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Immunotherapy is revolutionizing the treatment of cancer, and the current immunotherapeutics have remark-
ably improved the outcomes for some cancer patients. However, we still need answers for patients with immu-
nologically cold tumors that do not benefit from the current immunotherapy treatments. Here, we suggest a
novel strategy that is based on using a very old and sophisticated system for cancer immunotherapy, namely “in-
trinsic cancer vaccination”, which seeks to awaken our own immune system to activate tumor-specific T cells. To
do this, we must take advantage of the genetic instability of cancer cells and the expression of cancer cell
neoantigens to trigger immunity against cancer cells. It will be necessary to not only enhance the phagocytosis
of cancer cells by antigen presenting cells but also induce immunogenic cancer cell death and the subsequent im-
munogenic clearance, cross-priming and generation of tumor-specific T cells. This strategy will allow us to avoid
using known tumor-specific antigens, ex vivo manipulation or adoptive cell therapy; rather, we will efficiently
present cancer cell neoantigens to our immune system and propagate the cancer-immunity cycle. This strategy
simply follows the natural cycle of cancer-immunity from its very first step, and therefore could be combined
with any other treatment modality to yield enhanced efficacy.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

The need to develop novel strategies for cancer therapy is tremen-
dous. In the late 1800s, Dr. William Coley investigated anti-tumor ef-
fects mediated by microbe-derived toxins, establishing initial concept
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Fig. 1. Cancer-immunity cycle. This cycle is a self-sustaining multistep process that involves: (1) the release of cancer cell antigens; (2) cancer antigen presentation; (3) priming and
activation; (4) the trafficking of T cells to the tumor; (5) the infiltration of T cells into tumors; (6) the recognition of cancer cells by T cells; and (7) the killing of cancer target cells.
Each step is described in the manuscript along with various cancer immunotherapy strategies. Figure modified from Chen and Mellman [9] with permission from Elsevier.

3Y. Yang et al. / Advanced Drug Delivery Reviews 151–152 (2019) 2–22
of exploiting the immune system to combat cancer. Since then, the field
of cancer immunotherapy has evolved intensively, accompanying our
understanding of the complexity of the immune system. In contrast
with therapies that act on the tumor itself, immunotherapeutic agents
target the patients' immune system to control tumor progression, and
such immune responses can be sustained even after the treatment has
finished [1,2]. Research in the field of cancer immunotherapy has
flourished in recent years, yielding both crucial breakthroughs and in-
formation on important immunosuppressive pathways that can limit
the success of cancer immunotherapy.

Tumor cells often overexpress immune checkpointmolecules,which
limit the immune system’s search function and tamp down the immune
response. To overcome this problem, researchers have developed a
number of different antibody proteins that block these checkpoint mol-
ecules and enable the immune system to destroy tumors. Such cancer
immunotherapy can add extra years to patients’ lives. However, check-
point blockade therapies work only when anti-tumor T cells are present
but anergic of exhausted; these cells are reactivated in situ through the
molecular inhibitors. Moreover, not all tumors appear to respond to the
current immunomodulatory maneuvers [3–5]. For instance, only a frac-
tion of patientswithmelanoma respond to single-agent immune check-
point blockade using anti-PD-1/PD-L1 therapeutic antibodies. In some
cases there is no response even when the checkpoint molecules are
blocked, because there are too few active T cells in the vicinity of the
tumor or the tumor doesn’t display enough of the T cell targets
(neoantigens) on its surface [6–8]. In another immunotherapeutic strat-
egy, T cells are amplified ex vivo, activated, genetically engineered to be
highly combative (Chimeric antigen receptor T cells, also known as
CAR-T), and then reinfused into the patient to target to the tumor.
While CAR-T cell therapy has shown great success for the treatment of
hematologic tumors, response rates of patients with solid tumors are
less favorable; it is also antigen-specific and requires foreknowledge of
the relevant cancer antigens to which the patient would be sensitive.
Since emerging cancer immunotherapies using immune checkpoint
blockades work predominantly at steps 6 and 7 of the cancer-
immunity cycle (Fig. 1), effective cancer immunotherapies require suc-
cessful passage through the early stages of the cycle to improve T cell
priming and activation (steps 1–3). Thus, rational strategies need to
be designed to overcome the activation energy threshold of the immu-
nosuppressive tumor microenvironment (TME) that turn cold tumors
hot and allow our primed immune systems to recognize the tumors as
foreign or aberrant.

For ananti-cancer immuneresponse to lead to effective killingof can-
cer cells, the immunogenic cell death (ICD) pathway must initiate a se-
ries of stepwise events in which the ICD pathway in the tumor releases
neoantigens created by oncolysis, which are engulfed by dendritic cells
(DCs) for antigen processing (step-1, Fig. 1) [9]. In order for this step to
yield an anti-cancer T cell response, it should be assisted by immuno-
genic signals released by dying tumor cells. Notably, ICD is accompanied
by the spatiotemporally defined release of damage-associatedmolecular
patterns (DAMPs) and/or danger signals that raise the potential immu-
nogenicity of dying cells. Next, DCs engulf and process the tumor-
derived antigens, then travel to the lymph node to undergo maturation.
DCs use MHC class I andMHC class II molecules to present the captured
antigens to T cells (step-2), leading to the priming, activation, and clonal
expansion of cytotoxic T cell responses against cancer antigens (step-3)
that have triggered incomplete central tolerance. The nature of the im-
mune response is determined at this stage, with the final outcome rest-
ing on the critical ratio of T effector cells versus regulatory T (Treg) cells.
Finally, the activated effector T cellsmigrate to and infiltrate into (step-4,
5) the tumor core, specifically bind to cancers via an interaction between
T cell receptor (TCR) and the MHC class I-bound cognate antigen (step-
6), and conclusively kill tumor cells via the release of cytolytic effectors
(e.g., perforin and granzyme A/B) (step-7) [9,10].

Therapeutic cancer vaccines, which represent a viable option for ac-
tive immunotherapy, seek to facilitate efficient T cell priming. However,
therapeutic vaccination has thus far failed to induce a robust immune
response against tumors in clinical trials. Tumor-induced immunosup-
pressive mechanisms in the TME have been reported to be a major
cause of the limited success of the current therapeutic cancer vaccines.
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In this review, we discuss the novel strategy of “intrinsic cancer vac-
cination”, which seeks to control the entire cancer-immunity cycle of
cancer neoantigen release, cross-priming and T cell proliferation, cancer
cell elimination and converting immunosuppressive TME to an immu-
nogenic microenvironment. In addition, we cover the use of
nanoparticle-based platform to improve delivery of immunotherapeutic
drugs to specific target tissues and/or to maximize their efficacy. This
strategy focuses on allowing our immune system to recognize and elim-
inate cancer cells, and hence should greatly increase the patient popula-
tion that will benefit from the cutting-edge science of cancer
immunotherapy.
2. Intrinsic cancer vaccination

In an attempt to awaken our own immunity against cancers, herewe
discuss the novel approach of using intrinsic cancer vaccination, which
takes advantage of the genetic instability of cancer cells. An anti-
cancer intrinsic vaccine is designed to activate immune cells those are
professional phagocytes which can consequently enhance efficient rec-
ognition toward cancer cells as non-self. This strategy allows tumor an-
tigens to stimulate the host immune system, resulting in total tumor
Fig. 2.The strategy of intrinsic cancer vaccination. In order to obtain a strong immunity against c
to activate anti-tumor T cell immunity. This strategy includes: 1) DC expansion; 2) enhancemen
and 6) enhancement of priming and T cell activation. The enhanced phagocytosis of cancer cell
eradication via amplification of anti-tumor T cells and the induction of
a lasting anti-tumor immune response.

Intrinsic cancer vaccination causes the vaccine to developwithin the
patient by efficiently providing various cancer cell neoantigens and
DAMPs to the immune system, thereby reducing the resource distribu-
tion required for ex vivo processing. This universal and effective ap-
proach can exploit the complete antigenic repertoire of a tumor rather
than being limited to a single tumor-specific antigen by generating
polyclonal T cell immunity against cancer. This strategy is expected to
enhance the immune surveillance of primary cancer, metastatic cancer,
and even recurrent cancer.

In order to elicit an augmented anti-tumor immune response, an in-
trinsic vaccine should ideally be able to induce ICD to facilitate the im-
munogenic release of tumor neoantigens; and enhance antigen uptake
by (activated) antigen presenting cells (APCs) to induce anti-tumor T
cell responses that will trigger systemic anti-tumor immunity. The trig-
gering of danger signals in immunogenic dying cancer cells and the en-
hancement of phagocytosis in an immunosuppressive TME requires
proficient interconnection of the innate and adaptive immune re-
sponses. This strategy also includes means to recruit DCs (especially
CD103+ DCs) into the tumor site and to enhance cross-priming be-
tween mature DCs and T cells (Fig. 2). In this section, we describe the
ancer, APCs should selectively recognize cancer cells as non-self and effectively digest them
t of non-self signals; 3) enhancement of phagocytosis; 4) DCmigration; 5) DCmaturation;
s undergoing ICD could improve APC functions, leading to tumor-specific T cell immunity.
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several ways to 1) induce ICD of cancer cells and 2) recruit DCs into
tumor site. The importance of 3) enhancement of phagocytic function
of DCs and 4) their maturation and migration to the lymph node are
also explained. In addition, our discussion will also focus on the
5) cross-priming between DCs and T cells to generate tumor-specific T
cells. Finally, we will cover 6) suitable combined examples for effec-
tively inducing intrinsic tumor immunity.

2.1. Inducing ICD to release neoantigens and DAMPs

Some dying cells elicit extensive immune responses; this phenome-
non is called ICD [11–13]. When dying cells undergo ICD, they stimulate
local inflammatory responses and trigger the maturation of DCs. More-
over, cancer cells undergoing ICD emit neoantigens and spatiotempo-
rally defined pattern of DAMPs that are capable of acting as danger
signals: 1) an “eat me” signal arising from translocation of calreticulin
(CRT) from endoplasmic reticulum (ER) to the cell membrane [14];
2) a “findme” signal including active secretion of ATP [15,16]; and 3) ex-
tracellular secretion of nuclear high-mobility group box 1 protein
(HMGB1), signal to promote antigen processing and presentation to T
cells [17,18] (Table 1). However, as none of thesemolecules can predict
the immunogenicity of cancer cell death with absolute certainty, ICD
must be assessed by in vivo experiments using appropriate tumor-
mousemodels; The gold-standard approach to test the ability of ICD in-
ducers depends on vaccination experiments involving immunocompe-
tent murine models and syngeneic cancer cells.

We also note that, non-ICD or tolerogenic cell death can also release
neoantigen. However, epigenetic profiling of human tumors has re-
vealed that only 1% of mutation (neoantigen) causes spontaneous im-
mune responses [19]. Therefore, activation of immune cells by
inducing increased DAMPs (immune activating factors) as well as
neoantigen burden by ICD is required to elicit anti-tumor immunity.

ICD induction requires reactive oxygen species (ROS)-driven ER
stress or (at a minimum) nearly simultaneous activation of ER stress
and ROS production [11,12]. The activation of both ER stress and ROS
production is critical for trafficking and emission of DAMPs, which
may function as danger signals. Recent work has demonstrated that
many different cancer cell lines undergo ICD in vitro, and their in vivo
relevance has been verified in a variety of mouse models (Table 2).
Abundant pre-clinical immunological data [14,16,18,20] and even retro-
spective clinical data [21,22] confirm the occurrence of ICD-based anti-
tumor immunity (Table 3).

ICD-induced anti-tumor immune responses require that pathogen-
associatedmolecular patterns (PAMPs) or DAMPs released from immu-
nogenic dying cells interact with varied receptors on the surface of in-
nate immune cells, including pattern-recognition receptors (PRRs),
phagocytosis-related receptors, and purinergic receptors
[16,18,20,23–25]. Recently, much attention has been focused on toll-
like receptors (TLRs), a family of PRRs that detect a plethora of PAMPs
[26–28]. Upon activation of innate immune cells, such as DCs, the sur-
face expression of co-stimulatory molecules increases; this enhances
the antigen presentation capacity, which allows adaptive immunity to
be induced via the activation of cytotoxic T cells (CTLs). Although recent
studies have focused on improving the maturation and function of DCs,
the literature currently lacks an in-depth investigation of the various
cancer-immunity-related DC subsets and their maturation.

Several oncolytic viruses are known to induce ICD in preclinical
models, and this has been associated with increased cross-priming of
tumor-associated antigens. For example, CD40 ligand-expressing ade-
novirus [29], measles virus [30], and coxsackievirus B318 [31] have
been shown to induce ICD phenotypes, including increased surface ex-
pression of CRT and higher levels of extracellular ATP and HMGB1
(Table 2). In addition to host-derived DAMPs, oncolytic virotherapy
can induce the local expression and release of virus-derived PAMPs;
this can enhance the recruitment of immune cells to the TME, leading
to efficient cross-priming of tumor-associated antigens (TAAs) [32,33].
Recently, it has been reported the spiky gold nanoparticles coated by
polydopamine as a new photothermal agent for inducing ICD of cancer
cells. This nanoparticle combined with a sub-therapeutic dose of doxo-
rubicin was shown to trigger robust anti-tumor immune response
against metastatic tumors [34].

ICD is characterized by the early cell surface exposure of chaperone
proteins, CRT, HSPs, and HMGB1 (a late cell apoptosis marker), all of
which affect the maturation of DCs and their uptake and presentation
of tumor antigens [35,36]. As such, inducing immunogenic tumor cell
deathmay enhance the effectiveness of DC-based anti-tumor therapies.

2.2. DC recruitment and expansion

Myeloid cells consist of a heterogeneous population of bone
marrow-derived cells that play crucial roles in the growth andmetasta-
sis of malignant tumors. Myeloid cells are significant infiltrated in the
tumors, and actively recruited to the TME. Both in situ expansion of
DCs and recruitment of them from bone marrow to the tumor site are
required to initiate T cell-dependent anti-cancer immunity [37,38].
The density and quality of DCs present in the TME determines themag-
nitude and class of the T-cell response. Following regional recruitment
and expansion of DCs within tumors, the myeloid APCs (which include
multiple subsets of DCs) act as professional phagocytes that can acquire
tumor antigens to stimulate an anti-tumor immune reaction.

Specific subsets of DCs possess specialized antigen-processing ma-
chinery, such as CD103+ DCs in mice (equivalent to CD141+ DCs in
humans). CD103+ DCs, which depend on the transcription factors,
IRF8, Zbtb46, and Batf3, have developed the capacity to limit acidifica-
tion of their phagosomes to prevent proteolytic degradation of antigenic
peptides. They are able to efficiently cross-present phagocytosed anti-
gens to CD8+ T cells, and thus excel at activating CD8+ T cells even in
an immune suppressive TME. Clinically, a quantitative increase of
intratumoral CD103+ DCs is expected to play a crucial role in activating
anti-tumor immunity by re-stimulating CTLs, thereby enhancing the ef-
ficacy of immune checkpoint blockade and adoptive T cell therapies.

FLT3 ligands (FMS-like tyrosine kinase 3 ligands) act as growth fac-
tors, play key roles in the survival and proliferation of DCs, support the
differentiation of hematopoietic progenitor cells to DC lineages, and can
promote the quantitative increase of DC precursors and immature
CD103+ DCs in the myeloid compartment of the tumor site [39–41].
Conversely, tumor-released granulocyte colony-stimulating factors (G-
CSF) downregulate interferon regulatory factor-8 (IRF8) to reduce
CD103+ DC development and increase immune suppressive myeloid
cells. A reduction of CD103+ DCs impairs tumor-specific CD8+ T cell
function and is correlated with poor patient outcomes [42,43]. FLT3 li-
gand therapy has been developed for use in patients to bolster
CD103+ DC numbers and function, and a recent report suggested that
neutralization of G-CSF synergizes with FLT3 ligands in vivo to elicit ef-
fective anti-tumor immune response [42,44]. Table 3 shows several
drugs for inducing DC expansion that are currently being tested in clin-
ical trials.

2.3. Enhancement of phagocytosis

Innate immune cells, such asmacrophages, DCs, and B cells, can rap-
idly remove pathogenic bacteria and cell debris via PRRs that allow
them to distinguish self from non-self materials. PAMPs can determine
the character of a pathogen; they are recruited to phagosomes, and
thus are ideal candidates as linkers of phagocytosis to inflammation.
There are several classes of PRRs, such as the TLRs, nucleotide
oligodimerization domain-like receptors, retinoic acid-inducible gene-
1-like receptors, and several C-type lectin receptors. As DCs are profes-
sional APCs of the immune system, they express broad repertoire of
PRRs. Upon being activated by antigen uptake, DCs begin migrating to
the lymph node, where they will educate T cells. During this migration,
they undergo maturation [45–47]; their antigen uptake ability declines,



Table 1
DAMP signals

DAMPs Receptor Properties Cell death type Emission pathway Site Ref

ATP P2RX7 Acts as a “find me” signal
(Immunostimulatory activity)
Macrophage
recruitment
IL-2β secretion by DC

Accidental necrosis
Immunogenic apoptosis

Autophagy and PANX1- dependent
mechanism
Released passively
Pre-apoptotic or early apoptotic active
secretion

Cytosol [16,205]

BCL-2 TLR2 Reduces reperfusion injury of
skeletal or cardiac muscle when
injected extracellularly

Secondary necrosis Released passively Mitochondria [206]

CRT CD91 ER chaperone
Acts as an “eat me” signal

Secondary necrosis
Immunogenic apoptosis

Exposure to ER stress through Golgi
secretory pathway
Released passively
Pre-apoptotic or early or mid-apoptotic
surface exposure

ER [14,207,208]

Cyclophilin A CD 147 Highly pro-inflammatory
Induces recruitment of
inflammatory cells

Necrosis Secreted actively Cytosol [209]

HSPs CD91, TLR2,
TLR 4

Molecular chaperones
Have immunostimulatory activity
Induce NK cell activation and DC
maturation

Necrosis
Immunogenic apoptosis

Released upon PMP detection or
secreted via active, exosome
dependent routes
Released passively
Surface exposure

Cytosol [210,211]

HMGB1 CD24,TLR2,
TLR 4, RAGE
and TIM3

Multifunctional nuclear factor
Has immunostimulatory activity

Accidental necrosis
Immunogenic apoptosis
Cell death with autophagy

Released upon NMP and PMP detection
Released passively
Early or mid apoptotic active secretion

Nucleus [212,213]

F-actin DNGR1 Helps DCs recognize necrotic cells Accidental necrosis
Secondary necrosis

Released passively
Exposed upon plasma membrane
permeabilization

Cytosol [214]

Histones TLR9 Induce initiation of TLR9- and
MyD88-mediated inflammatory
responses

Accidental necrosis Released passively
Surface exposure
Secreted actively

Nucleus [215,216]

HMGN1 TLR4 Induces DC maturation,
recruitment of APCs

Secondary necrosis Uncertain Nucleus [217,218]

IL-1α IL-1R Induces strong pro-inflammatory
activity

Accidental necrosis Released passively Nucleus [219]

IL-33 ST2 Induces secretion of
pro-inflammatory and TH2
cytokines
Repressor of nuclear transcription
Anti-inflammatory factor

Accidental necrosis Released passively
Released upon permeabilization of
nuclear membrane and plasma
membranes

Nucleus [220,221]

IL-6 IL-6R and
GP130

Induces strong pro-inflammatory
activity

Necroptosis Released passively Mitochondria? [222,223]

Mitochondrial DNA TLR9, NLRP3 Induce activation of macrophages
and neutrophils
Induce activation of NLRP3
inflammasome

Accidental necrosis Released passively
Released upon mitochondrial damage
and plasma membrane
permeabilization

Mitochondria [224,225]

Mitochondrial
transcription
factor A

TLR9 and
RAGE

Mitochondrial danger signal
Induces activation of DCs

Accidental necrosis Released passively Mitochondria [226,227]

Monosodium urate Unknown Derived from uric acid Possesses
pro-inflammatory properties
Causes DC maturation and
neutrophil attraction

Accidental necrosis Released passively Cytosol [228,229]

N-formyl peptides FPR1 Act as a find me signal
Chemoattractant for platelets,
monocytes and neutrophils

Necrosis Released passively
Released upon mitochondrial damage
and plasma membrane
permeabilization

Mitochondria [224,230]

Reactive carbonyls
and
oxidation-specific
epitopes

CD36, SRA,
TLR2, TLR4
and CD14

Enhance antigen presentation
with TH2 cell polarization

Apoptosis or necrosis
induced
by ROS-producing agents or
cell death associated with
ROS production

Released passively
Surface exposed

[231,232]

Ribonucleoproteins,
mRNA and
genomic DNA

TLR3 Induce strong pro-inflammatory
activity

Accidental and secondary
necrosis

Released passively Nucleus [233,234]

S100 proteins
(S100A8, S100A9
and S100A12)

RAGE Have potent immunostimulatory
activity
Recruit monocytes and
neutrophils

Accidental necrosis Released passively
Secreted via conventional secretory
pathways or released upon plasma
membrane permeabilization

Cytosol [235,236]
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while improvements are seen in their capacity to digest the absorbed
antigens and present them to co-stimulatory molecules or major histo-
compatibility complexes (MHCs) of the various classes [48,49]. T cells
can be activated by the interaction of an MHC class I-presented antigen
on the DC surface with the TCR of a CTL; this is called “cross-presenta-
tion” [50,51].

Within the TME, the phagocytic function of innate immune cells can
be modulated by upregulation of “don’t eat me” signals on the tumor



Table 2
ICD inducers

Type I inducer DAMPs Site of DAMP induction Stage of
cell death

Main target of cell death Ref

Type I inducer
Oxaliplatin Ecto-CRT, release of HMGB1, release of ATP ER, autophagy, pannexin

channels, lysosomes
Apoptosis Nucleus [112,237]

Anthracyclines
(doxorubicin, epirubicin,
idarubicin, mitoxantrone)

Ecto-CRT, ERp57, release of HMGB1, release
of ATP, ecto-HSP70

ER, autophagy, pannexin
channels, lysosomes

Apoptosis Nucleus [13,14,35,238]

Cyclophosphamide Ecto-CRT, release of HMGB1 ER Apoptosis Nucleus [239]
Shikonin Ecto-CRT, ecto-Hsp70, ecto-GRP78 ER Apoptosis Mitochondria [240]
Bortezomib Ecto-CRT, ecto-Hsp70, ecto-Hsp90 ER Apoptosis Cytosol [211,241]
7A7
(EGFR-specific-antibody)

Ecto-CRT, ERp57, ecto-Hsp70, ectp-Hsp90 ER apoptosis Cell surface [242]

Cardiac glycosides Ecto-CRT, release of HMGB1, release of ATP ER, pannexin channels,
lysosomes

Apoptosis Cell surface [243]

UVC irradiation Ecto-CRT, ERp57, release of HMGB1, release
of ATP

ER, autophagy, pannexin
channels, lysosomes

Apoptosis Nucleus [244]

Radiotherapy Ecto-CRT, ecto-HSP70, release of HMGB1 ER, autophagy, pannexin
channels, lysosomes

Apoptosis Nucleus [245,246]

Bleomycin Ecto-CRT, ERp57, release of HMGB1, release
of ATP

ER, pannexin channels,
lysosomes

Apoptosis Nucleus [247]

Clostridium difficile toxin B Ecto-CRT, ecto-Hsp70, ecto-Hsp90, release
of HMGB1, release of ATP

ER Apoptosis Cytoskeleton [248]

High hydrostatic pressure Ecto-CRT, ecto-Hsp70, ecto-Hsp90, release
of HMGB1, release of ATP

ER Apoptosis Membrane [249–251]

Microwave thermal ablation Ecto-CRT, release of HMGB1, release of ATP ER Apoptosis Hyperthermic ablation of
cellular components

[252]

Paclitaxel Ecto-CRT ER Apoptosis Cytosol [253,254]
PDT with Photofrin Ecto-CRT, ecto-Hsp70, ecto-Hsp60, release

of HMGB1
ER Apoptosis Mitochondria, ER [255]

RIG-I-like helicases (RLH) Ecto-CRT, release of Hsp70 release of
HMGB1

ER Apoptosis Cytosol [256]

Vorinostat (HDAC inhibitor) Ecto-CRT, release of HMGB1, release of ATP ER, pannexin channels,
lysosomes

Apoptosis Nucleus, cytosol [257]

Wogonin Ecto-CRT, release of HMGB1, release of ATP ER, pannexin channels,
lysosomes

Apoptosis Mitochondria [258]

Type II inducer
PDT with hypericin Ecto-CRT, ecto-Hsp70, ectp-Hsp90, release

of HMGB1, release of ATP
ER, autophagy Apoptosis Mitochondria,

ER
[210,259]

Oncolytic virus (coxsackievirus
B3, adenovirus)

Ecto-CRT, HMGB1 translocation, release of
ATP

ER Apoptosis ER [31,32,260]

PtII N-heterocyclic carbene
complex

Ecto-CRT, release of HMGB1, release of ATP ER Apoptosis ER [261]
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cell surface, the “tickling” signals of phagocytic cells, and the expression
level of the phagocytic machinery on the surface of immune cells.
Tumor cells overexpress CD47 as a “don’t eat me” signal on their
surface in order to avoid being removed by innate immune cells. The
CD47:signal regulatory protein alpha (SIRPα) axis is an important mo-
lecular interaction that suppresses the activation of phagocytes
(e.g., macrophages and DCs) against tumors [52,53]. As the CD47:
SIRPα axis functions as an immune checkpoint, it has emerged as one
of themost promising new targets for immuno-oncology. The blockade
of CD47, particularly using an anti-CD47 antibody, has proven to induce
potent anti-tumor efficacy [52,54,55]. Given that phagocytosis partici-
pates in both innate and adaptive immunity in cancer, it is notable
that CD47 blockade in immunocompetent mice enhances the cross-
priming ability of DCs and the generation of a tumor-specific CD8+ T
cell response [54–58]. Therapeutics targeting the CD47:SIRPα have
shown success in a wide variety of pre-clinical tumor models and are
currently conducted in clinical trials for both hematologic malignancies
and solid tumors [59] (Table 3). Recently,Weissman’s group identified a
second “don’t eat me” signal and its complementary receptor: they
found that the LILRB1 protein on the surface tumor-associated macro-
phages binds to a β2-microglobulin of MHC class I on cancer cells, and
that this inhibits the ability of macrophages to engulf and kill the cancer
cells [60]. Human tumorswith the high-level surface expression ofMHC
class I are more resistant to anti-CD47 treatment than those with lower
levels of the complex, and inhibition both the CD47-mediated pathway
and the LILRB1 pathway significantly slowed tumor growth in mice.
Furthermore, CD46 expressed on apoptotic/necrotic cells [61] and cell-
to-cell detachment-related CD31 [62] also reportedly inhibit the phago-
cytic functions of innate immune cells against tumors.

In addition to blocking the “don’t eat me” signal, therapeutic strate-
gies can seek to bypass the “tickling” signal to enhance the activation of
phagocytes for improved anti-tumor immunity (Table 4). Among the
Rho family GTPases, which contribute to engulfment signaling during
the phagocytic process, RhoA seems to negatively affect basal engulf-
ment [63,64]. Within the TME, relatively higher levels of Rho-
associated protein kinase (ROCK), which acts as a downstream effector
of RhoA protein, have been associated with poor prognosis [65]. Given
that inhibition of RhoA-mediated signaling in phagocytes enhances
the uptake of apoptotic targets [63,64], ROCK has been targeted by re-
searchers seeking to enhance the phagocytic function of macrophages
and DCs. For example, inhibition of ROCK with a single agent in mouse
models of melanoma showed anti-tumor efficacy, reduced metastasis,
and an enhanced CD8+ T cell-mediated immune response [57,66].
Fasudil (approved for pulmonary hypertension and cerebral vasospasm
in Japan and China) has been identified as a selective ROCK inhibitor
[67]. Statins, which are currently approved for the treatment of hyper-
lipidemia, also inhibit the RhoA-ROCK signal by hindering the
prenylation of RhoA [68,69]. The repositioning of these drugs for cancer
immunotherapy could give us an effective anti-cancer agentwithout re-
quiring the cost and time needed for de novo development. The RhoA-
ROCK intracellular signal regulates rearrangement of the actin cytoskel-
eton of a tumor cell to induce migration, adhesion, and proliferation



Table 3
ICV-inducing drugs that are currently being tested in clinical trials

Target Drug Tumor type Phase Number

DC Expansion FLT3 ligand CDX-301 Non-small-cell lung carcinoma (NSCLC) Phase 2 NCT02839265
CDX-301 Low-Grade B-cell Lymphoma Phase 1&2 NCT01976585
CDX-301 Melanoma Phase 2 NCT02302339
CDX-1140, CDX-301 Melanoma/Non-small Cell Lung Cancer/Breast Cancer Phase 1 NCT03329950
Flt3 ligand Stage IV Melanoma/Stage IV Renal Cell Cancer Phase 2 NCT00019396

/Recurrent Renal Cell Cancer/Recurrent Melanoma
Ad-hCMV-Flt3 ligand Malignant Glioma/Glioblastoma Multiforme Phase 1 NCT01811992
Recombinant Flt3 ligand Kidney Cancer/Melanoma (Skin) Phase 1 NCT00020540
Recombinant Flt3 ligand Colorectal Cancer/Metastatic Cancer Phase 1 NCT00003431

Antigen release Chemotherapy Carboplatin and Caelyx or doxorubicin Recurrent Ovarian Cancer Phase 1&2 NCT01637532
FLOX Colorectal Neoplasms Malignant Phase 2 NCT03388190

Radiotherapy Stereotactic body radiotherapy (SBRT) Melanoma Phase 1 NCT02406183
SIR-Spheres Hepatocellular Carcinoma Phase 2 NCT03380130

Oncolytic
virus

Pexa-Vec Colorectal Cancer/Refractory Cancer Phase 1&2 NCT03206073

Phagocytosis CD47:SIRPα
blockade

Hu5F9-G4 Acute Myeloid Leukemia/Myelodysplastic Syndrome Phase 1 NCT02678338
Hu5F9-G4 NCT03248479
Hu5F9-G4 Colorectal Neoplasm/Solid tumor Phase 1&2 NCT02953782
Hu5F9-G4 Lymphoma Phase 1&2 NCT02953509
Hu5F9-G4 Solid Tumor Phase 1 NCT02216409
TTI-621 Solid Tumors/Mycosis Fungoides/Melanoma/Merkel-cell

Carcinoma/Squamous Cell Carcinoma/Breast Carcinoma/Human
Papillomavirus-Related Malignant Neoplasm/Soft Tissue Sarcoma

Phase 1 NCT02890368

TTI-621 Hematologic malignancy/Solid tumor Phase 1 NCT02663518
IBI188 Advanced Malignancies Phase 1 NCT03717103
ALX148 Metastatic Cancer/Solid Tumor/Advanced Cancer/Non-Hodgkin

Lymphoma
Phase 1 NCT03013218

DC migration &
maturation

TLR agonists Poly-ICLC Melanoma/Metastatic Melanoma/Mucosal Melanoma Phase 1&2 NCT02126579

Poly-ICLC Low-Grade B-cell Lymphoma Phase 1&2 NCT01976585
GLA-SE Adult Soft Tissue Sarcoma Phase 1 NCT02180698
MGN1703 Advanced Cancers/Melanoma Phase 1 NCT02668770
GNKG168 Relapsed Acute Lymphoblastic Leukemia/Relapsed Acute

Myelogenous Leukemia
Phase 1 NCT01743807

VTX-2337 Metastatic/Persistent/Recurrent/Progressive Solid Tumors Phase 1 NCT02650635
VTX-2337 Locally Advanced/Metastatic/Recurrent/ Squamous Cell Cancer of

Head and Neck
Phase 1 NCT01334177

VTX-2337 Recurrent/Persistent Ovarian Epithelial, Fallopian Tube, or
Peritoneal Cavity Cancer

Phase 1 NCT01294293

Resiquimod Melanoma Phase 2 NCT00960752
SD-101 Follicular Lymphoma Phase 1&2 NCT02927964
SD-101 Follicular Lymphoma/B-Cell Non-Hodgkin

Lymphoma/Lymphoplasmacytic Lymphoma/Mantle Cell
Lymphoma/Marginal Zone Lymphoma/Small Lymphocytic
Lymphoma

Phase 1 NCT03410901

SD-101 Lymphoma Phase 1&2 NCT02254772
GSK1795091 Cancer Phase 1 NCT02798978
Imiquimod Breast Cancer/Metastatic Breast Cancer/Recurrent Breast Cancer Phase 1&2 NCT01421017
Imiquimod Breast Cancer Phase 2 NCT00899574
Imiquimod Melanoma (Skin)/Metastatic Cancer Phase 1 NCT00453050
CPG-7909 Esophageal Cancer Phase 1&2 NCT00669292
CPG-7909 Non-Hodgkin Lymphoma/Mycosis Fungoides Phase 1&2 NCT00185965

Priming and
activation

CD40 agonist Selicrelumab Solid Tumor/Neoplasms Phase 1 NCT02304393
Selicrelumab NCT02760797
ADC-1013 NCT02379741
ADC-1013 Advanced Solid Tumor Phase 1 NCT02829099
Selicrelumab NCT02665416
Selicrelumab Pancreatic Cancer Phase 1 NCT02588443
Recombinant CD40-ligand Kidney Cancer/Melanoma (Skin) Phase 1 NCT00020540
SEA-CD40 Carcinoma/NSCLC Phase 1 NCT02376699
CD40 ligand Chronic Lymphocytic Leukemia Phase 1 NCT00458679
CD40 ligand Leukemia Phase 1 NCT00058799
CD40L-expressing autologous B-CLL cells Chronic Lymphocytic B-Leukemia Phase 1 NCT00058786
CD40L-expressing autologous K562 cells Melanoma (Skin) Phase 2 NCT00101166
CD40L-expressing autologous K562 cells Lung cancer/Adenocarcinoma Phase 1&2 NCT01433172
CD40L-expressing autologous B-CLL cells Leukemia/Chronic Lymphocytic B-Leukemia Phase 1 NCT00078520
APX005M NSCLC/Melanoma/Urothelial Carcinoma/MSI-H/Head and Neck

Cancer
Phase 1 NCT02482168

APX005M NSCLC/Metastatic Melanoma Phase 1&2 NCT03123783
APX005M Melanoma Phase 1&2 NCT02706353
APX005M Esophageal Cancer, GastroEsophageal Cancer Phase 2 NCT03165994
CP-870,893 Recurrent Melanoma/Stage IV Melanoma Phase 1 NCT01103635

CTLA-4 : CD28
blockade

JTX-2011 Cancer Phase 1&2 NCT02904226

AGEN1884 Advanced Solid Cancers Phase 1 NCT02694822
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Table 3 (continued)

Target Drug Tumor type Phase Number

IBI310 NCT03545971
MEDI5752 NCT03530397
Ipilimumab NCT01750983
Ipilimumab NCT03203876
Ipilimumab NCT03707808
Tremelimumab NCT02261220
Tremelimumab NCT02705482
Anti-CTLA-4/PD-1 expressing
MUC1-CAR-T

Advanced Solid Tumor Phase 1&2 NCT03179007

Anti-CTLA-4/PD-1 expressing EGFR-CAR-T NCT03182816
Anti-CTLA-4/PD-1 expressing mesoCAR-T NCT03182803
Ipilimumab NCT03459222
Tremelimumab Advanced Solid Tumor Phase 3 NCT03084471
Ipilimumab Metastatic Solid Tumors/Treatment-Refractory Cancers Phase 1 NCT03388632
Ipilimumab Metastatic Tumor/Advanced Tumor Phase 1 NCT02977156
BCD-145 Melanoma Phase 1 NCT03472027
CP-675,206 NCT00431275
CP-675,206 NCT00585000
CP-675,206 NCT00090896
Ipilimumab NCT03068624
Ipilimumab NCT01400451
Ipilimumab NCT02307149
Ipilimumab NCT00803374
Ipilimumab NCT03293784
CP-675,206 Melanoma Phase 2 NCT00610857
Ipilimumab NCT02027935
Ipilimumab NCT00050102
Ipilimumab NCT00028431
Ipilimumab NCT03354962
Ipilimumab NCT02743819
Ipilimumab NCT01449279
Ipilimumab NCT03313323
Ipilimumab NCT01323517
Ipilimumab NCT02970981
Ipilimumab Melanoma Phase 1&2 NCT02385669
CP-675,206 Melanoma Phase 3 NCT00257205
ADU-1604 Metastatic Melanoma Phase 1 NCT03674502
Vaccination with anti-CTLA4 mAb
RNA-transfected mature autologous DC

NCT01216436

Ipilimumab NCT02608437
Ipilimumab NCT01838200
Ipilimumab NCT02117362
Ipilimumab NCT03597282
Ipilimumab Metastatic Melanoma Phase 2 NCT01216696
Ipilimumab Metastatic Melanoma Phase 3 NCT00094653
Ipilimumab NCT03445533
Ipilimumab Metastatic Melanoma Phase 4 NCT01856023
Tremelimumab Recurrent Melanoma/Stage IV Melanoma Phase 1 NCT01103635
Ipilimumab Malignant Melanoma Phase 1 NCT01557114
Ipilimumab BRAF V600E Mutation Present/Metastatic Melanoma Phase 1 NCT01940809
CP-675,206 Malignant Melanoma Phase 2 NCT00254579
Ipilimumab NCT03153085
Ipilimumab NCT01302496
Ipilimumab NCT02203604
Ipilimumab NCT01708941
Ipilimumab NCT01970527
Ipilimumab High Risk Stage III Melanoma Phase 3 NCT00636168
Ipilimumab Metastatic Melanoma/Mucosal Melanoma/Uveal Melanoma Phase 2 NCT02158520
Ipilimumab Intraocular Melanoma/Melanoma (Skin) Phase 1 NCT00025181
Ipilimumab Intraocular Melanoma/Melanoma (Skin) Phase 1&2 NCT00058279
Ipilimumab Cutaneous Melanoma Phase 2 NCT03396952
Ipilimumab NCT03033576
Ipilimumab Recurrent Melanoma/Cutaneous Melanoma Phase 3 NCT01274338
Ipilimumab NSCLC Phase 1 NCT03527251
Ipilimumab NCT03509584
Tremelimumab NCT03275597
REGN4659 NCT03580694
Ipilimumab NSCLC Phase 2 NCT02221739
Ipilimumab NCT01331525
Ipilimumab NCT02046733
Ipilimumab NSCLC Phase 3 NCT03409614
Ipilimumab NCT03515629
Tremelimumab NCT02352948
Tremelimumab NCT02542293
Tremelimumab NSCLC Phase 1&2 NCT02000947

(continued on next page)
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Table 3 (continued)

Target Drug Tumor type Phase Number

Tremelimumab Metastatic NSCLC/NSCLC Phase 1&2 NCT03164772
Ipilimumab Advanced NSCLC Phase 2 NCT03430063
Ipilimumab Lung Cancer/SCLC Phase 1&2 NCT03575793
Tremelimumab Prostate Cancer Phase 1 NCT00702923
Tremelimumab NCT00113984
Ipilimumab NCT03532217
Ipilimumab NCT01510288
Ipilimumab NCT03477864
Ipilimumab Prostate Cancer Phase 2 NCT01804465
Ipilimumab NCT00050596
Ipilimumab NCT03061539
Ipilimumab NCT02601014
Ipilimumab Prostate Adenocarcinoma/Prostate Carcinoma/Recurrent Prostate

Carcinoma
Phase 2 NCT00170157

Ipilimumab Recurrent Prostate Carcinoma Phase 1 NCT00064129
Tremelimumab Pancreatic Cancer Phase 1 NCT02868632
Ipilimumab NCT01473940
Ipilimumab NCT00836407
Ipilimumab Pancreatic Cancer Phase 2 NCT00112580
Ipilimumab NCT01896869
Tremelimumab Pancreatic Cancer Phase 1&2 NCT02311361
Ipilimumab Breast Cancer Phase 1 NCT01502592
Ipilimumab NCT02453620
Tremelimumab Breast Cancer Phase 2 NCT03430466
Ipilimumab NCT03409198
Ipilimumab NCT02892734
Tremelimumab Malignant Mesothelioma Phase 2 NCT01655888
Tremelimumab NCT01649024
Tremelimumab NCT01843374
Ipilimumab Head and Neck Squamous Cell Carcinoma Phase 1 NCT03690986
Tremelimumab Head and Neck Squamous Cell Carcinoma Phase 2 NCT03624231
Tremelimumab Head and Neck Squamous Cell Carcinoma Phase 3 NCT02551159
Ipilimumab Gliosarcoma Phase 1 NCT02311920
Ipilimumab NCT03422094
Ipilimumab Glioblastoma Phase 1 NCT03233152
Ipilimumab Renal Cell Carcinoma Phase 2 NCT03297593
Tremelimumab NCT03598816
Tremelimumab Metastatic Colorectal Cancer Phase 1&2 NCT03202758
Tremelimumab Colorectal Neoplasm Phase 2 NCT00313794
Ipilimumab Gastrointestinal Stromal Tumor Phase 1 NCT01643278
Ipilimumab Gastrointestinal Stromal Tumor Phase 2 NCT02880020
Tremelimumab Ovarian Cancer/Fallopian Tube Cancer/Peritoneal Neoplasms Phase 1&2 NCT02571725
Ipilimumab Ovarian Cancer/Fallopian Tube Cancer/Peritoneal Neoplasms Phase 2 NCT02498600
Tremelimumab Biliary Tract Neoplasm/Liver Cancer/Hepatocellular

Carcinoma/Biliary Cancer
Phase 1 NCT01853618

Tremelimumab Biliary Tract Neoplasm/Liver Cancer/Hepatocellular Carcinoma Phase 2 NCT02821754
Tremelimumab Hepatocellular Carcinoma Phase 2 NCT01008358
Tremelimumab Ovarian Cancer Phase 1&2 NCT03249142
Tremelimumab Infiltrating Bladder Urothelial Carcinoma Sarcomatoid

Variant/Infiltrating Bladder Urothelial Carcinoma, Micropapillary
Variant

Phase 1 NCT02812420

Tremelimumab Bladder Urothelial Carcinoma Phase 2 NCT03601455
Tremelimumab Muscle-invasive Bladder Cancer Phase 2 NCT03234153
Tremelimumab Endometrial Cancer Phase 2 NCT03015129
Tremelimumab Germ Cell Tumor Phase 2 NCT03081923
Tremelimumab Head and Neck Cancer Phase 1&2 NCT03019003
Tremelimumab Locally Advanced Head and Neck Cancer Phase 2 NCT03426657
Tremelimumab Malignant Glioma Phase 2 NCT02794883
Tremelimumab Lymphoma Phase 1 NCT00047164
Tremelimumab Multiple Myeloma Phase 1 NCT02716805
Tremelimumab Diffuse Large B-Cell Lymphoma Phase 1 NCT02549651
Tremelimumab Colorectal Neoplasm/Melanoma/Prostatic Neoplasm Phase 2 NCT00378482
Tremelimumab Head and Neck Squamous Cell Carcinoma/Lung

Cancer/esophageal Cancer
Phase 1&2 NCT03212469

Tremelimumab Colorectal Cancer/Liver Metastases Phase 1 NCT02754856
Tremelimumab Advanced Solid Tumors/Breast Cancer/Head and Neck

Cancer/Cervix Cancer/Prostate Cancer
Phase 1&2 NCT03518606

Tremelimumab Soft Tissue Sarcoma Phase 1&2 NCT03116529
Ipilimumab Inoperable esophageal Cancer Phase 2 NCT03437200
Ipilimumab Anal Canal Squamous Cell Carcinoma Phase 2 NCT02314169
Ipilimumab Acinar Cell Carcinoma/Adenoid Cystic Carcinoma/Adrenal Cortex

Carcinoma
Phase 2 NCT02834013

Ipilimumab Merkel Cell Carcinoma Phase 2 NCT01913691
Ipilimumab Salivary Gland Carcinoma Phase 2 NCT03146650
Ipilimumab Acute Myeloid Leukemia/Myelodysplastic Syndrome Phase 1 NCT02846376
Ipilimumab Relapsed or Refractory Myelodysplastic Syndrome/Acute Myeloid Phase 1 NCT02890329
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Table 3 (continued)

Target Drug Tumor type Phase Number

Leukemia
Ipilimumab Refractory B-Cell Non-Hodgkin Lymphoma Phase 1 NCT01729806
Ipilimumab B Acute Lymphoblastic Leukemia/CD19-Positive Neoplastic Cells

Present
Phase 1 NCT02879695

Ipilimumab Extranodal Marginal Zone B-cell Lymphoma of Mucosa-associated
Lymphoid Tissue Nodal Marginal Zone B-cell
Lymphoma/Recurrent Grade 1 Follicular Lymphoma

Phase 1&2 NCT02254772

Ipilimumab Adult Grade III Lymphomatoid Granulomatosis/B-cell Chronic
Lymphocytic Leukemia/Cutaneous B-cell Non-Hodgkin
Lymphoma

Phase 1&2 NCT00089076

Ipilimumab Sarcoma/Wilm's Tumor/Lymphoma/Neuroblastoma Phase 1 NCT01445379
Ipilimumab Melanoma/Brain Metastases Phase 2 NCT02115139
Ipilimumab Soft Tissue Sarcoma/Bone Sarcoma/Chondrosarcoma Phase 2 NCT02982486
Ipilimumab Melanoma/Renal Cell Carcinoma/NSCLC Phase 1&2 NCT02983045
Ipilimumab Advanced Cancer/Melanoma/NSCLC Phase 1&2 NCT02658890
Ipilimumab Uveal Melanoma/Liver Metastases Phase 1 NCT03408587
Ipilimumab Malignant Neoplasms of Digestive Organs/Hepatocellular

Carcinoma
Phase 2 NCT03222076

Ipilimumab Synovial Sarcoma Phase 2 NCT00140855
Ipilimumab Mesothelioma Phase 2 NCT02716272
Ipilimumab Metastatic Leiomyosarcoma Phase 2 NCT02428192
Ipilimumab Advanced or Metastatic Melanoma/Advanced or Metastatic NSCLC Phase 4 NCT03673332
Abatacept Recurrent/Refractory Plasma Cell Myeloma Phase 2 NCT03457142

4-1BB agonist Utomilumab Neoplasms Phase 1 NCT02315066
Utomilumab Advanced Solid Tumors Phase 1 NCT02179918
Utomilumab NCT02444793
Utomilumab Lymphoma/Head and Neck Squamous Cell

Carcinoma/NSCLC/Renal Cell Carcinoma/Malignant Melanoma
Phase 1 NCT01307267

Utomilumab Acute Myeloid Leukemia Phase 2 NCT03390296
Utomilumab Breast Cancer Phase 2 NCT03414658
Utomilumab Advanced Cancer Phase 2 NCT02554812
Urelumab Advanced Solid Tumors/ B-Cell Non-Hodgkin Lymphoma Phase 1&2 NCT02253992

OX40 agonist Vonlerolizumab Neoplasms Phase 1 NCT02410512
PF-04518600 NCT02315066
PF-04518600 Acute Myeloid Leukemia Phase 2 NCT03390296
PF-04518600 Advanced Cancer Phase 2 NCT02554812
MEDI0562 Head and Neck Cancer/Melanoma Phase 1 NCT03336606
MEDI6469 Advanced Solid Tumors/Aggressive B-cell Lymphomas Phase 1&2 NCT02205333
BMS 986178 B-Cell Non-Hodgkin Lymphoma/Follicular Lymphoma Phase 1 NCT03410901
MEDI6383 Recurrent or Metastatic Solid Tumors Phase 1 NCT02221960

CD27 agonist Varlilumab Glioma/Malignant Glioma/Astrocytoma, Grade II Phase 1 NCT02924038
Varlilumab Glioblastoma Phase 2 NCT03688178
Varlilumab Solid Tumors Phase 1&2 NCT02543645
Varlilumab Squamous Cell Carcinoma of the Head and Neck/Ovarian

Carcinoma/Colorectal Cancer (CRC)/Renal Cell
Carcinoma/Glioblastoma (Phase ll Only)

Phase 1&2 NCT02335918

Varlilumab Melanoma Phase 2 NCT02302339
MDX-1203(CD27 ligand antibody) Renal Cell Carcinoma/Non-hodgkin's Lymphoma Phase 1 NCT00944905
ARGX-110(CD27 ligand antibody) Advanced Cancers Phase 1&2 NCT01813539

GITR agonist MEDI1873 Advanced Solid Tumors Phase 1 NCT02583165
BMS-986156 NCT03335540
MK-1248 NCT02553499
INCAGN01876 Advanced and Metastatic Solid Tumors Phase 1/2 NCT03277352
INCAGN01876 NCT02697591
INCAGN01876 NCT03126110
OMP-336B11 Locally Advanced Malignant Neoplasm / Phase 1 NCT03295942
OMP-336B11 Metastatic Cancer
TRX518 Solid Tumors Phase 1 NCT02628574
GWN323 NCT02740270
MK-4166 NCT02132754
BMS-986156 Solid Tumors Phase 1/2 NCT02598960
MK-4166 Glioblastoma /Glioblastoma Multiforme Phase 1 NCT03707457
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[65,70], suggesting that blockade of this axis would target not only in-
nate immune cells, but also tumor cells.

The engulfing activity of phagocytes can be regulated bymodulating
the expression of components of the phagocytic machinery
(e.g., phagocytic receptors) and/or the signaling pathways responsible
for cytoskeletal rearrangement (e.g., RhoA and Rac1). For example, nu-
clear receptor liver X receptor (LXR) is known to increase the expres-
sion of Mer (a ligand of the “eat me” signal) upon its contact with an
apoptotic cell to enhance phagocytic action [71]. The peroxisome
proliferator-activated receptors (PPARs) represent another type of nu-
clear receptor; among them, the gamma type increases the expression
CD36 and enhances phagocytosis by facilitating binding to the apoptotic
cell [72]. Various agonists of PPARγ, including rosiglitazone, pioglita-
zone, and lobeglitazone, are currently in clinical use for the treatment
of type 2 diabetes mellitus [73].



Table 4
Phagocytosis enhancers

Phagocytosis enhancer Target Subtypes Drugs Ref

CD47 CD47 : SIRPα Tethering signal Anti-CD47, Anti-SIRPα
SIRPαFc

[52–55,57,58,116,262,263]

β2M of MHC 1 β2M of MHC 1 : LILRB1 Tethering signal Anti-LILRB1 [60]
CD46 Tethering signal [61]
CD31 CD31 : CD31 Tethering signal [62]
ROCK inhibitor ROCK Tickling signal Fasudil,

Y27632
[63,64]

HMG-CoA reductase inhibitors RhoA Tickling signal Statin [69,264]
LXR agonists LXR Engulfment signal GW3965 [71]
PPARγ activators PPARγ Engulfment signal Thiazolidinediones (TDZs)

GW9662
[72]
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2.4. DC migration to lymph node and maturation

Draining lymph nodes (dLNs) serve to organize immune responses
by bringing APCs and T cells together spatially and temporally to pro-
mote T cell proliferation. When DCs discern alerting signals, they
quickly undergo activation, migration from the tissue to the dLNs,
and maturation. Therefore, strategies to induce strong inflammation
can be considered to support DC maturation and augment DC
migration.

CD103+ DCs in the TME, which are required for CD8+ T cell cross-
priming, can migrate from the tumor to dLNs after tumor antigen up-
take [74]. This process requires the chemokine receptor, CCR7: recent
reports showed that CCR7-deficientmice lack CD103+DC-mediated an-
tigen transport to the dLNs [74,75] and increased expression of CCR7
has been reported to promote the migration of DCs from peripheral tis-
sues into the dLNs [76]. CCR7 is also responsible for a strong anti-tumor
CD8+ T cell immune response that is correlated with CD8+ T cell infil-
tration and patient outcomes [74,77]. Therefore, therapeutic strategies
to drive DCs into the dLNs could conceivably improve the cross-
priming of anti-tumor T cells. For example, the engagement of FcγR by
IgG immune complexes has been reported to increase the CCR7 expres-
sion and matrix metalloproteinase (MMP) production of DCs, thereby
promoting the CCR7-dependent migration of DCs from peripheral tis-
sues into the dLNs [75]. In addition, previous studies have demonstrated
that TLR4 agonist such as lipopolysaccharide or angelan is important for
inducing DC migration [78,79].

As mentioned above, FLT3 ligand injections dramatically expand
CD103+ DC progenitors in the bone marrow. However, it has been
also reported that immature form of CD103+ DCs cannot efficiently
prime T cells, and they inhibit tumor immunity by priming naïve T cell
to Foxp3+ Treg cells [40,80,81]. Thus, to activate anti-tumor T cell im-
munity, relevant strategies for maturation of CD103+ DCs should be re-
quired. Among the APCs, CD103+ DCs (and their human counterpart,
CD141+ DCs) uniquely express TLR3 [82,83]. TLR3 recognizes double-
stranded RNA of virus and its synthetic analog, polyriboinosinic:
polyribocytidylic acid (poly I:C) and induces DC maturation and type I
IFN production [84]. Production of type I IFN by the CD103+ DC lineage
is required for the priming of T cells against tumor antigens. In accor-
dance with the previous study, the combination of FLT3 ligands with
TLR3 ligand has been shown to activate CD103+ DC progenitors in tu-
mors, promote B16 tumor regression, and enhance the response to
PD-L1 immune checkpoint blockade [40].

The interaction of PAMPs with TLRs enhances the immune response
by engaging TLRs. For example, imiquimod, a TLR7 agonist that was first
approved by the FDA in 1997, is currently being used to treat basal cell
carcinoma (a skin cancer) [85,86]. Imiquimod stimulates the release of
pro-inflammatory cytokines, such as IFN-α, IL-6, and TNF-α, and acti-
vatesDCmaturation through TLR7 [87,88]. Another TLR agonist, bacillus
Calmette-Guérin (BCG; attenuated Mycobacterium bovis used for vacci-
nation), interacts with innate immune cells via diverse PRRs, including
TLR2 and 4 [89]. Accumulated clinical reports suggest that intravesical
BCG injection is the preferred first-line treatment for non-muscle inva-
sive bladder cancer [90,91].

2.5. DC-T cell interaction

Increasing attention has recently focused on T cell priming as a pos-
itive predictor for the responsiveness to blockade of PD-1 or PD-L1
[92,93]. T cell priming is a sophisticated process that requires multiple
APC-originating stimulatory signals. The binding of TCR to MHC/anti-
genic peptide complex (signal 1) offers specificity to T cell priming,
but further co-stimulatory signals (signal 2) are also required. For exam-
ple, CD28 can activate T cells by binding to CD80 or CD86 on APCs to
trigger the production of interleukin-2 (IL-2). Cytotoxic T-
lymphocyte–associated antigen 4 (CTLA-4) is homologous to CD28
and binds CD80or CD86with high affinity [94]. During the course of im-
mune reaction, CTLA-4 is upregulated and outcompetes CD28,
inhibiting of T cell proliferation and reducing IL-2 production [95,96].
The identification of CTLA-4 led to the development of the anti-CTLA-4
antibody, which was the first immune checkpoint blockade approved
by the FDA [97].

CD40 is amember of the tumor necrosis factor (TNF) receptor super-
family that is generally expressed on DCs, andmacrophages, and B lym-
phocytes. Signaling via CD40 induces thematuration of DCs, which play
a crucial role in activating CTLs. CD40 ligand (also called CD154) is
expressed on activated T cells. Engagement of CD40 on APCs induces
positive signaling that leads to the expression of CD80/86, the produc-
tion of IL-12, and the stimulation of antigen-presentation [98]. In the
mouse model for pancreatic ductal adenocarcinoma (PDAC), treatment
with anagonistic anti-CD40 antibody is associatedwithmassive infiltra-
tion of CTLs into PDAC tumors and subsequent tumor regression [99].
Recent work has shown that CD40 agonists demonstrate synergistic ac-
tivity in combination with PD1:PDL1 immune checkpoint blockades,
and that this propagates durable anti-tumor immune responses [100].
CD40 immunotherapy in combination with gemcitabine and nab-
paclitaxel has significant anti-tumor activity in an orthotopic pancreatic
cancer mouse model that shows almost no response to immune check-
point blockade [101]. A phase I study of the use of a CD40 agonist in
combination with gemcitabine in patients with PDAC has also yielded
anti-tumor activity [102,103].

Other TNF receptors, including 4-1BB, OX40, CD27, and
glucocorticoid-induced TNF receptor (GITR), also contribute effective
co-stimulatory signals that are required to improve the differentiation
and functions of T cells [104,105]. OX40 is a co-stimulatory receptor
that binds to the OX40 ligand to initiate cellular signaling events re-
quired for full activation of T cells. Agonists that mimic the effect of
OX40L can boost OX40 signaling and potentially overcome the suppres-
sion of the anti-tumor immune response in patients with cancer
[106,107]. Recently, modulation of the GITR/GITR ligand axis has been
reported to provide the desired biological outcome of inhibiting Treg
cell’s function while activating CD8+ T effector cells in preclinical
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tumormodels [108–111]. In order to harness this co-stimulatory signal-
ing, many TNFR agonists have been developed and are currently being
tested in phase I/II clinical trials in combination with anti-PD-1 or
anti-PD-L1 antibodies (NCT02179918, NCT02845323, NCT02253992,
NCT02335918, NCT03038672, NCT02553499, NCT02132754,
NCT02740270, NCT02598960, NCT03029832, NCT02528357).

2.6. Examples of intrinsic cancer vaccination

Inducing “intrinsic cancer vaccination” by utilizing the initial stage
(steps 1-3) of the cancer-immunity cycle is expected to trigger a full-
fledged anti-cancer immune response. Some chemotherapeutics, such
as doxorubicin,mitoxantrone, and oxaliplatin, have been reported to in-
duce ICD of cancer cells, leading to activation of anti-tumor immune re-
sponses [11–14,16,18,112]. However, the use of ICD inducers
(e.g., doxorubicin) alone appears insufficient to induce anti-tumor im-
munity in cancer patients and spontaneous tumor mouse models with
an immunosuppressive TME [113]. In addition, chemotherapy has also
reported to have toxicity on immune cells and potential direct immuno-
suppressive effects. For example, higher dosages of cyclophosphamide
induce immune suppression by the complete eradication of hematopoi-
etic cells and rather enhance the accumulation of myeloid-derived sup-
pressor cells in the TME [114]. Likewise, daunorubicin belonging to the
anthracycline group has been shown to provoke leukopenia by inducing
cell death in both resting and active peripheral blood lymphocytes
[115]. Moreover, some solid tumors have been shown to resist the en-
hancers of phagocytosis, including CD47 blockade and ROCK inhibitors
[60,70,116]. To overcome these limited effects of monotherapies, it is
necessary to trigger immunogenic clearance at the early stages of the
tumor immune response, as this will convert the immunosuppressive
TME to an immunogenic microenvironment and propagate immunity
against cancer. Therefore, we suggest that inducing the immunogenic
killing of tumor cells (Table 2) in conjunction with improving DC func-
tion (e.g., enhancing phagocytosis, Table 4) would be a suitable com-
bined strategy to effectively awaken intrinsic tumor immunity.

Recently, the combined application of ROCK blockade (Y27632) and
doxorubicin was reported to elicit anti-tumor immunity in various
tumor models [57]. This combination strategy markedly enhanced the
DC-mediated phagocytosis of immunogenic dying cells and the cross-
presentation of specific tumor antigens, compared to each monother-
apy. Notably, combining doxorubicin with ROCK blockade significantly
increased T cell priming and intratumoral CD8+ T cell infiltration even
in spontaneous breast tumor mouse models. These results highlight
the ability of intrinsic cancer vaccination to awaken our body's immune
response against immunosuppressive tumors to augment tumor-
specific immunity. In addition, this synergism was not seen in cells
treated with cisplatin (which does not induce ICD) and a ROCK inhibi-
tor, suggesting that ICD by doxorubicin is essential for strong anti-
tumor immunity in this system.

In addition, intratumoral administration of G100, a synthetic TLR4
agonist, was reported to induce turning cold tumors to hot, resulted in
facilitating meaningful immune responses in patients with advanced
Merkel cell carcinoma [117]. Note that TLR4 agonist glucopyranosyl
lipid adjuvant–stable emulsion (GLA-SE) combinedwith radiation ther-
apy is currently being studied in patientswithmetastatic sarcoma in the
phase 1 clinical trial (NCT02180698).

Other studies have combined oncolytic viruses with chemothera-
peutic drugs to induce ICD in preclinical models and human patients
[32,118]. These combination therapies were found to trigger the release
of HMGB1 and ATP to the extracellular environment as well as expose
surface CRT [32]. A study combining hTert-Ad (human telomerase re-
verse transcriptase promoter-regulated adenovirus) with the protea-
some inhibitor, bortezomib, found that the use of this combined
treatment in vitro triggered features of enhanced ER stress, unfolded
protein response (UPR) activation and associated apoptotic cell death,
and that this translated into in vivo anti-tumor activity [119]. Moreover,
CD8+T cell depletionwas found to abolish the therapeutic benefit of the
combination treatment. Another combinatorial therapy using oncolytic
herpes simplex virus-1 and the ICD-inducing drug, mitoxantrone, was
reported to enhance anti-tumor therapeutic efficacy in a preclinicalmu-
rine breast cancer model [120]. Because oncolytic virus-driven PAMPs
can activate DCs to cross-prime T cells, these combination therapies
can also be examples of the intrinsic cancer vaccination strategy.

Currently, nano-formulation has been emerged as an engineered
platform for the encapsulation and delivering of immunotherapeutic
drugs (e.g., antigens, adjuvants, phagocytosis enhancers, and immune
checkpoint blockades) to specific site, thereby protecting the cargos
from their rapid elimination and increasing the uptake efficiency by tar-
get cells, resulting in enhanced immune responses. For these reasons,
commercial nanoplatforms, Doxil and Abraxane have been approved
in clinic. In particular, nanoplatform enables to successfully co-deliver
intrinsic cancer vaccination inducers via various chemical- or physical
modification techniques, leading to elicit anti-tumor immunity. In this
section, we provide several examples of nano-immunotheraputics cur-
rently being developed, capable of improving efficacy of intrinsic cancer
vaccination.

The co-delivery of an ICD inducer with a CD47 antagonist into the
TME was shown to trigger the emission of danger signals from dying
cancer cells and initiate a cellular immune response [121]. In this
work, the authors modified human ferritin to contain a Sirpα variant
(FHSirpα) that is capable of binding and antagonizing CD47 (a “don’t
eat me” signaling molecule) to enhance the phagocytosis of cancer
cells by bone marrow-derived macrophages (BMDMs) and DCs
(BMDCs). Nanocages containing doxorubicin (FHSirpα-dox) were
shown todramatically improve tumor regression andanti-tumor immu-
nity in various tumor models. In addition, no tumor development was
observed in treated mice re-challengedwith the same tumor cells, indi-
cating that a persistent tumor-specific immunity had been generated.

Nanoparticles for co-delivery of ICD inducer and TLR agonist has
been also employed for improving an anti-tumor immune response.
Paclitaxel (PTX) is clinically approved chemical reagent that can induce
ICD. Seth at al. demonstrated that combination strategy using low dose
PTX and TLR7 agonist, imiquimod, synergistically induced effective anti-
tumor response. By using water soluble polymer (γ-glutamic acid; γ-
PGA), PTX and imiquimod formed crystalline microstructure and co-
delivered for treatment of B16F10melanoma. This nano-formulated re-
agent showed significant tumor cell killing effect and promoted DC pro-
liferation and activation [122]. PLGA (poly-lactic-co-glycolic acid)
biodegradable microparticles loaded with doxorubicin and CpG
oligodeoxynucleotides provoked tumor specific T cell immunity which
lead to the entire eradication of lymphoma [123]. Recently, Liu et al., de-
signed a dual pH-responsive multifunctional nanoparticle system based
on poly(L-histidine) and hyaluronic acid for combining doxorubicin and
resiquimod (R848, TLR7/8 agonist). They showed that these nanoparti-
cles mediated simultaneous and targeted delivery of chemotherapy and
immune regulator, leading to significantly inhibit tumor growth by reg-
ulating anti-tumor immunity [124].

Lu et al., reported the combination therapy with inducing ICD and
inhibiting immunosuppressive indoleamine 2,3-dioxygenase (IDO)
pathway as another example of the intrinsic cancer vaccination strategy.
They developed the self-assembling lipid nanovesicle constructed by
phospholipid-conjugated prodrug, indoximod (IND, an IDO pathway in-
hibitor to improve T cell function in cancer) and trapped oxaliplatin in
the mesoporous silica. This drug triggered significant expression of
CRT and HMGB-1 in the tumor site and increased expression of TLR4
of CD45+/CD11b+/CD11c+ population in the PDAC syngenic mouse
model [125]. Further, they also developed doxorubicin-encapsulated
IND-liposomes that induced ICD in breast cancer cells (4T1) by increas-
ing surface CRT and releasing ATP and HMGB1. They showed that doxo-
rubicin encapsulated IND-liposomes enhanced DC activation (CD80+,
CD86+, CD103+), CD8+ T cell infiltration into the tumor tissue,
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inhibited significant tumor growth, and prolonged survival rate in the
4T1 mouse model [126].

Furthermore, designed nanoparticles for combining photothermal/
photodymanic therapy with ICD inducers or adjuvants have reported
to trigger robust anti-cancer immune responses and reduce the risk of
tumor recurrence [127,128].

To efficient delivery of tumor antigens and poly(I:C) to immune
cells, biodegradable poly(lactic-co-glycolic acid) nanoparticle coated
with an agonistic anti-CD40 monoclonal antibody has also been devel-
oped. Targeting nanoparticle to CD40 led to selective delivery of
nanovaccine to DCs, improved T cell priming against tumor associated
antigens, and enhanced tumor control [129].

Collectively, various types of nanoparticles have been developed and
tuned for the cancer immunotherapy. Although challenges continues to
exist in thefield of nanoparticles, especially in achieving clinical applica-
tions in human, current studies clearly show that nanoplatform holds
the potential promising as a new class of immunotherapy.

3. The benefits of intrinsic cancer vaccination strategy

3.1. Moving beyond current cancer vaccines

Therapeutic cancer vaccines have been developed for various types
of cancer using a known non-self single antigen, a combination of single
antigens, tumor derived peptides or total tumor cell lysates [130–132].
Initially, whole-cell lysate preparations of gamma-irradiated cancer
cells (GVAX®), were administered with granulocyte-macrophage
colony-stimulating factor (GM-CSF) as an adjuvant; however, this strat-
egy failed to propagate an anti-tumor effect in the initial clinical phase
[133]. Furthermore, whole-cell vaccines, tumor associated antigens
and peptide-based cancer vaccination have also shown limited efficacy
in sufficient induction of T cell immunity [132,134].

To bypass the first step of targeting tumor cells in vivo, ex vivo ma-
nipulated DCs have been used as therapeutic cancer vaccines. In such
strategies, autologous DCs are expanded, pulsed with an antigen
ex vivo and reinjected back into the patient [135]. Sipuleucel-T
(provenge®) is an example of a DC-based vaccine; it contains antigen
prostatic acid phosphatase (PAP) and GM-CSF, has been approved by
FDA for the treatment of advanced prostate cancer [136]. However, it
should be noted that the complex and costly ex vivomanipulation pro-
cedures using autologous DCsmay alter the function of re-administered
cells.

For the current cancer vaccines to work, the target tumor antigen
must be expressed constantly. Clones that do not express that particular
antigen are resistant to the treatment, accounting for tumor relapse and
low therapeutic benefit [3,132,137]. For example, a phase III clinical trial
of Tecemotide (Merck) in patients with non-small cell lung cancer has
failed due to low clinical efficacy [138,139], and GlaxoSmithKline
discontinued clinical trials of cancer vaccination with melanoma-
associated antigen A3 (MAGE A3) based on unsatisfactory clinical out-
comes in melanoma and non-small cell lung cancer [138,140].

“Immunoediting” is a dynamic interaction between tumor cells and
the immune system that includes the immune escape mechanism of
tumor cells, which enables them to progress against the
immunosurveillance of the immune system [141]. It is thought that
tumor immunoediting also occurs during vaccination therapy of
established tumors and contributes to tumor progression or relapse.
Vaccination therapy requires appropriate processing of TAAs and their
display on the surface of APCs via MHC class I molecules [142,143].
However, tumor cells can change themselves by altering the antigen
processing/presenting machinery, downregulating the expression of
MHC class I molecules, losing antigens, and/or inducing anti-apoptotic
mechanisms. In addition, chronic exposure to TAAs and the lack of co-
stimulatory molecules on most solid tumors may cause activated T
cells to be anergized [137,144,145]. However, intrinsic cancer vaccina-
tion strategies can promote T cell priming, block the immune escape
mechanism of tumor cells and increase tumor-infiltrated T cells within
TME. Because these strategies intrinsically awaken our own immune
system by ameliorating immunosuppressive TME and activating DCs
to generate polyclonal tumor-specific T cells so that these cells will am-
plify and become effector T cells. It may allow for the clinical translation
of broadly applicable cancer vaccines that overcome the immune-
tolerance pathways in the TME (Table 3).

3.2. Abscopal effect

The abscopal effect is the regression of an untreated distant tumor
following localized treatment [146,147]. It has been shown that sys-
temic and durable anti-cancer-immunity can be induced through a
stepwise immune response triggered by local application of an ICD in-
ducer, such as radiation therapy or photodynamic therapy (PDT)
[128,148–150]. Given the immune suppressive nature of the TME, in-
trinsic cancer vaccination therapydirected to the tumor site is also likely
to induce an abscopal effect by fully activating tumor-specific immunity.
Potent anti-tumor T cells formed at one tumor site must be capable of
attacking distant tumor lesions, because completely activated cytotoxic
T cells do not require co-stimulatory signals to kill their targets and are
insensitive to inhibitory signals. [151–153]. Therefore, an effective in
situ intrinsic vaccination strategy should yield a T cell-mediated sys-
temic response in the setting of localized treatment, similar to the
abscopal effect derived from radiotherapy [154].

3.3. Long-term memory

Although extensive efforts have beenmade to develop a cancer vac-
cine, the available options do not yield beneficial anti-tumor effects in
most cancer patients [137]. Even vaccines that use an immunogenic epi-
tope capable of inducing an impressive CTL response have reportedly
failed to generate a consistent clinical response, suggesting that
tumor-specific CD8+ T cells alone are insufficient to induce potent
anti-tumor immune responses [155–158]. Recent studies have also
demonstrated the critical importance of CD8+ T cell memory achieve
a sustainable and consistent anti-tumor immune response
[155,159,160].

Following the initial exposure to a pathogen, T cells are primed, dif-
ferentiate into effectors, and undergo a rapid expansion of the cell pop-
ulation. This is followed by a contraction phase that leaves behind a
population of antigen-experienced T cells that further differentiate
intomemory pool that can exist for long periods. Immunologicmemory
is a hallmark of the adaptive immune response and guarantees that the
host will be able to rapidly activate that efficiently removes the patho-
gen upon re-exposure. It is generally accepted that the initial CD8+ T
cells surviving at contraction phase exhibit an effector-memory cell
(Tem) phenotype, whereas memory CD8+ T cell populations found
long after clearance of infection consist frequently of central memory
T cells (Tcms).

Classically, the Tem and Tcm CD8+ T cells subsets can be distin-
guished by their expression of certain surface molecules: Tcms express
higher levels of the homing receptors, CD62L and CCR7, while Tems ex-
press low levels of CD62L and CCR7. Tems are mainly located in the pe-
ripheral tissues and cause an immediate immune response upon
exposure of the external antigen, while Tcms can migrate to the T cell
zone, where they contribute to inducing a systemic immune response
[155].

Memory CD8+ T cells can be exhausted by chronic antigen exposure
in the TME, and/or their function can be inhibited by immune suppres-
sive factors, such as TGF-β secreted from DCs and Treg cells [161].
Therefore, in the chronic antigen exposure state, conventional thera-
peutic cancer vaccines that target a single antigen, may fail to amplify
T cell memory population [155]. In order to overcome these problems
and generate sustainable CD8+ T cell memory, proper antigen uptake
of DCs and their surface expression of co-stimulatory signals are
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essential, as is the helper T cell-mediated secretion of IL-2, IL-7, and IL-
15 [162,163]. Combined strategies to increase neoantigen/DAMP re-
lease and enhance phagocytosis have been found to improve the activ-
ity of DCs (e.g., antigen processing and co-stimulatory molecule
expression) to produce anti-tumor-specific T cells [57]. Remarkably, in-
nate immune cells activated with exposure to various antigens by com-
binational strategy of intrinsic cancer vaccinationmay boost naive T cell
to vigorous proliferate and differentiate into effector T cells as well as
Tems and Tcms [164–166]. Thus, intrinsic cancer vaccination would be
expected to provide long-term tumor-free survival through continuous
surveillance and elimination of malignant cells.

4. Combination cancer therapy with immune checkpoint blockade

Monoclonal antibodies targeting the co-inhibitory immune check-
point have demonstrated clinical responses in variousmalignancies, in-
cluding metastatic melanoma, non-small cell lung cancer, and Hodgkin
lymphoma. Ipilimumab, an antibody against CTLA-4, represents thefirst
attempted immune checkpoint blockade and is undergoing clinical tri-
als for various solid tumors, including advanced melanoma
[96,167–170]. Ipilimumab has been demonstrated to prolong overall
survival in patients with solid tumors. In a comprehensive analysis of
12 studies, the 3-year survival rate of patients with ipilimumab-
treated advanced melanoma was 26%, while the 10-year survival rate
of all patients treated with the drug was approximately 20% [171]. The
successes of the anti-CTLA-4 clinical trials have encouraged the devel-
opment of other immune checkpoint blockades. Strategies aimed at
blocking PD-1/PD-L1 signaling, which inhibits T cells, have been
assessed in clinical trials [172–174]. The anti-PD-1 agents, nivolumab
and pembrolizumab, have shown less toxicity, better overall survival
rates, and higher objective response rates than ipilimumab for a wide
range of cancers, including melanoma, non-small cell lung carcinoma,
renal cell carcinoma, Hodgkin lymphoma, and ovarian cancer
[175–177]. In one study, the overall response rate was 11% for chemo-
therapy but 32% for the anti-PD-1 agent, nivolumab, among melanoma
patients who did not respond to anti-CTLA-4 therapy [178]. Combined
treatmentwith anti-CTLA-4 and anti-PD-1might show synergistic ther-
apeutic potential because they regulate T cell activation via distinct
mechanisms. Surprisingly, recently published clinical results indicate
that combination therapy with nivolumab and ipilimumab in advanced
melanoma showed better overall survival than either single treatment,
yielding an objective response rate of 58% [179].

However, some patients, even those with melanoma, have failed to
respond at all (innate resistance) or showed an initial response that
was followed by relapse (acquired resistance) [180–182]. Failure of im-
mune checkpoint inhibition therapy can result from defects in the pro-
cess of (re-)activation and failure of the clonal expansion of tumor-
reactive CD8+ T cells in the immunosuppressive TME [4,5,183]. Even
when cross-presentation and cross-priming of T cell is successful, the
expanded clones of cytotoxic T cells may face a hostile TME that pre-
cludes adequate T cell function, hindering the therapeutic efficacy of im-
mune checkpoint inhibitors [4,184]. The TME contains a wide range of
immunosuppressive leukocytes, including M2-polarized tumor-
associated macrophages (TAMs), myeloid-derived suppressor cells
(MDSCs), Th2 CD4+ T cells, and Treg cells [185–187]. They have been
shown to influence the efficacy of immune checkpoint inhibitor therapy
in pre-clinical models [5,188]. The complex structure of the TME, which
comprises capillaries, collagen, glycosaminoglycan, glycoproteins, and
immunosuppressive cells, not only inhibits the infiltration of immune
cells into tumor tissue, but also interferes with the therapeutic function
of a cancer vaccine by promoting tumorigenic cytokine secretion. For
example, stromal cells (e.g., cancer-associated fibroblasts and tumor-
associated macrophages) release a number of cytokines (e.g., IL-10,
TGF-β, vascular endothelial growth factor, and indoleamine-pyrrole
2,3 dioxygenase) that promote tumor growth and thereby enhance im-
mune suppression [185–187]. Inadequate T cell function can also arise
through the expression of alternative co-inhibitory immune check-
points (e.g., CTLA-4, LAG-3, VISTA, and TIM-3) [4,5,189]. In addition,
IFN-γ secreted by activated T cells can induce the loss of function of
JAK1 and JAK2, thereby triggering acquired resistance [190,191]. There-
fore, we need to better understand tumor-immune interactions and
tumor immunoeditingmechanisms if we hope to develop effective can-
cer immunotherapies. We should also look to develop combination
strategies aimed at improving the efficacy of immune checkpoint inhibi-
tion therapy.

The lack of benefit from checkpoint inhibitors parallels the lack of ef-
fective CD8+T cells in TME,which is relatedwith resistance of immune
checkpoint therapy. The generation of tumor-reactive CD8+ T cells re-
quires the successful processing and presentation of tumor-associated
antigenic peptides by APCs, such as DCs. However, a lack of sufficient
neoantigens, impaired neoantigen processing and/or presentation can
both lead to an insufficient generation of anti-tumor T cells [5,192].Mu-
tation burden is a tumor-intrinsic factor that correlates with the anti-
tumor response of immune checkpoint inhibitor therapy. Tumor types
harboring high levels of nonsynonymous mutations (e.g., melanoma,
lung cancer, and bladder cancer) exhibit some of the highest response
rates to immune checkpoint inhibitors. Consistently, DNA-mismatch re-
pair deficiency leading to genome instability is associated with an en-
hanced response to PD-1 blockade [193]. Loss or mutation of β2M of
MHC class I on tumor cells can also induce an innate resistance mecha-
nism [194,195].

As the critical mechanism for limitation of immune checkpoint
blockades is dysfunctional APCs defective in the priming of tumor-
reactive CD8+Tcells, clinical utilities of conventional cancer treatments
including cytotoxic chemotherapy, radiotherapy and targeted therapy
in combinationwith immune checkpoint blockades have been currently
explored, aiming to achieve synergetic effects with improved and dura-
ble clinical response. We also note that intrinsic cancer vaccination that
activates our immune system to recognize cancer as a non-self, is ex-
pected to be a promising strategy to overcome the resistance to PD-1
therapy (Fig. 3). Strategies topromote ICDor to enhance antigenpresen-
tation by improving the phagocytic function of DCs may promote the
formation of suitable neoantigens and DAMPs in non-inflamed tumors,
and enhance DC functions (maturation and cross-presentation of DCs),
leading to adequate T cell priming and clonal expansion [57]. For exam-
ple, radio- or chemotherapies that elicit ICDare known to releaseDAMPs
and neoantigens, which activate DCs to cross-present tumor antigens to
lymphocytes [11,196]. Studies have shown that the therapeutic effects
of CD47blockade dependon theDC-mediated cross-primingof T cell re-
sponses [55]. CD47 blockade was also combined with anti-PD-L1, for
dual targeting of innate and adaptive checkpoints on tumor cells. Liu at
al. engineered bispecific heterodimer, anti-PD-L1-Sirpα and showed
that they robustly increased DC mediated cross prime ability and anti-
tumor T cell response, leading to significantly inhibit tumor growth.
Moreover, combination of the bispecific reagent and doxorubicin was
found to report to induce ICD, exerting a stronger tumor specific im-
mune response for tumor eradication [197].

Recently, the Lin group developed nanoscale coordination polymer
core-shell nanoparticles that carry oxaliplatin and the photosensitizer
pyropheophorbide-lipid conjugate (NCP@pyrolipid) for effective treat-
ment of advanced colorectal cancer. The designed NCP@pyrolipid
could provoke ICD of cancer cell and resulted in antitumor vaccination
and an abscopal effect. Moreover, the immunogenic nanoparticles en-
hanced the anti-tumor efficacy of the antibodies inhibiting the PD-1/
PD-L1 axis [198].

Further studies will be required to evaluate the ability of intrinsic
cancer vaccination to overcome acquired resistance to immune check-
point blockade. Intriguingly, the ICD inducer, cyclophosphamide, has
been shown to selectively target Treg cells at a low dose in vivo [199],
suggesting that induction of ICD can convert an immunosuppressive
cold tumor into an immune-activated hot tumor. In addition, the induc-
tion and secretion of DAMPs during ICD causes the release of pro-



Fig. 3.Overcoming resistance to PD-1 therapy. Upper panel: schematic diagram that represents thepriming and activation of tumor-specific CD8+T cells, effector CD8+T cell function, and
memory CD8+ T cell function. Lower panel: resistancemechanisms to PD-1 therapy (left) and possible approaches throughwhich an intrinsic cancer vaccination strategy could overcome
this resistance (right).
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inflammatory cytokines and chemokines and the activation/maturation
of APCs to produce a robust innate immune response.

For long-term immunologic memory, a subset of effector T cells
must differentiate into Tems [155,200] under the guidance of CD4+

helper T cells and DCs [155]. The impaired formation of Tems may
lead to tumor relapse following discontinuation of therapy. The cellular
and molecular mechanisms of Tem expansion following PD-1 blockade
are not fully understood, but reacquisition of the memory T cell re-
sponse has been reported to occur in cancer patients with a higher mu-
tation burden. Therefore, we expect that an intrinsic cancer vaccination
strategy that primes new populations of T cells or seeks to augment
existing T cell responsesmay be needed to produce durable T cell mem-
ory against tumor.

5. Conclusions and future perspectives

In cancer patients, the cancer-immunity cycle does not work prop-
erly for following reasons: 1) Tumor antigens may not be detected.
2) DCs and T cells may consider tumor antigens as self rather than
non-self (foreign), thereby stimulating the response of Treg cell rather
than effector responses. 3) T cells may not accordingly infiltrate and
home to tumors. 4) The tumor may escape immune surveillance and
cell death by expressing activating and inhibitory ligands that interact
with receptors found on the surface of immune cells. 5) Factors in the
TME might suppress the produced effector T cells [3,132,144,145,201].
Although the clinical efficacy and durable responses seen with immune
checkpoint blockades have spurred dramatic changes in our approach
to treating cancer, the results from large clinical trials clearly show
that only a fraction of patients respond and many will relapse. There-
fore, we urgently need to develop a novel immunotherapeutic strategy
that meets the following five requirements: 1) targetability to selec-
tively recognize the neoantigens of cancer cells; 2) adaptability to the
antigen variability that arises from mutation of cancer cells; 3) self-
propagation within the immune system itself, to enhance anti-cancer-
immunity; 4) penetrationof immune cells to tumor tissues; and5)dura-
bility of the immune effect.

In this review, we discuss new concept of “intrinsic cancer vaccina-
tion”, which we believe will amplify a sufficient and robust immune re-
sponse in the early stage of the cancer-immunity cycle. To awaken
intrinsic immunity against tumors, this strategy involves killing tumor
cells in a manner that exposes new antigens to immune cells via ICD,
while also enhancing phagocytosis in order to prime T cells capable of
specifically recognizing cancer cells. Intrinsic cancer vaccination-
mediated induction of T cell immunity may enable to enhance the clin-
ical response rates of anticancer treatments. However, it will be crucial
to extend these findings to the clinical situation.

We also describe the utilizing of nano-formulation for targeted and/
or co- delivery of immunotherapeutic drugs. Although the nanoplatform
provide great opportunity for improving efficacy of intrinsic cancer vac-
cination strategy, their own immunogenicity that affect immune re-
sponses need to be considered for design and engineering of
nanoparticles. In addition, tuning of the general properties of nanoparti-
cles such as size, shape, surface modification, and spatiotemporal drug
release is necessary to reduceunwanted immune reactions. As the safety
evaluationof nanoplatform is required for the successful clinical applica-
tions, the network between nanoparticles and immune system should
be considered in the nano-immunotherapy field.

Note that while intrinsic cancer vaccination is an important strategy
of CD8+ T cell-associated anti-cancer immune responses, this is not the
only means to facilitate an immune response against cancer [202–204].
Knowledge of the concepts andmechanisms that underlie intrinsic can-
cer vaccination-induced T cell activation could provide shed light on
newstrategies for combining this strategywithnovel immunotherapeu-
tic approaches. For example, within the TME, PD-L1 is constitutively
expressed in response to oncogenic signaling or induced in response to
inflammatory cytokines (e.g., IFN-γ). As discussed in the review, the in-
trinsic cancer vaccination-mediated induction of T cell immunity over-
comes resistance to immune checkpoint inhibitor therapies. Similarly,
PD-L1 expression is increased upon intrinsic cancer vaccination treat-
ment, providing a rationale for combined cancer treatment using this
strategy and αPD-L1. The combination of intrinsic cancer vaccination
with immune checkpoint blockade may yield significantly improved
anti-tumor responses by releasing the state of immunosuppressive mi-
croenvironment and augmenting tumor-reactive T cell responses.
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