in vivo
sonodynamic therapy with HMME/R837@Lip stimulated 26.8%
DC maturation, while HMME@Lip only stimulated 14.9%.
Therefore, the sonodynamic therapy significantly suppressed the
growth of both primary and distant tumors and lung metastasis,
while the combination with PD-L1 antibody could first boost the
antitumor effect. In the tumor after treatment with HMME/
R837@Lip, percentage of CD8þ cells increased from 6.7% of
PBS group to 18.6%, percentage of CD4þFoxp3þ effective T cells
increased, while percentage of CD4þFoxp3� regulatory T cells
decreased, suggesting the combinational therapy effectively
boosted antitumor immune response and attenuated the immuno-
suppressive environment of tumor.

3.6. Nanovaccines-enhanced immunotherapy

The aim of the above strategies is to induce ICD and release
tumor specific antigens, which could stimulate antitumor im-
mune response. However, the effective antitumor immune
response requires the effective delivery of antigens to DCs and
successful antigen presentation. Therefore, nanovaccines are
developed to address these requirements. Min et al.105 developed
a kind of antigen-capturing nanoparticles (AC-NPs) by poly(-
lactic-co-glycolic acid, PLGA). The PLGA AC-NPs could bind
with antigens through ono-covalent hydrophobicehydrophobic
interaction. In vitro, after incubation with B16F10 melanoma
cell lysates, PLGA AC-NPs captured the more proteins that AC-
NPs with amine, maleimide or methoxypolyethylene glycol
(mPEG) surfaces. Notably, the captured proteins contained a
number of DAMPs, such as HMGB1. In combination with
radiotherapy, the PLGA AC-NPs significantly improved immu-
notherapy and abscopal effect. After mechanism evaluation, it
was found that the PLGA AC-NPs could drain from tumor to
lymph nodes and accumulate at higher concentration in the
antigen-presenting dendritic cells (CD11cþ), macrophages and
B-cells than control nanoparticles. Since the PLGA AC-NPs
could activate more CD8þ T cells, a higher concentration of
tumor infiltrated CD8þ T cells was observed in the abscopal
tumor, resulting in better tumor depletion. Similarly, Lynn
et al.106 directly loaded peptide neoantigens in nanoparticles
(SNP-7/8a) to stimulate antigen specific immunity. The SNP-7/
8a was detected with higher level in the draining lymph nodes
(DLNs) compared with peptide solution. Consequently, the SNP-
7/8a stimulated over 35% of antigen-positive CD11cþ DC in the
DLNs, while the peptide solution stimulated less than 1%. After
intravenous or subcutaneous injection, the SNP-7/8a could
stimulate a robust antitumor immune response and enhance the
tumor regression.

However, an effective tumor nanovaccine should not only load
neoantigen, drain to lymph nodes and be internalized by DCs, but
also maturate DCs for co-stimulatory molecules expression and
present peptide-MHC-I complexes to T cells, which called
LDIMP cascade for short. Our group designed a dendrimer-loaded
a-cyclodextrin (CD)-based hydrogel to meet the requirement of
LDIMP cascade (Fig. 7)107. In the system, PAMAM with small
size was conjugated with CpG as adjuvant and reductive-cleavable
4-aminophenyl-a-D-mannopyranoside (MAN) to improve lymph
targeting and DC internalization (CpG-P-ss-M). After loading the
CpG-P-ss-M, DOX and ICG into the hydrogel, it was intra-
tumorally injected. After laser irradiation, the photothermal ther-
apy of ICG could induce ICD and sustained release CpG-P-ss-M
and DOX. DOX could also induce ICD to assistant ICG for long
term release of tumor-associated antigens. The released CpG-P-ss-
M could adsorb the tumor associated antigens with high effi-
ciency, and then drain to lymph nodes due to its small size. The
MAN on the surface of CpG-P-ss-M could significantly improve
DC uptake by 2 folds compared with the particles without MAN
modification. Furthermore, the disulfate bond was cleaved in
endosomes of DC to facilitate endosome escape of CpG-P. With
the assistance of CpG, the particles could effectively maturate
DCs and then present the complex to T cells. Consequently, the
system induced highest percentages of CD80þ and CD86þ DCs.
On a postoperative B16-OVA tumor model, the system greatly
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prolonged median survival time and prevented lung metastasis. It
showed higher frequencies of OVA-specific IFN-g secreting CTLs
in both spleens and lymph nodes, which is responsible for the
better lung metastasis inhibition capacity. The study demonstrated
that rationally designed nanovaccines to meet the requirement of
LDIMP cascade could greatly improve anti-metastasis prevention.

4. Conclusion and perspective

Tumor metastasis is a critical challenge for tumor treatment. To
overcome the challenge, many strategies are developed to induce
tumor cell apoptosis, no matter whether they are the tumor cells
located in primary site, blood circulation or metastatic site. Except
the tumor cells, the tumor microenvironment and tumor stroma
cells also facilitate tumor metastasis. Therefore, strategies are
developed to block the pro-metastasis microenvironment and
niches or reverse the pro-metastasis phenotype of tumor stroma
cells. Encouraging by the quickly development of immunotherapy,
cancer immunotherapy is considered as a powerful strategy to
manage tumor metastasis. However, the cancer treatment by ICB
is restricted by low immune response level. So, we summarized
various methods to stimulate the immunotherapy by other therapy
strategies, such as chemotherapy, photothermal therapy, and
photodynamic therapy, etc.

Although promising results are obtained in the research, there
are several aspects should be taken into consideration. Firstly, the
tumor metastasis is a complex procedure that was involved in
many pathways. Blocking a certain pathway may alter other
pathways and make the anti-metastasis treatment failed. It is
important to carefully evaluate the influence of a certain treatment
strategy on various related pathways. Secondly, stimulating anti-
tumor immune response could produce tumor antigen specific T
cells and release cytokines. However, the most serious side effect
of immunotherapy is cytokine storms, and there are limited studies
that provided resolutions to prevent cytokine storms during
stimulating immune response. Thirdly, there is a trend to design
multifunctional nanoparticles for the treatment of tumor and
metastasis. Although various functions elevate cancer treatment
outcome, the poor repeatability and complex preparation proced-
ure shadow their application. Researchers should pay attention on
developing simple but multifunctional nanoparticles, which may
have better clinical translation potential.

Overall, great improvement has been made in tumor metastasis
treatment. A better understanding about the tumor metastasis
mechanism will further improve the treatment outcome.
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