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a  b  s  t  r  a  c  t

Immunotherapy  (e.g.,  checkpoint  blockade,  adoptive  T cell  therapy,  cancer  vaccine)  has  emerged  as  one  of
the  most  important  treatment  modalities  for cancer  in  the past  two  decades.  While  these  approaches  are
promising,  the  response  rates  observed  in  clinical  trials  are  less  than  30%  due  to  tumor  heterogeneity  and
complexity  of the tumor  microenvironment.  Smart  nanosystems  have  the  potential  to  address  some  of
the  limitations  associated  with immunotherapy.  Herein,  we  review  applications  of  nanosystem-mediated
immunotherapy  for  functional  T cell  activation,  including  formation  of artificial  antigen  presenting  cells,
eywords:
ancer immunotherapy
mart nanosystems
rtificial antigen presenting cells
ancer nanovaccine
umor microenvironment modulation

cancer nanovaccination,  tumor  microenvironment  modulation,  and  combination  therapy.  Finally,  we
propose  areas  of research  for the  future  development  of  nanosystem-mediated  cancer  immunotherapy.

©  2019  Published  by Elsevier  Ltd.
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Immunotherapy, which relies on the activation of a patient’s
mmune system to eliminate cancer, has been attracting more
ttention because of their clinical efficacy [1]. Conventional
mmunotherapy can be achieved by functional T cell activation
n vivo or by reinfusion of activated T cells expanded in vitro to
ill tumor cells. Checkpoint blockade [2–7], adoptive cell trans-
er (ACT) [8–12] and cancer vaccine [13–16] are other approaches
f immunotherapy that have shown promise in clinical settings.
otably, the 2018 Nobel Prize in Physiology or Medicine was

ointly awarded to Drs. James P. Allison and Tasuku Honjo for
heir pioneering work on immune checkpoint blockade. Although
mmunotherapy can be very effective, only a small portion of
atients respond for the following reasons. First, tumors are het-
rogeneous and clonal evolution enables them to evade immune
urveillance [17]. Different cancers have different sensitivities
oward immunotherapy [18], especially for immune checkpoint
lockade. ACT therapy is limited by reduced T cell activity over
ime and potential for autoimmune toxicity [11,19]. Moreover, the
umor microenvironment is host to a myriad of immunosuppres-
ive signals that can negate therapeutic efficacy [20,21]. Therefore,
lternative approaches are needed to tackle some of the issues
ssociated with cancer immunotherapy.

Nanosystems have the potential to complement and improve
ancer immunotherapy [22–25]. Generally, there are four strate-
ies to induce host immunity using nanosystems. First, artificial
ntigen presenting cells (aAPCs) [26,27] after specific modifications
an imitate natural APCs, especially dendritic cells (DCs), to stimu-
ate T cells residing in lymph nodes. The process requires signaling
f the major histocompatibility complex I (MHC I) with T cell recep-
or (TCR) and co-stimulation signaling of CD80/CD86 expressed on
Cs with CD28 on T cells [28–31]. Second, nanoparticles can be
sed as nanovaccines [32–37] to deliver tumor-associated anti-
ens (TAAs), neoantigens or adjuvants to DCs, which mature
nd go on to activate T cells. These nanosystems enter the
ymph nodes via lymphatic drainage following subcutaneous
njections. Nanosystems encapsulated with adjuvant can also
ccumulate in tumor tissues by passive targeting through the
nhanced permeability and retention (EPR) effect [38,39] or by
ctive targeting after ligand functionalization [40–42]. Concomi-
antly, these nanosystems with encapsulated adjuvants are able
o form cancer vaccine in vivo after external stimulus com-
ined with excreted TAAs [43–45]. Third, nanosystems loaded
ith specific inhibitors, siRNA, or phototherapy sensitizers, have

he ability to modulate tumor microenvironment through inhi-
ition of immunosuppressive cytokines, depletion of regulatory

 cells (Tregs) or polarization of tumor-associated macrophages
TAMs) [46–50]. Finally, nanosystems can be modified to medi-
te [51–53] immunotherapy in combination with chemotherapy,
hotodynamic therapy (PDT), photothermal therapy (PTT) and/or
adiotherapy (RT) [54–57].

Herein, we summarize the use of smart nanosystems for
mmunotherapy. We  will discuss the recent developments

f aAPCs, nanosystems induced cancer nanovaccines, tumor
icroenvironment modulation, and combination therapy for

mmunotherapy (See Table 1). The prospects of nanosystem-
ediated immunotherapy will be discussed with respect to clinical
translation. We  hope this review can motivate more researchers
to engage in cancer immunotherapy using nanotechnology and to
identify promising new treatments.

Artificial antigen presenting cells (aAPCs) for functional T cell
activation

Antigen processing and presentation by antigen presenting cells
(APCs) is important for mounting a functional T cell response. aAPCs
are increasingly recognized for their ease of modification, and abil-
ity to induce effective T cell immune response. In general, aAPCs
need three key factors (Signal I for antigen recognition: MHC-
peptide complex or anti-CD3 for antigen specific or non-specific
T cell activation; Signal II for co-stimulation: anti-CD28 interact-
ing with CD28 expressed on T cells; Cytokines: interleukin-2 (IL-2),
interleukin-12 (IL-12), or interleukin-15 (IL-15) for CD8+ T cell sur-
vival or T cell activation) [26,58]. Among the aAPCs, micro-sized
aAPCs (maAPCs) and nano-sized aAPCs (naAPCs) are the most stud-
ied due to their broad applications in cancer. In the following
sections, we  will discuss these two forms of aAPCs.

Micro-sized aAPCs

T cell activation through aAPCs is affected by various factors
including size, shape and ligand mobility of aAPCs [26,59–61]. In
general, maAPCs approximate the size of actual cells and have large
surface area for interacting with T cells. However, due to possible
embolism in vivo especially for those formed by non-degradable
materials, maAPCs are generally used for T cell expansion ex vivo.
The T cells are subsequently reinfused into host for adoptive T cell
therapy [62]. For example, Steenblock et al. reported biodegradable
maAPCs based on poly (lactic-co-glycolic) acid (PLGA) microparti-
cle coated with anti-CD3 or MHC-peptide complex and anti-CD28
[63]. According to the data, the maAPCs displayed potent T cells
expansion ex vivo with sustainable IL-2 paracrine release. maAPCs
can also be synthesized on mesoporous silica [64,65]. In a recent
work, Cheung et al. reported scaffolds mimicking APCs based on
mesoporous silica micro-rods (MSRs) for lymphoma therapy (Fig. 1)
[65]. The authors claimed that APC mimicking scaffolds (APC-ms)
with anti-CD3, anti-CD28 and IL-2 displayed ten-fold higher poly-
clonal expansion of primary T cells than those by commercial
expansion beads (Dynabeads). After replacing anti-CD3 with pep-
tide loaded MHC  class I, APC-ms generated more cytotoxic T-cell
subpopulations with antigen-specific expansion compared with
autologous monocyte-derived dendritic cells (moDCs). APC-ms
yielded similar treatment efficacy as Dynabeads in the lymphoma
model, despite generating a five-fold higher expansion of CD19
CAR-T cells.

Nano-sized aAPCs

Compared with maAPCs, naAPCs are safer for in vivo use and can
be easily delivered to lymph node by lymphatic drainage when they
are below 100 nm in size [26]. In general, elliptical naAPCs are more
effective for T cell activation compared with spherical structures
because they form larger immunological synapses (IS) with T cells

[59,66]. In addition, naAPCs based on single-walled carbon nano-
tubes and nanoworms self-assembled from semi-flexible polymers
can efficiently stimulate T cells due to increased surface area and
TCR cluster formation, respectively [67,68]. Mandal et al. synthe-
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Table 1
Examples of different strategies via nanosystems helped for cancer immunotherapy.

Strategies Subclasses System Drug /
administration method

Dose Cancer cell Ref.

Artificial antigen
presenting cells
(aAPCs)

Micro-size (Anti CD3, pMHC, anti CD28)-PLGA-
based microparticle (aAPC)
(Anti CD3, pMHC, anti CD28 IL-2)-
mesoporous silica micro-rods
(APC-ms)

Thy1.1+, PMEL CD8+ T cell,
aAPC/ i.v.
19BBz T cells/i.v.

1 × 106

1 × 107
B16F10
Raji

[62]
[65]
[69]
[70]

Nano-size (MHC-Ig dimer, anti
CD28)-Iron-dextran nanoparticle
(nano-aAPC)
(anti CD3, anti CD28, anti
PD-L1)-fucoidan-
dextran based iron oxide nanoparticle
(IO@FuDex3)

pmel T cells/ i.v.
IO@FuDex3/ i.v.

1 × 106

0.175 mg/kg
B16
4T1-
Luc
CT26

Cancer nanovaccin-e
Nanovaccine delivery
system

(CpG, shRNA, Adpgk)-intertwining
DNA-RNA nanocapsules (iDR-NCs)
(OVA)-lipo-polysaccharide
nanovaccine (OVA-LPS)
(Neoantigen)-PEI adsorbed
mesoporous silica microrod (PEI-MSR)
(OVA, TAA, peptide)-PC7A based
nanovaccine

CpG, Adpgk/s.c.
OVA/ i.v.
Neoantigen/ s.c.
OVA, TAA, peptide/ s.c.

CpG
100 nmol/kg
Adpgk 0.85 mg/kg
25 �g/kg
2.5 mg/kg
25 �g/kg

MC38
—
TC-1
B16F10
CT26
B16-OVA
B16F10, MC38TC-1

[88]
[35]
[89]
[34]

Nanosystem induced
cancer vaccine

(GM-CSF, CpG, OVA)-Mesoporous silica
rods (MSR)
(ICG, R837)-PLGA nanoparticle
(PLGA-ICG-R837)
(FK, ICG, JQ1)-hydrogel
(CpG, cancer cell membrane)-PLGA
nanoparticle

OVA/ s.c.
R837, ICG/ i.v.
ICG, JQ1/ s.c.
CpG/ s.c.

2.5 mg/kg
R837
6 mg/kg
ICG
8 mg/kg
ICG
2.5 mg/kg
JQ1
3.4 mg/kg
CpG
8.75 nmol/kg

EG.7 OVA
4T1
CT26
4T1 EMT6
B16F10

[96]
[43]
[44]
[97]

Tumor
microenviro-nment
(TME)  modulation

Cytokines liposome-protamine-DNA (LPD)
nanoparticles
(SB505124, IL-2)- liposomal nanogel
based on cyclodextrins

Plasmid/ i.v.
SB505124, IL-2/i.t.

2.5 mg/kg
SB505124
10 mg/kg
IL-2
2.5 �g/kg

KPC98027 RFP/Luc
B16

[46]
[47]

Regular T cells (Tregs) (cyclophosphamide)-platelets
presenting PD-1
(IR-780, imatinib)-GITR-PLGA
nanoparticles

Cyclophospham-ide/ i.v.
IR-780, imatinib/i.v.

20 mg/kg
IR-780
8 mg/kg
Imatinib

B16F10
B16/BL6, MC38

[48]
[105]

Tumor-associated
macrophage-s (TAMs)

(siCD115)-M2-like TAM dual targeting
lipid nanoparticles (M2NP-siCD115)
(ICG, TiO2, NH4HCO3)-mannose based
PLGA nanoparticles

siCD115/i.v.
ICG, TiO2/i.v.

5 mg/kg
ICG
4 mg/kg
TiO2 0.22 mg/kg

B16
4 T1
B16

[109]
[49]
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Combinatio-n therapy

Chemotherapy (oxaliplatin, indoximod)- mesoporous
silica nanoparticles
(Paclitaxel, IL-2)- two  opposite charged
chitosan derivatives
/2-Hydroxypropyl-�-cyclodextrin
(HP-�-CD) based nanogel
(Mitoxantrone, celastrol)-
aminoethylanisamide-ligand-polymer-
nanoparticle
(Gemcitabine, anti PD-L1)-Scaffold
based on PVA

Oxaliplatin
Indoximod/ i.v.
Paclitaxel
IL-2/ i.v.
Mitoxantrone, celastrol/ i.v.
Gemcitabine, anti
PD-L1/p.t.

Oxaliplatin 1.25 mg/kg (i.t.)
5  mg/kg (i.v.)
Indoximod
12.5 mg/kg (i.t.)
50 mg/kg (i.v.)
Paclitaxel 10 mg/kg
IL-2
2.5 �g/kg
Mitoxantrone 0.8 mg/kg
celastrol 0.16 mg/kg
Gemcitabine 5 mg/kg
anti PD-L1
2.5 mg/kg

PDAC
B16F10
BPD6
B16F10

[114]
[55]
[116]
[115]

Photodynamic therapy
(PDT)

(siPD-L1, MTPP)-
micelleplexes based on
PEG-CDM-PDEA, PEI-PDEA
(oxaliplatin, pyropheophorbide)-lipid
core-shell nanoparticels
(Protoporphyrin,
1-methyltryptophan)-prodrug
nanoparticle formed by peptide
(siPD-L1, pheophorbide A)-
micelleplexes based on PDPA-PPa,
OEI-C14

siPD-L1, MTPP/ i.v.
.Oxaliplatin,
pyropheophorbi-de/ i.p
Protoporphyrin,
1-methyltryptop-han/ i.v.
siPD-L1
pheophorbide A/ i.v.

siPD-L1
0.52 mg/kg
MTPP
2  mg/kg
oxaliplatin
2 mg/kg pyropheophorbide
16 nmol/kg
Protoporphyrin 3 mg/kg
1-methyltryptophan 1 mg/kg
siPD-L1
0.31 mg/kg
pheophorbide A conjugated
micelle 25 mg/kg

B16F10
MC38
HT29
CT26
B16F10

[121]
[122]
[123]
[125]

Photothermal therapy
(PTT)

(DOX)-PDA coated spiky gold
nanoparticles
(NLG919-IR780)-micelles based on
mPEG-PCL
(ICG, DOX)-CPCI-nanoparticle

DOX/i.t.
NLG919, IR780/ i.v.
ICG, DOX/ i.v.

1.36 mg/kg
NLG919
6  mg/kg
IR780
2 mg/kg
ICG 7 mg/kg
DOX 2.5 mg/kg

CT26
TC-1
4T1
OSC-3

[128]
[126]
[129]

Radiotherapy (RT) Antigen-capturing nanoparticles based
on PLGA (AC-NPs)
(131I-catalase, CpG)-containing sodium
alginate (ALG) for in situ hydrogel
(IDOi,)-nanoscale metal-organic
framework

AC-NPs/
131I, catalase, CpG, ALG/ i.t.
IDOi, DBP-Hf/ i.t

100 mg/kg
131I 50 � Ci /mouse
Catalase
0.625 mg/kg
CpG 0.5 mg/kg
ALG
6.25 mg/kg
IDOi
0.56 mg/kg
DBP-Hf
5.5 mg/kg

B16F10
4T1
4T1 CT26
SQ20B, U87, PC-3,
CT26

[130]
[132]
[133]
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Fig. 1. APC-mimetic scaffolds (APC-ms). (a) Process for preparing APC-ms from MSRs. (b) For polyclonal T-cell expansion, antibodies against CD3 (�CD3) and CD28 (�CD28)
are  attached (left). For antigen-specific T-cell expansion, peptide-loaded MHC  (pMHC) and �CD28 are attached (right). In both cases, IL-2 is released over time, resulting in
paracrine delivery to local T cells. Adapted from ref. [65] with permission of Nature Publishing Group, Copyright 2018.

Fig. 2. (a) Schematic of nano-aAPC synthesis by coupling MHC-Ig dimers and co-stimulatory anti-CD28 to iron dextran nanoparticles. (b, c) Treatment with magnet-enhanced
nano-aAPC-activated T cells attenuated tumor growth compared to no magnet and control groups. Adapted from ref. [69] with permission of American Chemical Society,
C ssocia
W  IO@F
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opyright 2014. (d) Fluorescent microscopy images of CD8+ T cells showed cell a
hole-body, single-photon emission computed tomography images of 125I-labelled

ef.  [70] with permission of Nature Publishing Group, Copyright 2018.

ized vermiform naAPCs based on filamentous and semi-flexible
olymers with anti-CD3 decoration [68]. Their results revealed that
he naAPCs could not only activate T cells at lower concentration
ompared with free antibody and rigid naAPCs (PLGA particles), but

lso induced a more potent T cell response. In addition to size and
hape, TCR pre-clustering on T cells is another factor that affects

 cell response. Perica et al. used a magnetic field to induce T cell
lustering via naAPCs based on iron nanoparticles for immunother-
tion with QD-labelled IO@FuDex3 after 30 min  incubation. (scale bar, 5 �m).  (e)
uDex3 at 24 h after treatment with or without magnetic navigation. Adapted from

apy (Fig. 2a) [69]. They showed that the naAPCs displayed 2-fold
higher binding to clustered TCRs on activated T cells compared
with naïve T cells. According to their results, the magnetic field
(0.2 T, 30 min) could cause paramagnetic nAPCs aggregation, dou-

bling of TCR cluster size and expansion in vitro. The pre-activated T
cells showed significant inhibition of B16 melanoma xenografts and
prolonged survival time after adoptive transfer therapy (Fig. 2b &
c). naAPCs with specific antibody modifications on the particle sur-



o Toda

f
t
t
a
t
a
r
b
i
c

N
a

(
M
i
a
w
a

N

s
c
N
d
[
a
d

N

n
c
h
n
[
c
c
b
p
t
A
S
d
f
l
r
a
a
l
w
i
s
t
n
c
c
w
n
t

W.  Yang et al. / Nan

ace can also activate T cells in bloodstream. Chiang et al. reported a
herapeutic fucoidan-dextran-based magnetic iron oxide nanopar-
icle (IO@FuDex3) coupled with a checkpoint inhibitor (anti-PD-L1)
nd T cell activators (anti-CD3 & anti-CD28) [70]. They found that
he functionalized IO@FuDex3 could facilitate checkpoint blockade
nd T cell proliferation simultaneously. The results shown in Fig. 2 d
evealed that IO@FuDex3 could be adsorbed onto CD8+ T cell mem-
rane. Based on single-photon emission computed tomography

maging, 125I-labelled IO@FuDex3 had highest tumor accumulation
ompared to other formulas (Fig. 2e).

anosystems mediated vaccination for functional T cell
ctivation

Nanovaccines can efficiently deliver tumor-specific antigen
neoantigen) and adjuvant to APCs to indirectly activate T cells.

oreover, nanosystems encapsulating adjuvants can accumulate
n tumor tissues by the EPR effect. When an external stimulus is
pplied, the nanoformulation causes tumor necrosis and apoptosis,
hich leads to the secretion of neoantigens and tumor associated

ntigens (TAAs) forming cancer vaccines in situ.

anovaccine delivery system

Subunit vaccines including TAAs, neoantigens, adjuvants pos-
ess immense potential for cancer immunotherapy. However, their
linical efficacy is limited by inferior delivery to lymph nodes [33].
anosystems equipped with proper vehicles are capable of co-
elivering antigens and adjuvants to lymphoid tissues and APCs
36,71]. In addition, the nanosystems themselves can also serve
s adjuvants to enhance therapeutic efficacy [32,34,72]. We  will
iscuss each of these aspects in the following sections.

anovaccine loaded with adjuvants
Constituents of nanovaccines are generally antigens (e.g.

eoantigens, and TAAs) and adjuvants, including inorganic
ompounds (e.g. aluminum hydroxide, and calcium phosphate
ydroxide), cytosine-guanine oligodeoxynucleotides (CpG), polyi-
osinic polycytidylic acid (poly(I:C)), and imiquimod (R837)
36,73–82]. Following nanosystem-mediated delivery, antigens
ould be processed into small fragments and presented via MHC
lass I and MHC  class II complexes on the cell surface, which can
e recognized by CD8+ and CD4+ T cells, respectively. Adjuvant
lays a vital role in increasing APC recognition, antigen transloca-
ion to cell surface, and secretion of inflammatory factors [83–85].
luminum-containing adjuvants have been approved by the United
tates Food and Drug Administration (FDA) [86] for human use
ue to favorable safety profiles. However, traditional aluminum can
orm microparticles (1–20 �m)  when dispersed in solution, which
imits APCs uptake and decreases vaccine efficacy [87]. Li et al.
eported aluminum hydroxide nanoparticles as adjuvant to avoid
ggregation into microparticles; the formula showed high potency
fter antigen adsorption [74]. In addition, toll-like receptor agonists
ike CpG and R837, are widely used as adjuvants. In our previous

ork, nanocapsules loaded with CpG, short hairpin RNA target-
ng STAT3 (immunosuppressive marker) and neoantigen formed a
ynergistic nanovaccine that induced potent and continuous adap-
ive immune response (Fig. 3a-c) [88]. The nanovaccine based on
anocapsules resulted in an increase of CD8+ T cells, and memory T
ells compared to free CpG, and enhanced inhibition of a syngeneic

olon cancer model. Qiu et al. used lipo-polysaccharide (LPS) mixed
ith antigen ovalbumin (OVA) or NY-ESO-1 for self-assembly of a
anovaccine. After coating with polyphenol and pH (low) inser-
ion peptide (pHLIP), the nanovaccine showed fast escape from
y 27 (2019) 28–47 33

endosome, promoted cytoplasmic localization, enhanced antigen
presentation by DCs and activated CD8+ T cells (Fig. 3d) [35].

Nanovaccine using nanomaterials as adjuvants
In addition to loading adjuvants, some nanocarriers as well

as microcarriers have intrinsic adjuvant properties. They can
induce IL-� production, activate stimulator of interferon genes
(STING) signaling pathway or serve as antigen depots [34,89–92].
Li et al. reported a personalized vaccine based on mesoporous silica
microrod (MSR) vaccine for polyethyleneimine (PEI) adsorption to
enhance antigen immunogenicity (Fig. 4a) [89]. The authors indi-
cated that PEI served as an adjuvant (Fig. 4b & c) causing endosomal
disruption, phagosomal content release and IL-1� production. They
claimed that the MSR-PEI vaccine significantly enhanced DCs acti-
vation and T cells response compared with MSR  vaccine and bolus
vaccine. According to the author, the MSR-PEI vaccine revealed
remarkable tumor inhibition in TC-1, B16F10 and CT26 tumor
models. Xia et al. developed micro-size Pickering emulsions as
adjuvant by forming antigen OVA depot using squalene as disper-
sion phase, and PLGA nanoparticles as colloidal stabilizers (Fig. 4d)
[91]. The Pickering emulsion enabled antigens to freely diffuse
within the droplet leading to multivalent interaction with APC
for phagocytosis and activation. Fig. 4e & f illustrated that the
Pickering emulsion adjuvant system (PPAS) significantly increased
expression of CD86 and SIINFEKL-MHC-I on DC surface after com-
bination with antigen. The authors showed that it could induce
CD3+ CD4+ T cell activation in draining lymph node, and increase
interferon-� (IFN-�) secreting CD8+ T cells and OVA-specific CTLs.
Collectively, these processes led to impressive EG7/OVA tumor
inhibition. Compared with microcarriers, nanocarriers possess dis-
tinct advantages in lymphatic drainage and endocytosis because
of smaller size. A STING-dependent nanovaccine based on PC7A
micelle developed by Luo et al. elicited a very strong cytotoxic T
cell response (Fig. 4g) [34]. The author showed that PC7A nanopar-
ticles serving as adjuvant had strong luminal buffer ability in the
endosome, inducing cytosolic delivery of biologics and retaining
STING by direct binding. After loading ovalbumin (OVA), OVA-
PC7A nanoparticle displayed the highest expression of OVA-H2Kb

compared with other three groups (Fig. 4h). In combination with
anti-PD-1, the nanovaccine revealed robust tumor growth inhi-
bition in three different tumor models, achieving 100% survival
after 60 days in the TC-1 tumor model. Ding et al. prepared
large-pore mesoporous-silica-coated upconversion nanoparticles
(UCMSs) as immunoadjuvant encapsulation with photosensitiz-
ers merocyanine 540 (MC540) and OVA (UCMSs-MC540-OVA) or
tumor cell fragment (TF) (UCMSs-MC540-TF)(Fig. 4i) [32]. Their
results showed that under laser irradiation UCMSs-MC540-OVA
had immune stimulation for Th1, Th2 immune response and high
CD4+, CD8+, effector T cells activation. In addition, they found
that UCMSs-MC540-TF displayed stronger antitumor efficacy and
prolonged survival rate compared with photodynamic therapy or
immunotherapy alone in CT26 tumor-bearing mice. Please see the
abbreviation in the main text in Table 2.

Nanosystems induced cancer vaccine

Cancer vaccine is a powerful means of activating a host’s
immune response. Cancer vaccines can be classified into categories
based on its composition: whole tumor cell vaccine, DC-based vac-
cine, peptide/protein-based cancer vaccine, and gene (DNA/RNA)
encoded vaccine [93]. Sipuleucel-T is the first therapeutic can-
cer vaccine approved by the U.S. FDA in 2010 for prostate cancer

treatment [16]. However, the immune response generated by con-
ventional cancer vaccine is limited by tumor heterogeneity as well
as the presence of immunosuppressive factors. Nanosystems can
serve as effective vectors to transport adjuvants, immune negative
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Fig. 3. Schematics of iDR-NC/neoantigen (intertwining DNA-RNA nanocapsule neoantigen) nanovaccines for synergistic tumor immunotherapy. (a) Concurrent rolling circle
replication (RCR) and rolling circle transcription (RCT) in the same solution generated tandem CpG and Stat3 shRNA, which were self-assembled into intertwining DNA-RNA
MFs  (micro-flowers). (b) The above MFs  were shrunk by PPT-g-PEG to form iDR-NCs, which was further loaded with tumor-specific neoantigen. (c) In immunocompetent mice,
iDR-NCs/neoantigen complexes were delivered into APCs in draining LNs, elicited potent and durable neoantigen-specific T cell response, and inhibited tumor progression.
Adapted from ref. [88] with permission of Nature Publishing Group, Copyright 2017. (d) Synthesis of the pHLIP-functionalized nanovaccine and working principle of the
pHLIP-functionalized nanovaccine for enhanced cytotoxic CD8+ T cell activation. Adapted from ref. [35] with permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim,
Copyright 2018.
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Fig. 4. (a) Schematic representations of PEI and subsequent antigen adsorption onto bare MSRs. (b) Flow cytometry analysis of CD86 and MHC-II expression on murine
bone-marrow-derived dendritic cells (BMDCs) after 24 h of stimulation with 1 �g or 7 �g of soluble PEI or PBS. L25 represents 25 K linear PEI and B60 means 60 K branched
PEI.  (c) Flow cytometry analysis of SIINFEKL-presenting murine BMDCs after stimulation with PBS, OVA, and OVA with 5 �g or 10 �g of soluble B60 K PEI. Adapted from ref.
[89] with permission of Nature Publishing Group, Copyright 2018. (d) Schematic representation of PPAS. (e, f) Flow cytometry analysis on the expression of CD86+ (e) and
SIINFEKL-MHC I+ (f) of recruited DCs 24 h post administration. Adapted from ref. [91] with permission of Nature Publishing Group, Copyright 2018. (g) Schematic of the
minimalist design of the PC7A nanovaccine. (h) Levels of antigen presentation on H-2Kb in BMDCs induced by PC7A or PD5A NPs. Adapted from ref. [34] with permission
of  Nature Publishing Group, Copyright 2017. (i) Schematic illustration of fabrication and mechanism of UCMSs-MC540-TF nanovaccines for photodynamic immunotherapy.
Adapted from ref. [32] with permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Copyright 2018.
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Table  2
A list of abbreviation in the main text.

Abbreviation Full name Abbreviation Full name

aAPCs artificial antigen presenting cells PTA photothermal ablation
APCs  antigen presenting cells PVAX personalized cancer vaccine
TME  Tumor microenvironment PD-L1 programmed death-ligand 1
ACT  adoptive cell transfer IL-6 interleukin-6
DCs  dendritic cells IL-12p40 interleukin-12 p40
MHC  I major histocompatibility complex I TNF-� tumor necrosis factor-�
TCR  T cell receptor GM-CSF granulocyte-macrophage colony-stimulating

factor
TAAs  tumor-associated antigens CXCL10 C-X-C motif chemokine 10
EPR  enhanced permeability and retention FasL Fas ligand
Tregs regulatory T cells VEGF vascular endothelial growth factor
TAMs  tumor-associated macrophages CXCL12 C-X-C motif chemokine 12
PDT  photodynamic therapy CXCL8 C-X-C motif chemokine 8
PTT  photothermal therapy TGF-� transforming Growth Factor Beta
RT  radiotherapy LPD liposome-protamine-DNA
IL-2  interleukin-2 TAMs1 M1  macrophages
IL-12 interleukin-12 TAMs2 M2  macrophages
IL-15 interleukin-15 anti-CSF-1R anti-colony stimulating factor I receptor
maAPCs micro-sized aAPCs Tfr transferrin receptor
naAPCs nano-sized aAPCs ROS reactive oxygen species
PLGA  poly (lactic-co-glycolic) acid TiO2 titanium dioxide
MSRs  mesoporous silica micro-rods NH4HCO3 or N ammonium bicarbonate
APC-ms APC mimicking scaffolds ICD immunogenic cell death
moDCs monocyte-derived dendritic cells IDO indoleamine-pyrrole 2,3-dioxygenase
IS  immunological synapse PDAC pancreatic ductal adenocarcinoma
CpG  cytosine-guanine oligodeoxynucleotides IND indoximod
poly(I:C) polyinosinic polycytidylic acid MIT  mitoxantrone
R837 imiquimod CEL celastrol
FDA  Food and Drug Administration TGF-� transforming Growth Factor Beta
LPS  lipo-polysaccharide GEM gemcitabine
OVA  ovalbumin MDSCs myeloid-derived suppressor cell
pHLIP  polyphenol and pH (low) insertion peptide PpIX-1 M T peptide C16-K(PpIX)-PEG8-KDEVD-1 M T
STING stimulator of interferon genes PpIX photosensitizer protoporphyrin
MSR  mesoporous silica microrod 1 M T 1-methyltryptophan
PEI  polyethyleneimine (PPa) photosensitizer pheophorbide A
PPAS  Pickering emulsion adjuvant system HSP heat shock protein
IFN-� interferon-�  PCI PEG5K-CA4-ICGD4
UCMSs mesoporous-silica-coated upconversion

nanoparticles
PCLC EG5K-Cys4-L8-CA8

MC540 merocyanine 540 Mal  maleimide
TF  tumor cell fragment AC-NPs antigen-capture nanoparticles
ICG  indocyanine green nMOF nanoscale metal-organic framework
CTLA-4  Cytotoxic T-lymphocyte antigen-4 BiTEG bispecific T-cell engaging antibodies
HAuNS  hollow gold nanoshells PET positron emission tomography
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APP  anti PD-1 peptide 

AA@PN AUNP12 in PLGA nanoparticle 

odulator inhibitors, or photosensitizers to overcome the above
ssues [43,44,94,95]. In the following section, we will concentrate
n cancer vaccination in vivo and in vitro mediated by nanosystems.

ancer vaccination in vivo
In situ cancer vaccination generally depends on DCs recruit-

ent in vivo. The DCs capture antigens and adjuvants, maturate,
igrate to lymph node, and induce T cell activation. For exam-

le, Kim et al. reported that mesoporous silica rods (MSRs) can
pontaneously assemble to form macroporous structure in vivo.
hey found that the macroporous structure recruited DCs after
n inflammation response due to the release of adjuvant and
ntigen from the scaffold [96]. Based on their results, the MSR-
ediated vaccine indicated strong helper T cell response and

ncreased CD8+ T cells level compared with bolus control. Chen
t al. used immune-adjuvant nanoparticles combined with immune
heckpoint inhibitor after tumor photothermal ablation to form
n in situ vaccine (Fig. 5a) [43]. The authors co-encapsulated

he photothermal agent indocyanine green (ICG) and R837 in a
LGA self-assembly to form PLGA-ICG-R837 nanoparticles. They
easoned that photothermal ablation of primary tumors can gen-
rate TAAs, which can combine with the adjuvant-nanoparticle to
SPECT single-photon emission computerized
tomography

MRI  magnetic resonance imaging

produce a cancer vaccine. After combination with anti-cytotoxic
T-lymphocyte antigen-4 (CTLA-4), PLGA-ICG-R837 was  able to
eliminate primary tumors, inhibition secondary tumor growth,
and prevented tumor recurrence in 4T1 and CT26 tumor mod-
els. In another report, Luo et al. exploited the co-encapsulation
of a photothermal agent, hollow gold nanoshells (HAuNS) and an
anti-PD-1 peptide AUNP12 (APP) in PLGA nanoparticle (AA@PN)
for primary tumor inhibition by photothermal ablation (PTA) and
checkpoint inhibition (Fig. 5b) [94]. When combined with CpG
adjuvant, the nanoparticle functioned like a vaccine and elicited
antitumor immunity. According to their results, AA@PN under laser
irradiation plus CpG revealed the highest co-expression of CD80+

and CD86+ on DC surface for in vitro co-culture and transwell sys-
tems, compared with CpG or AA@PN alone. They claimed that PTA
combination with PD-1/PD-L1 checkpoint inhibition for sustain-
able APP release could eliminate growth of primary tumor (4T1)
and metastatic tumors (4T1 & Luci-CT26).
Cancer vaccination in vitro
Another type of cancer vaccination is to use isolated cancer

cells to encapsulate adjuvant or directly use cancer cell mem-
brane coatings to form cancer vaccines in vitro. These vaccines were
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ig. 5. (a) The mechanism of anti-tumor immune responses induced by PLGA-ICG-
ermission of Nature Publishing Group, Copyright 2016. (b) Schematic illustratio
dapted from ref [94]. with American Chemical Society, Copyright 2018.

eportedly able to inhibit autologous tumor growth and recurrence
fter injection [44,95,97]. For example, Wang et al. reported a per-
onalized cancer vaccine that can prevent tumor relapse at surgical
ite and distant metastasis (Fig. 6a&b) [44]. The authors developed

 personalized cancer vaccine (PVAX) based on co-loading of JQ1
programmed death-ligand 1 (PD-L1) inhibitor) and ICG in whole
T1 cancer cells with FK (penetration peptide) hydrogel matrix
called FK@IQ-4T1). Recurrent tumors treated with FK@IQ-4T1 and
aser irradiation at surgical site showed complete regression in 59
ays. They also demonstrated distant tumor inhibition and tumor-
pecific immune response with autologous and allogeneic cancer
ells. Kroll et al. constructed cancer cell membrane displaying mul-
iple autologous antigens encapsulated with CpG (CpG-CCNPs) as
mmune adjuvant to elicit host immunity (Fig. 6c) [97]. The vac-
ine induced DC maturation with high expression of CD80 and
D86, cytokines secretion (interleukin-6 (IL-6), interleukin-12 p40
IL-12p40)) and CD8+ T cell activation. In combination with anti-
TLA-4 and anti-PD-1 therapy, CpG-CCNPs demonstrated efficient
umor growth inhibition in B16F10 tumor model, compared with
ancer vaccine alone or antibodies alone. The above examples illus-
rate the synergistic potential of nanoparticulate cancer vaccines
ith other immunotherapy approaches for effective cancer ther-

py.

anosystem for tumor microenvironment modulation
The complicated tumor microenvironment contains immuno-
uppressive signals that limit cancer treatment efficacy [98–100].
he common immunosuppressive factors include cytokines, Tregs,
-based PTT in combination with checkpoint-blockade. Adapted from ref. [43] with
aser immunotherapy combined with perdurable PD-1 blockade immunotherapy.

and TAMs. We  will primarily review approaches of functional T cells
activation by depletion of these immunosuppressive signals.

Inhibition of immunosuppressive cytokines

Cytokines are small proteins that play a vital role in host immu-
nity. These cytokines are either stimulatory (e.g. interferons (IFNs),
tumor necrosis factor-� (TNF-�), IL-12, IL-2, IL-1, granulocyte-
macrophage colony-stimulating factor (GM-CSF), and C-X-C motif
chemokine 10 (CXCL10)) or inhibitory (e.g. Fas ligand (FasL), vascu-
lar endothelial growth factor (VEGF), transforming growth factor
beta (TGF-�), C-X-C motif chemokine 12 (CXCL12), C-X-C motif
chemokine 8 (CXCL8)) [101,102]. For example, IFN � is able to
affect CD8+ T cells by upregulating MHC  I or MHC  II in APCs and
increase recognition of activated T cells. CXCL12 is the most potent
chemokine in promoting angiogenesis and upregulating VEGF in
cancer. By inhibiting these immunosuppressive cytokines, we can
indirectly activate T cells for immunotherapy. The approaches
include targeting DNA/RNA with oligonucleotides or targeting pro-
tein with inhibitors. Miao et al. reported that blockade of CXCL12
and PD-L1 molecules by fusion proteins traps could alter immuno-
suppressive tumor microenvironment and elicit host immune
response (Fig. 7a) [46]. They used liposome-protamine-DNA (LPD)
nanoparticles, which have low systemic toxicity, long circulation
time, and good drug delivery, to encapsulate plasmids encod-
ing CXCL12 and PD-L1 traps. Their results demonstrated that the

CXCL12 trap increased T cells penetration into tumors, and that the
PD-L1 trap helped to activate tumor infiltrated T cells. In another
report, Park et al. used a liposomal nanogel based on cyclodextrins
to co-deliver hydrophobic TGF-� inhibitor SB505124 and water
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ig. 6. Schematic illustration of fabrication of PVAX for cancer immunotherapy.
mmunotherapy to prevent post-operative tumor recurrence and metastasis. Ad
chematic of CpG-CCNPs for anticancer vaccination. Adapted from ref. [97] with pe

oluble IL-2 into the tumor microenvironment for melanoma treat-
ent (Fig. 7b) [47]. The sustained release of the inhibitor and

L-2 significantly inhibited tumor growth, prolonged survival time,
mproved activity of natural killer cells and increased CD8+ T cells
nfiltration at tumor site.

epletion of regulatory T (Treg) cell

Treg cells are immunosuppressive cell that are widely dis-
ributed within the tumor microenvironment. They suppress
unctional T cell response by expressing CD25 (IL-2 receptor), CTLA-
, glucocorticoid-induced TNF receptor (GITR), and C-C chemokine
eceptor type 4 (CCR4). They also secrete the immunosuppres-
ive cytokine IL-10 [103,104]. Therefore, nanosystems exploiting
reg depletion is a good strategy to promote functional T cell acti-
ation, proliferation and elicit host immunity. Cyclophosphamide

s an immunosuppressant that preferentially targets Treg cells at
ow dose [48]. Zhang et al. reported PD-1 presented platelets for
D-L1 blockade with cyclophosphamide encapsulation to deplete
regs and reinvigoration CD8+ T cells within surgical wound of
brication process of PVAX. (b) Simplified mechanism of PVAX-mediated cancer
from ref. [44] with permission of Nature Publishing Group, Copyright 2018. (c)
on of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Copyright 2017.

tumor microenvironment (Fig. 8a, b, c) [48]. Qu et al. developed
a combinational immunotherapy based on photoimmunotherapy
by IR780 dye and Tregs suppression by inhibitor imatinib (IMT) in
glucocorticoid-induced TNF receptor family-related protein (GITR)
layer-by-layer hybrid PLGA nanoparticles (LBL hNPs) (Fig. 8d) [105].
IMT  is responsible for reducing the activation of STAT3 and STAT5
to inhibit Foxp3 expression. In this manner, Tregs in the microenvi-
ronment will become suppressed. Fig. 8e shows the cytotoxicity of
LBL hNPs in cellsafter NIR irradiation. Fig. 8f illustrated the down-
regulation of Tregs (19.7%) treated by LBL hNPs compared with IMT
treatment (30.8%). The authors also found the decrement of CD4+

Foxp3+ Tregs in tumors, which was accompanied by increase GrB
and IFN-� secretion from CD8+ T cells.

Targeting to tumor-associated macrophages (TAMs)
Tumor-associated macrophages (TAMs) are an important pop-
ulation of immune cells in tumor microenvironment [99]. TAMs
can be polarized into anti-tumor M1  macrophages (TAMs1)
or pro-tumor M2  macrophages (TAMs2). TAMs1 secretes pro-
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nflammatory cytokines like TNF-� to enhance anti-tumor effects.
AMs2 can suppress functional T cells by expressing PD-1 and
TLA-4 ligands for TCR and BCR inhibition, by secreting immuno-
uppressive cytokines (e.g., TGF-�, IL-10), and by depleting
-arginine through arginase secretion to limit expression of CD3
n CD8+ T cells [106]. Over the past few years, research groups
ave focused on targeting macrophages to improve immunother-
py [107,108]. For example, Qian et al. designed dual targeted
anoparticles by loading anti-colony stimulating factor I receptor
anti-CSF-1R) small interfering RNA to block survival signal-
ng in M2-like macrophage in melanoma xenografts (Fig. 9a)
109]. According to the authors, the nanoparticles demonstrated
tronger affinity for M2-like macrophages compared with other
acrophages leading to their depletion and tumor growth inhi-

ition. Additionally, according to their results, the siRNA-carrying
anoparticle also down-regulated expression of exhaustion mark-
rs (PD-1 and Tim-3) on tumor infiltrating CD8+ T cells and
ncreased secretion of IFN-� (Fig. 9a). Zhao et al. reported a dual-
argeting albumin nanoparticle modified with transferrin receptor
Tfr) binding peptide and mannose to bypass the blood-brain bar-
ier to deliver disulfiram/copper complex to glioma cells [110].
fter entry into tumor microenvironment, the particle was  able
o deliver regorafenib to promote TAMs2 polarization to TAMs1.
emodeling of tumor microenvironment by depletion of TAMs2,
reg cells, activation of CD8+ T cells and/or delivery of effector
rmission of American Chemical Society, Copyright 2017.(b) Fabrication of the nLG
right 2012.

cytokines conferred anti-glioma efficacy. Shi et al. claimed that
they could reprogram TAMs to M1  phenotype using reactive oxy-
gen species (ROS) photogeneration based on mannose-decorated
PEGylated PLGA nanoparticles encapsulated with ICG and tita-
nium dioxide (TiO2). The particles also incorporated ammonium
bicarbonate (NH4HCO3 or N) for endosome membrane disrup-
tion (MAN-PLGA-N) (Fig. 9b) [49]. The MAN-PLGA-N was taken
up by macrophages after mannose receptor binding. The loaded
NH4HCO3 in the particle core was  able to generate CO2 and NH3
to destabilize endo/lyso membrane leading to ICG and TiO2 release
into the cytoplasm. According to their results, antigen presentation
and T-cell priming induced by TAMs was strengthened after inhi-
bition of lysosomal proton pump and proteolytic activity. Fig. 9c
show TAMs treated with MAN-PLGA-N had downregulation of the
immunosuppressive marker CD206 and upregulation of the anti-
tumor molecule iNOS. Finally, the reprogrammed TAMs promoted
CTLs recruitment and directed the tumoricidal response by mem-
ory T cell. This example illustrates the potential of modifying TAMs
as a means to alleviate immune suppression.

Generally speaking, the immunosuppressive factors can pro-
mote angiogenesis, express specific receptor (e.g., CD25, PD-1,
CTLA-4) on cell surface, or reduce CD3+ expression to indirectly or

directly inhibit CD8+ T cell function. Remodeling tumor microen-
vironment through depletion of immunosuppressive signals (e.g.,
cytokines, Tregs, TAMs) by nanosystems has been developed as
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Fig. 8. Schematic of the production of PD-1-expressing platelets and reinvigoration of CD8+ T cells. (a) Schematic shows L8057 cell line stably expressing murine PD-1 and
production of platelets. (b) PD-1-expressing platelets target tumor cells within the surgery wound. (c) PD-L1 blockade by PD-1-expressing platelets revert exhausted CD8+
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16BL/6 cells exposed to different formulations without or with NIR exposure. (f) E
16BL/6 cells co-culture system. Adapted from ref. [105] with permission of Ivyspr

 powerful approach in cancer immunotherapy. Combination of
unctional T cell activation with immunosuppressive factor deple-
ion by nanosystems will likely have improved antitumor efficacy
n cancer immunotherapy.

anosystem combination therapy for T cell activation

Owing to tumor heterogeneity, monotherapy is generally diffi-
ult to yield satisfactory treatment outcomes. Combination therapy
ased on multiple therapeutic pathways has become a mainstay in
ancer immunotherapy. In the following part, we will summarize
he approaches of combinational immunotherapy with chemother-
py, PDT, PTT, and/or RT.
ombination therapy based on chemotherapy

Chemotherapy is generally the first-line therapy for many can-
er subtypes. However, it is generally hindered by the severe
l Society, Copyright 2018. (d) Schematic illustration of NIR therapy and regulatory
, PDT, and immune-anticancer therapeutic effects. (e) Live and dead cell assay of
f different formulations on Treg cell differentiation in the presence of Treg cells and
ernational Publisher, Copyright 2018.

side effects and unsatisfactory treatment efficacy in clinical prac-
tice. Recently, it has been reported that cancer immunotherapy
can synergize with chemotherapy. Chemotherapy can lead to
immunogenic cell death (ICD) which enhances immunotherapy
[111–115]. For example, Lu et al. reported a nanosystem that
enabled the induction of ICD and inhibition of indoleamine-pyrrole
2,3-dioxygenase (IDO) immunosuppressive signaling in pancreatic
ductal adenocarcinoma (PDAC) (Fig. 10a) [114]. In their system,
they used oxaliplatin as the ICD-inducing chemotherapeutic agent
and indoximod (IND) as the IDO inhibitor. According to the authors,
this class of drug and inhibitor loaded nanoparticles can produce
robust immune response by activating both innate and adaptive
immune system after local or intravenous injection in an ortho-
topic pancreatic tumor model. According to their results, the tumor

was eradicated because of the recruitment of cytotoxic T lympho-
cytes in tumor site and the depletion of immunosuppressive Foxp3+

T cells. Song et al. used two  chitosan derivatives with opposite
charges to prepare tumor microenvironment responsive nanogel
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Fig. 9. (a) Design of the M2NP for M2-like TAM-specific molecular-targeted immunotherapy and in vivo antitumor efficacy. Adapted from ref. [109] with permission of
American Chemical Society, Copyright 2017. (b) Schematic of TAM-directed cancer immunotherapy with nanoparticle-based ROS photogeneration. (c) Immunostaining of
the  expression of M1  and M2  markers in TAMs of tumors intravenously treated with MAN-PLGA or MAN-PLGA-N nanoparticles with or without laser illumination. MAN and
N  in MAN-PLGA-N represent mannose and ammonium bicarbonate, respectively. Adapted from ref. [49] with permission of American Chemical Society, Copyright 2018.

Fig. 10. (a) Schematic illustration that how dual delivery of OX and IND may  impact the anti-PDAC immune response. Adapted from ref. [114] with permission of Nature
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ublishing Group, Copyright 2017. (b) Preparation of NRP + I and schematic illust
hemical Society, Copyright 2017.

odified with erythrocyte membrane (Fig. 10b) [55]. After loading
he ICD-inducing agent paclitaxel and cytokine IL-2, their results
howed that release of the two drugs caused calreticulin expo-
ure, increment of cytotoxic T cells infiltration and decrement of
mmunosuppressive factors. Liu et al. exploited tumor microenvi-

onment responsive nanocarrier to co-deliver mitoxantrone (MIT)
nd celastrol (CEL) with an optimal ratio (5:1) for synergistic ICD
ith good antitumor effect in desmoplastic melanoma [116]. They
 of chemo-immunotherapy. Adapted from ref [55]. with permission of American

found that the synergy between the two chemotherapeutic drugs
required less drug dose which can lower possible side effects.

Wang et al. developed a chemoimmunotherapy approach via
controlled release of gemcitabine (GEM) and anti-PD-L1 by ROS-
responsive scaffold gel (GEM@Gel) [115]. They found that low

dose GEM could induce cell death, up-regulate PD-L1 expression
in surviving tumor cell population, and inhibit myeloid-derived
suppressor cell (MDSCs) for effector T cell activation. They also
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Fig. 11. (a) Structure of the chimeric peptide PpIX-1 M T, as well as in situ PDT in the primary tumor caused apoptosis of tumor cells, production of caspase-3, and release of
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 M T from PpIX-1 M T nanoparticles. Adapted from ref. [123] with permission of Ame
chematic of POP-PD-L1 micelleplex mediated photodynamic cancer immunother
016.

laimed that GEM@Gel promoted T cell infiltration, TAMs polar-
zation with impressive 4T1 and B16F10 tumor growth inhibition

hen combined with checkpoint blockade by anti-PD-L1.

ombination therapy built on photodynamic therapy (PDT)

Photodynamic therapy (PDT) can generate ROS and induce
umor necrosis and apoptosis after laser irradiation [117–119].

n turn, the deceased tumor cells will release TAAs which
an be captured by DCs and promote DCs maturation. The
ature DCs migrate to lymph node and activate cytotoxic T

ymphocytes for immune response [120]. However, PDT alone
 Chemical Society, Copyright 2018. (b) Self-assembly of POP micelleplex and cartoon
dapted from ref. [125] with permission of American Chemical Society, Copyright

might not be able to completely kill tumor cells because of
the immunosuppressive tumor microenvironment. Many studies
have shown enhanced cancer immunotherapy efficacy because
of PDT [121–124]. Dai et al. reported size/charge tunable pH-
responsive micelleplex for PDT enhanced PD-L1 immunotherapy
with good tumor penetration [121]. The micellar nanocomplex
delivered siRNA to silence PD-L1 and photosensitizer to target
mitochondria for synergistic PDT/immunotherapy. After release of

siRNA and photosensitizer, the nanosystems enhanced immune
response by PDT and checkpoint blockade for T cells activation.
This led to inhibition of melanoma tumor growth and recur-
rence. He et al. developed core-shell nanoparticles by loading
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Fig. 12. (a) The schematic illustration shows the development of spiky gold nanoparticles (SGNPs) coated with PDA (SGNP@PDA) as a new photothermal agent with extensive
p ature
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hotothermal stability and efficiency. Adapted from ref. [128] with permission of N
hotothermal nanoparticle (CPCI-NP). (c) Synergistic antitumor activity of photot
dapted from ref. [129] with permission of American Chemical Society, Copyright 2

he chemotherapeutic drug oxaliplatin in the core for ICD and
hotosensitizer pyropheophorbide-lipid conjugate in the shell for
DT [122]. In combination with anti-PD-L1, their results indi-
ated the stronger T cell mediated response with corresponding
olon tumor regression. Song et al. synthesized chimaeric pep-
ide C16-K(PpIX)-PEG8-KDEVD-1 M T (PpIX-1 M T) which contains
he photosensitizer protoporphyrin (PpIX) for PDT and the IDO
nhibitor 1-methyltryptophan (1 M T). 1 M T was placed at the C-
erminus of the sequence behind a caspase-3 responsive sequence
Fig. 11a) [123]. The authors postulated that PpIX-1 M T could
nduce ROS generation after laser irradiation. Once the affected can-
er cells will undergo apoptosis, they will express caspase-3 and
acilitate 1 M T release. IDO inhibition is then expected to enhance
mmune response and CD8+ T cells activation. Wang et al. con-
tructed a versatile micelleplex composed of pH sensitive micelle,
iRNA for knocking down PD-L1 expression and photosensitizer

heophorbide A (PPa) for PDT (Fig. 11b) [125]. They found that com-
inational therapy of PDT and PD-L1 knockdown increased CD4+,
D8+ T cells, as well as TNF-� and IFN-� dual positive CD8+ T cell

n tumor site. In addition, they also claimed that the combination
 Publishing Group, Copyright 2018. (b) Schematic illustration of high-performance
l/immunotherapy in the mice bearing orthotopic 4T1 breast cancer (both sides).

therapy improved anti-tumor efficacy and inhibited distant tumor
metastasis in B16F10 melanoma model.

Combination therapy based on photothermal therapy (PTT)

Photothermal therapy is an efficient cancer immunotherapy
approach by using vibrational energy (heat) from laser irradia-
tion to induce tumor cell death. However, it is difficult to achieve
complete elimination of tumor cells with PTT alone. Combination
therapy between PTT and other approaches (e.g., chemotherapy,
PDT) has shown promise especially for some disseminated tumor
models [126–129]. Research by Nam et al. revealed that PTT com-
bined with chemotherapy triggered robust anti-tumor immune
response in disseminated tumors (Fig. 12a) [128]. They utilized
gold nanoparticles as photothermal agents decorated with poly-
dopamine on the outer surface to increase stability and efficiency of

the NIR response. According to their results, combination therapy
with doxorubicin displayed improved anti-tumor immunity and
prominent inhibition for the both primary and distant tumor in the
CT26 colon carcinoma model. The nanoparticles were also effective
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ig. 13. (a) Schematic depiction of utilizing AC-NPs to improve cancer immunothera
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f  Nature Publishing Group, Copyright 2018. (c) nMOFs enable synergistic RT-RDT a
rom  ref. [133] with permission of Nature Publishing Group, Copyright 2018.
n the TC-1 submucosa-lung metastasis tumor model. The results
ere attributed to activation and infiltration of CD 8+ T cells and NK

ells. Peng et al. reported the use of NLG919/IR780 micelles for PTT
ombination therapy with IDO inhibition [126]. The expression of
apted from ref. [130] with permission of Nature Publishing Group, Copyright 2017.
in combination with checkpoint blockade. Adapted from ref. [132] with permission
munotherapy using extremely low doses of X-rays in CT26 tumor model. Adapted
immunosuppressive factors, like IDO, heat shock protein (HSP) and
programmed death ligand-1 (PD-L1) can also reduce PTT efficacy.
Notably, their results demonstrated that NLG919/IR780 micelles for
the combination therapy were able to reduce IDO activity, inhibit
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rimary tumor growth, and promote cytotoxic T lymphocytes acti-
ation for treatment of distant tumors. Zhang et al. reported a
ybrid CPCI-NP derived from the co-self-assembly of two  teloden-
rimers PEG5K-CA4-ICGD4 (PCI) and PEG5K-Cys4-L8-CA8 (PCLC)
129]. They proved that CPCI-NP had efficient antitumor activ-
ty in orthotopic OSC-3 oral cancer model when combined with
TT/chemotherapeutic therapy using ICG and DOX (Fig. 12b). They
urther verified that CPCI-NP co-loaded with ICG and immunomod-
latory molecule imiquimod displayed superior inhibition efficacy
gainst 4T1 tumor model, especially when PTT/immuno-therapy
as combined with anti- PD-1 checkpoint blockade (Fig. 12b&c).

ombination therapy built on radiotherapy (RT)

Radiotherapy (RT) uses ionization energy to kill cancer cells.
owever, radiation delivered to normal tissues is the main

imitation of this approach. Many studies have shown that
adiotherapy can also elicit host immunity for immunotherapy
ased on the abscopal effect [130,131]. At high doses, there
re concerns for radiation toxicity to normal tissues. At low
oses, tumors may  be undertreated. Combining RT with other
pproaches (e.g., chemotherapy, checkpoint blockade therapy) may
elp to address dosing issues [130,132,133]. Min  et al. reported
anoparticles with specific moieties (e.g., amine, 1,2-dioleoyloxy-
-(trimethylammonium)propane, maleimide (Mal)) that could
apture antigens for improved antigen presenting and enhanced
mmunity response after RT combined with immune checkpoint
lockade (Fig. 13a) [130]. In B16-F10 melanoma carcinoma model,

 20% cure rate was achieved with the combination while no mice
ere cured in the control group. According to the authors, the

xpansion of CD 8+ T cells was the primary reason for tumor
rowth inhibition after combination therapy. Chao et al. designed
ombinational therapy using local radionuclide therapy together
ith anti-CTLA-4 immune checkpoint blockade (Fig. 13b) [132].

hey claimed that catalase labeled with 131I can attenuate level
f hypoxia in tumors and potentiated RT efficacy at low radioactive
ose. Moreover, after injection, hydrogel formation upon exposure
o endogenous Ca+ helped to fix 131I within the tumor. The formula-
ion combined with CpG and anti-CTLA-4 was able to inhibit tumor

etastasis and subsequent rechallenge due to the activation and
nfiltration of CD 8+ T cells. In another report, Lu et al. exploited
anoscale metal-organic framework (nMOF) for radiotherapy-
adiodynamic therapy combination with IDO inhibitor for CD8+ T
ells maturation and proliferation (Fig. 13c) [133]. They claimed
hat nMOF could eradicate both local and distant breast and
olorectal tumors after intratumoral injection of the nMOF encap-
ulated with IDOi under low-dose X-ray irradiation.

onclusions and outlook

In recent years, nanosystems-based cancer immunotherapy for
unctional T cell activation has gained great momentum. As we  dis-
ussed in this review, every approach has its own  pros and cons.
anoparticle-based aAPCs could mimic  APCs to directly elicit T cell

esponses in lymph nodes and provoke host’s immune response.
his method obviates the need to harvess APCs, stimulate antigen
rocessing and presentation ex vivo, and refuse into host. Com-
ared with bispecific T-cell engaging antibodies (BiTEG), which can
irectly kill cancer cells by specfic antigen recognition with perforin
nd granzyme secretion [134], aAPCs need to first activate T cells to
nduce cell death. Cancer nanovaccine can efficiently deliver TAAs,

eoantigen, adjuvant to lymph node, or form cancer vaccination

n vitro and in vivo for functional T cell activation. Their flexible
esign enables affords a multitude of combination. Nevertheless,
anovaccine delivery systems will most likely require mutiple
y 27 (2019) 28–47 45

administrations for prolonged immune response. TME  modulation
mediated by nanoparticles is able to reinvigorate CD8+ T cells, CD4+

T cells, effector T cells and increase survival rate of memory T cells.
This helps to counteract tumor evasion from immune surveillance.

Unlike monotherapy, combination therapy can better cope with
immune resistance and appear to be the trend of future cancer
immunotherapy. For instance, future cancer nanovaccines may  one
day be able to simulataneously prime and active T cells, modulate
tumor microenvironment and inhibit negative regulatory signals.
In this review, we mainly focused our discussion on therapeutic
approaches regarding cancer immunotherapy for functional T cell
activation. In clinical setting, diagnostic information is necessary
to provide guidelines for cancer treatment. In this respect, molec-
ular imaging modalities (e.g., positron emission tomography (PET),
single-photon emission computerized tomography (SPECT), mag-
netic resonance imaging (MRI)) can be used [135,136]. Combining
nanomedine-based diagnosis and therapy, nanoimmunotheranos-
tics, will probably emerge as one of the research hotspots in future.

Even though nanosystem-based immunotheranostics are
promising, there are still inevitable obstacles to overcome prior to
clinical translation. Simplification of synthesis process is necessary
to decrease the use of organic solvent, and to ensure product purity.
The cooperativity (e.g., doses, categories) between immunothera-
peutic drugs and diagnostic agents will play a key role in achieving
satisfactory treatment efficacy. In addition, the long term safety of
nanomaterials must be carefully assessed especially for potential
autoimmune reponses. Ultimately, accurate diagnosis combined
with effective immunotherapy will greatly improve outcomes for
cancer patients.
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