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Cancer immunotherapy has been intensively investigated in both preclinical and clini-
cal studies. Whereas chemotherapies use cytotoxic drugs to kill tumor cells, cancer im-
munotherapy is based on the ability of the immune system to fight cancer. Tumors are
intimately associated with the immune system: they can suppress the immune response
and/or control immune cells to support tumor growth. Immunotherapy has yielded promis-
ing results in clinical practice, but some patients show limited responses. This may reflect
the complexities of the relationship between a tumor and the immune system. In an ef-
fort to improve the current immunotherapies, researchers have exploited nanomaterials
in creating new strategies to cure tumors via modulation of the immune system in tumor
tissues. Although extensive studies have examined the use of immune checkpoint-based
immunotherapy, rather less work has focused on manipulating the innate immune cells.
This review examines the recent approaches and challenges in the use of nanomaterials to
modulate innate immune cells.
© 2018 Shenyang Pharmaceutical University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

to normal tissues. Moreover, these therapies are often not ef-
fective in metastatic and/or advanced-stage tumors, resulting
in curative failure.

Cancer is a group of diseases characterized by out-of-control
cell growth. Cancer patients have been treated with surgery,
radiotherapy, and chemotherapy, but such therapies still suf-
fer from limited efficacy, side effects, and the risk of damage
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Immune systems can function as a double-edged sword
by inhibiting or promoting tumor growth (Fig. 1). In healthy
people, immune systems play important roles in controlling
the growth of malignant cells. In cancer patients, however,
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Fig. 1 - Interactions of immune cells and a tumor.

In the tumor microenvironment, immune systems can function as a double-edged sword by promoting or inhibiting tumor
growth. The role of immune cells can depend on the types of such cells present at the tumor tissues.

immune systems often fail to control and may even facil-
itate the growth of tumor cells. The assistance of tumor-
associated immune cells has even been linked to the ability
of a tumor to progress to an advanced stage. For example,
crosstalk between tumor and immune cells can induce an-
giogenesis, which supports tumor growth and metastasis by
secreting various cytokines, tumor growth factors, and vas-
cular endothelial growth factors [1-3]. However, tumors may
escape immune surveillance by expressing molecules that
cause immune cell anergy. Programmed death ligand 1 (PD-
L1), programmed death receptor 1 (PD-1), 2,3 indoleamine oxy-
genase (IDO), and cytotoxic T lymphocyte antigen-4 (CTLA-4)
are among the immune checkpoint molecules that are highly
expressed in tumor cells or tumor-associated immune cells
[2-4].

In recent years, immunotherapy has been intensively stud-
ied for its unique advantages over the current cancer thera-
pies. Some immunotherapies can activate the immune sys-
tem to efficiently scavenge tumor cells, while others reverse
the exhausted state of immune cells to recover their anti-
tumor effects. The activated immune cells are capable of in-
filtrating deeply into tumor tissues at locations that limit the
entry of conventional chemotherapeutics, such as in the brain,
spleen, and prostate. Chemotaxis has been exploited as a
possible mechanism for the infiltration of drug-loaded neu-
trophils to brain tumor tissues. Chemotaxis was shown to
be induced by post-surgery inflammation. Upon combination
with surgery, drug-loaded neutrophils were proposed to pass

through blood-brain barrier and accumulate to the surgery
sites by chemotaxis [5,6]. Immunotherapies may also offer un-
precedented specificity, thereby limiting the occurrence of un-
desirable side effects in healthy tissues. Finally, immunothera-
pies may confer long-term protection from tumor recurrence
[7] and overcome multi-drug resistance various tumors. The
types of tumors include leukemia, breast cancer, ovarian can-
cer, colon carcinoma and osteosarcoma [8].

Despite the numerous merits of immunotherapy, however,
the use of various materials to selectively modulate immune
cells is still in its infancy. Immune systems are composed of
innate and adaptive immune cells that differ in their target-
ing strategies, delivery strategies, and cargoes. Nanomaterials
can affect the pharmacokinetic profiles of entrapped materi-
als by protecting them from rapid degradation in the blood-
stream [9,10]. Indeed, nanomaterial-mediated delivery can en-
hance the delivery of immunomodulators to immune cells
and improve the efficacy of immunotherapy. Numerous efforts
have been made to target adaptive immune cells, such as via
chimeric antigen receptor-T cell therapy or through the use of
antibodies against immune checkpoint inhibitors (e.g., PD-1,
PD-L1, and CTLA4). The results of such studies suggest that it
may be feasible to perform immunotherapy by modulating in-
nate immune cells. Accumulating reports have focused on the
pathways of innate immune cell biology and their relationship
with tumors. However, even though the use of nanomaterials
to modulate the activities of innate immune cells could open
new avenues for cancer immunotherapy, relatively few stud-
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ies have examined this topic. Here, we review the published
studies that have used nanomaterials to modulate various in-
nate immune cells, including tumor-associated macrophages
(TAMs), natural killer (NK) cells, myeloid-derived suppressor
cells (MDSCs), neutrophils, and dendritic cells (DCs) (Table 1).

2. Nanomaterials for modulating TAMs

Macrophages are professional phagocytes that play crucial
roles in eliminating pathogens and cellular debris. They can
function as antigen-presenting cells and secrete various types
of soluble factors to communicate with other immune cells.
TAMs are an important target immune cell type in cancer
immunotherapy. For example, breast carcinoma is reportedly
comprised of up to 70% TAMSs [11]. In the tumor microenviron-
ment, macrophages exert both antitumor and protumor ef-
fects. Numerous studies have reported that the functions and
phenotypes of TAMs differ from those of macrophages in nor-
mal tissues [12]. At the initial stages of tumor formation, per-
itumoral macrophages or monocytes are recruited to tumor
tissues and polarized to M1-type cells, which can exert anti-
tumor effects. As a tumor progresses to an advanced stage,
the macrophages convert from M1 type to M2 type, which can
exert protumor effects by helping suppress CD8 killer T cells
[12,13]. Nanomaterials have been studied for their ability to
modulate the phenotypes and activities of TAMs. Iron oxide
nanoparticles [14] and hyaluronic-coated manganese dioxide
nanoparticles [15] are reportedly capable of reprograming the
TAM phenotype (Fig. 2A). TAMs can be activated by siRNAs en-
capsulated in cationic liposomes, which undergo enhanced
phagocytosis [16], and gluco-mannan polysaccharide and li-
posomes have been used to deliver toxic agents that eliminate
M2-type macrophages [17,18].

2.1.  Nanomaterials for reprogramming TAMs

Superparamagnetic iron oxide nanoparticles (Fe3O4) have
been used to deliver agents capable of modulating the
TAM phenotype [14]. Ferumoxytol, which consists of
carboxymethyldextran-coated iron oxide nanoparticles,
is approved by Food and Drug Administration (USA) for in-
travenous use as a supplementary agent for iron deficiency
in long-term kidney disease patients [19]. The intravenous
administration of carboxymethyldextran-coated iron oxide
nanoparticles was shown to promote the differentiation
of TAMs to M1 type and inhibited tumor growth by 43%
compared to the control group [14]. Moreover, ferumoxytol
nanoparticles significantly reduced the tumor lesions in both
pulmonary and liver metastasis model mice implanted with
KP1 smallcell lung cancer cells. In the group treated with
ferumoxytol, TAMs isolated from tumor tissues exhibited an
increase in CD86 (an M1 marker) and a decrease in CD206
(an M2 marker). Ferumoxytol is believed to convert the
TAM phenotype via the Fenton reaction: hydrogen peroxide
secreted from pro-inflammatory M1 macrophages could
react with iron to produce toxic hydroxyl radicals [20]. In
another recent study reported by Silva et al. [21], the ad-
ministration of dextran crosslinked-iron oxide nanoparticle
in Lewis lung carcinoma tumor-bearing mice was shown to

shift the phenotypes of TAM. In the dextran crosslinked-iron
oxide nanoparticle-treated group, the shift of TAM to pro-
inflammatory type was notable. This study needs attention
in that inorganic iron oxide nanoparticles functioned as an
image contrast agent and as a TAM-reprogramming agent.

Manganese dioxide nanoparticles modified with
hyaluronic acid and mannan polysaccharide have been
studied for their ability to target TAMs and modulate the
hypoxic tumor microenvironment [15]. Tumor hypoxia is
associated with the accumulation of M2-type TAMs, which
can promote tumor growth and metastasis by altering the
expression levels of various genes, such as those encod-
ing hypoxia-inducible factors (HIFs), vascular endothelial
growth factor (VEGF), and matrix metalloproteinases (MMPs).
The manganese dioxide nanoparticles were entrapped in
hyaluronic acid and coated with mannan polysaccharide
to target the mannose receptors present on TAMs. These
nanoparticles reacted with hydrogen peroxide in the hypoxic
tumor tissues to produce oxygen, thereby alleviating hypoxia
and increasing the pH of tumor microenvironment. A later
study found that the presence of a hyaluronic acid layer facil-
itated the differentiation of M2-type macrophages to M1-type
macrophages [22]. In the 4T1 breast tumor bearing model,
mannan-hyaluronic acid-manganese dioxide nanoparticles
were found to reduce the expression levels of HIFs and VEGF
and to shift TAMs toward M1 type, as evidenced by elevated
levels of interleukin-12 and inducible nitric oxide synthase.

Recently, miR155 was found to be involved in attenuating
cytokine production and polarizing M2-type macrophages to-
ward M1 type [22]. Therefore, the specific delivery of miR155
to TAMs could be a potential strategy for overcoming im-
munosuppression in the tumor microenvironment. Liu et al.
showed that self-assembled cationic polymeric nanoparti-
cles formulated from poly(ethylene glycol)-b-poly(L-lysine)-
b-poly(L-cysteine) hybrid polypeptides could be used to de-
liver miR155 to TAMs [23]. miR155 could form a complex with
poly(L-lysine) via static interaction, whereas poly(L-cysteine)
could crosslink via redox disulfide bonding to stabilize the mi-
celle structure. Galactose moieties were grafted and exposed
on the micelle surface to specifically target TAMs. miR155-
encapsulated cationic micelles, but not free miR155, were
found to elevate the expression of miR155 in mouse bone
marrow-derived TAMs by about two orders of magnitude com-
pared to the negative control group. Moreover, intratumoral
injection of miR155-cationic nanocomplexes to melanoma
B16F10 tumor-bearing mice was shown to upregulate mark-
ers of M1 macrophages and inhibit tumor growth more signif-
icantly than free miR155.

Interleukin-12 is a heterodimeric cytokine that is known
to polarize TAMs toward antitumor M1 type macrophage [24].
Accordingly, polymeric nanoparticles entrapping interleukin-
12 were investigated for their ability to shift TAMs from
M2 type to M1 type [25]. Interleukin-12 was entrapped
in a cationic histamine-grafted-polyethyleneglycol-b-poly(s-
amino ester) polymer-forming nanostructure by the double
emulsion water-in-oil method. The cytokine was found to re-
tain its stability following entrapment in this nanostructure
at pH 7.4. In a B16F10 cell-bearing mouse model of melanoma,
intravenous administration of interleukin-12-loaded cationic
nanoparticles was found to reduce the systemic toxicity and



Table 1 - Nanomaterials used as platforms for immunotherapy-based drug delivery with the goal of modulating innate immune cells.

Nanomaterial Modified ligand Cargo type  Cargo Targeted cell Purpose Tumor Injection Reference
route
Iron oxide nanoparticle TAM TAM reprogramming  KP1 v [14]
Hyaluronic acid -MnO; nanoparticle Mannan TAM TAM reprogramming  4T1 v [15]
polysaccharide
Poly(L-lysine)b-poly(L-cysteine) @ Poly(ethylene Galactose Nucleic acid miR155 TAM TAM reprogramming  B16F10 IT [23]
glycol)-poly(Llysine)-g-(1,2dicarboxyliccyclohexene)

Poly(b-amino ester)g-poly(ethylene glycol)-g-histamine Protein IL-12 TAM TAM reprogramming  B16F10 v [25]

Hyaluronic acid-protamine @ cationic liposome Nucleic acid CD47 siRNA TAM TAM activation B16F10 v [16]

Carboxylated polystyrene Calreticulin, HER2  Protein TAM TAM activation E0771/E2 v [29]

antibody

Gluco-mannan polysaccharide Glucomannan Chemical Alendronate TAM TAM depletion $180 1T [17]

Liposome Chemical Clodronate TAM TAM depletion KPC P [18]

Cationic liposome Nucleic acid Plasmid encoding NK cell NK cell activation CMT167 v [43]

TUSC2
Fe;04 @ SiO, nanoparticle NK cell NK cell migration RPMI8226 I\ [44]
Liposome Chemical Lauroyl gemcitabine =~ MDSC MDSC depletion EG07-OVA SC [47]
B16F10

Mesoporous Silica @ liposome Chemical All trans retinoic acid MDSC MDSC differentiation = B16F10 v [49]

Liposome T1 aptamer Chemical Doxorubicin MDSC MDSC depletion 4T1 v [48]

Denatured albumin + TA99 Ab Chemical Pyropheophorbide-a  Neutrophil = Neutrophil mediated  B16 v [54]
delivery

Gold nanoparticle CD11b antibody Neutrophil  Neutrophil mediated  3LL v [56]
delivery

Cationic liposome Chemical Paclitaxel Neutrophil  Neutrophil mediated — G422 v [57]
delivery

HDL mimicking nanodisc Nucleic acid, CpG ODN, antigen DC DC activation B16F10 SC [65]

peptide peptide
Poly(ethylene glycol)-b-poly-2-(hexamethylene-imino) Peptide Antigen peptide DC DC activation B16F10 MC38 SC [69]
ethyl methacrylate TC-1
Poly(lactic-co-glycolic) acid Chemical Indocyanine green, DC DC activation CT26 v [67]
imiquimod

62-91 (6T07) 1 STONAIDS TYOLLAIDVINEVHJ 40 TYNYNO[ NVISY

61
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Fig. 2 - Strategies for targeting TAMSs in cancer immunotherapy.
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(A) Delivery of TAM-reprograming agents that can convert M2-type TAMs to M1 type were found to reverse the
pro-tumorigenic effect of TAMs [14,15,23]. (B) Dual-conjugated nanoparticles were decorated with HER-2 antibody and
calreticulin. The binding of nanoparticles to HER-2expressing cancer cells induced macrophages to phagocytize the cancer

cells via calreticulin recognition [29].

exert TAM dependent antitumor effects. Tumor tissue sec-
tions displayed an increase of induced nitric oxide synthase
(a biomarker of M1-type TAMs) and a decrease of arginase-1 (a
biomarker of M2-type macrophages). This study is particularly
interesting because the conversion of M2-type TAMs to M1-
type TAMs was directly visualized in tumor tissue sections.

TAM reprograming strategy has an advantage over TAM
depletion in that it could preserve the high density of
macrophage populations in tumor tissues. Pro-inflammatory
M1-type macrophages in the tumor tissues can synergize with
other immune cells for exerting antitumor activity. It has been
reported that M1- type TAM directly inhibited tumor growth
as well as boosted the antitumor activity of adaptive immune
cells [26]. In the patients treated with rituximab combination
therapy, the high density of TAM has been reported to cor-
related with the better therapeutic outcome [12]. This study
suggests that the preservation of properly tamed TAM would
be beneficial in anticancer therapy. However, the conversion
into pro-inflammatory M1-type macrophages observed after
systemic administration of iron oxide nanoparticle [14]| or
interleukin-12-loaded polymeric nanoparticles [27] may un-
balance immune systems and cause systemic inflammation
[28].

Inorganic materials like iron oxide nanoparticles, man-
ganese dioxide nanoparticles exerted direct or indirect effect
on the phenotype shifting of TAM by various mechanisms. Un-
like inorganic materials, cationic polymeric nanoparticles per
se did not possess the capability to reprogram TAM [23,25].
Rather, the cationic polymeric nanoparticles mainly played a
role as a carrier of therapeutic cargoes such as siRNA or cy-
tokine. In this field, more studies need to be done for design
of multifunctional nanomaterials which may carry therapeu-
tic cargoes and reprogram TAM.

2.2. Nanomaterials for activating TAMs

Nanomaterials have been studied for their ability to acti-
vate the anergic function of TAMs by boosting their ability
to phagocytize cancer cells. As TAM-activating strategies, re-
searchers have investigated indirect activation via the siRNA-
mediated silencing of CD47 [16] or the enhanced exposure of
calreticulin on cancer cells [29].

In the first study, cationic liposomes were complexed
with CD47-specific siRNAs for the indirect activation of
TAMs [16]. CD47 is considered to be a self-marker that acts
as a “don’t eat me” signal; its binding to signal regulatory
protein alpha receptor on macrophages has been shown
to inhibit the cancer cell phagocytosis of macrophages
[30]. CD47-specific siRNAs and hyaluronic acid were com-
plexed with cationic protamine, and this core complex
was encapsulated in a pegylated liposome composed
of the cationic lipid, DOTAP (N-[1-(2,3dioleoyloxy)propyl]-
N,N,N-trimethylammonium methyl-sulfate), DSPE-PEG2000
(1,2distearoyl-sn—glycero-3-phosphoethanolamine-N-
(methoxy (polyethyleneglycol)—2000), and cholesterol. In-
travenous injection of CD47 siRNA-loaded cationic liposomes
significantly inhibited B16F10 melanoma tumor growth and
reduced metastatic lung nodules compared to those observed
in the carrier-alone and untreated groups. In contrast, admin-
istration of CD47 siRNA-loaded cationic liposomes did not
exhibit any ability to inhibit tumors in a macrophagedeple-
tion model. Although the authors did not directly measure
the levels of CD47 in tumor tissues, their findings suggest that
macrophages are a critical part of this anti-CD47 siRNA-based
immunotherapy.

In the second study, dual protein-modified nanoparticles
were used to promote the antitumor effect of TAMs by includ-
ing a pro-phagocytic protein [29]. Carboxylated polystyrene



ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 14 (2019) 16-29 21

nanoparticles were co-conjugated with an antibody against
human epidermal growth factor receptor 2 (HER-2) and calreti-
culin. HER-2 is known to be highly expressed on 20% of human
breast cancers [31]. Caleticulin was used to increase phagocy-
tosis of the nanoparticles. These dual-conjugated nanoparti-
cles not only specifically bound to HER-2-overexpressing can-
cer cells, they also enhanced the exposure of calreticulin on
the cancer cell surface and thereby produced the “eat me”
signal to induce phagocytosis of macrophages (Fig. 2B). In
a breast tumor-bearing model, both intratumoral and intra-
venous administration of dual-modified nanoparticles could
facilitate the tumor recognition of macrophages. Tumor tis-
sue sections showed increased numbers of tumor-infiltrating
macrophages and CD8+T cells. This study is notable in
that the dual-modified nanoparticles delayed the growth of
HER2-expressing tumors but not HER2-negative tumors. In
this study, the authors aimed to expect the enhanced im-
munotherapy effect by co-conjugation of HER-2 antibody and
calreticulin. The presence of HER-2 antibody on the nanopar-
ticles may contribute to the recognition of tumor cells. Tu-
mor cells bound with the nanoparticles are then positive with
calreticulin, an “eat-me” signal, which can contribute to the
recruiting of immune cells to attack tumor cells. The ability
of dual protein-modified nanoparticles to exert antitumor ef-
fects even at a distance supports the notion that immunother-
apy may be a powerful tool for treating recurrent tumors after
surgery or chemotherapy.

The activation of TAM has an advantage of promoting the
engulfment of cancer cells and enhancing the antigen pre-
sentation processes of macrophages [29]. The enhancement
of calreticulin-mediated “eat me” signal with the suppres-
sion of “don’t eat me” signal by CD47 blockade would be
an interesting strategy to sensitize the phagocytic activity of
macrophages. However, the activation of TAM may not stand
alone as monotherapy. The administration of SIRP-alpha, a
natural ligand of CD47, as an CD47 blocker, was shown to
be insufficient to induce the phagocytosis of macrophages.
Rather, CD47 blocker was effective as an adjuvant to reduce
the threshold of phagocytosis [12]. The rationale of combining
macrophage activation with other immune therapies needs to
be studied in the future.

2.3. Nanomaterials for depleting TAMs

Given the protumor effects of M2-type TAMs on tumor an-
giogenesis, metastasis, and immune invasion, researchers
have sought to deliver toxic agents that can eliminate these
macrophages [17,18]. For example, a gluco-mannan polysac-
charide from Bletilla striata, which has a high affinity for a
mannose receptor abundantly expressed in macrophages,
was used to develop a macrophage-targeting carrier. This
backbone was conjugated with alendronate (4-amino-1-
hydroxybutylidenel,1-bisphosphonate), a bisphosphonate
compound that causes apoptosis of macrophages, to form
nanoparticles [17]. Following intratumoral injection of
alendronate-loaded polysaccharide nanoparticles into sar-
coma S180 tumor-bearing mice, the authors observed a
high-level distribution of the nanoparticles to cells express-
ing the macrophage marker, F4/80, an 84.5% reduction of
TAMs in the tumor tissue, and a significant inhibition of

tumor growth. By comparison, macrophages were reduced
by only 17.0% in the corresponding mice treated with free
alendronate. The depletion of macrophages in alendronate-
polysaccharide nanoparticle-treated mice was correlated
with decreases in blood vessel formation and the levels of
VEGF and MMP-9.

As another TAM-depleting strategy, the bisphosphonate
compound, clodronate, was formulated in liposomes [18].
Clodronate-encapsulated liposomes were intravenously in-
jected into KPC pancreatic tumor-bearing mice, and the ef-
fects of macrophage depletion on primary tumor growth and
metastasis were examined. The tumor incidence did not sig-
nificantly differ between the clodronate-loaded liposome- and
control liposome-treated groups. However, the incidence of
lung metastasis was dramatically reduced in the clodronate-
loaded liposome-treated group relative to the control group
(less than 10% versus approximately 50%, respectively). The
successful depletion of TAMs was supported by the observed
decreases in the level of circulating VEGF and tumor microves-
sel density.

Sialoadhesin, also named as Siglec-1, is a cell adhesion pro-
tein dominantly expressed on the surfaces of TAM. Sialic acid,
a derivative from N-acetylneuraminic, has a strong binding
affinity to Siglec-1 [32]. Decoration of drug-loaded liposomes
with sialic acid has been shown to eliminate TAM specifically
[33-35]. In these studies, hydrophobic moieties such as octade-
cylamine [33,35] and cholesterol [34] were tethered to sialic
acid. Resulting amphiphilic derivatives of sialic acid were in-
corporated into liposome structure for TAM binding. The en-
capsulation of anticancer drugs in sialic acid-decorated lipo-
somes showed greater antitumor effect compared with plain
liposomes. Interestingly, the use of sialic acid-decorated lipo-
somes containing anticancer drugs showed specific depletion
of TAM at tumor environment and “shedding” of tumor tis-
sues [34]. These studies provided evidences that the depletion
of TAM could be achieved using sialic acid-decorated nanocar-
riers.

TAM depletion strategy would be suitable for combination
therapy with drugs such as alendronate or clodronate since
systemic administration of clodronate-loaded liposomes was
reported to deplete macrophages. However, TAM depletion has
limitations to increase the possibility of opportunistic infec-
tions to immune suppressed cancer patients. Especially, non-
specific systemic deletion of macrophages can increase the
susceptibility of cancer patients to infectious disease. In alve-
olar macrophage-deleted animals were reported to be more
susceptible to viral infections [36,37]. Given the possible risk of
infection, TAM depletion strategy should be cautiously stud-
ied. Specific deletion of TAM using nano delivery systems
needs to be studied further to minimize the risk of systemic
infection.

Taken together, the findings from the existing studies in-
dicate that macrophages act as a double edged sword in the
tumor microenvironment, where their phenotypic conversion
can enable them to promote or inhibit tumors of various
stages. Various TAM manipulation-based strategies have been
used, including the reprogramming, activation, and elimina-
tion of these macrophages. No study to date has directly com-
pared the therapeutic effects of these three concepts. In clin-
ical practice, the decision to employ activation or elimination
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of TAMs may depend on the tumor stage, tumor histology and
patient’s condition.

3. Nanomaterials for modulating NK cells

NK cells, which are defined as innate effector lymphocytes,
were first described in 1975 [38]. They represent an impor-
tant type of cytotoxic lymphocyte in the innate immune sys-
tem. NK cells can kill cancer cells without activating comple-
ments or antibodies, and thus confer a much faster immune
response than the adaptive immune system [39]. At an early
stage of cancer, tumor cells are recognized and eliminated by
NK cells that are recruited by damage signals secreted from
tumor-adjacent cells [40]. Cytokines such as interleukin-12,
—15, and —18 can activate NK cells, which function as cyto-
toxic effectors [41]. NK cells can release proteins such as per-
forin and proteases to peripheral cancer cells, and thereby in-
crease the porosity of target cell membranes [42]. Compared
to TAMs, far fewer studies have sought to modulate NK cells.
However, some nanomaterials have been studied for their
abilities to activate NK cells [43] or modulate their movement
[38,44].

Cationic liposomes loaded with plasmid DNA encoding
the TUCS2 gene were studied for their ability to activate NK
cells [43]. TUSC2 expression is decreased in most lung can-
cer patients, and this may be related to their low survival
rate [45]. Cationic liposomes composed of DOTAP and choles-
terol were complexed to plasmid DNA encoding the TUCS2
gene. Upon intravenous injection of the lipoplexes into Kras-
mutant syngeneic model mice, the population of NK cells was
increased in the tumor microenvironment. This appeared to
reflect the TUCS2 upregulation-triggered stimulation of proin-
flammatory cytokines and the interleukin-15 cytokine path-
way. Since these cationic liposomes lacked any specific target-
ing ligand, it is unclear which specific cell type(s) took up the
lipoplexes. However, this study importantly showed that the
cationic liposome-mediated delivery of a gene could activate
NK cells.

Magnetic nanoparticles were studied for their ability to
modulate the movement of NK cells to tumor tissues [44]. Su-
perparamagnetic iron oxide (Fe;O4) nanoparticles were dec-
orated with a silica layer and modified with PET-silane and
fluorescent dye. NK cells were isolated and loaded with mag-
netic nanoparticles under a magnetic field. Human B cell
lymphoma-bearing mice were intravenously injected with the
magnetic nanoparticle-loaded NK cells and exposed to an ex-
ternal magnetic field (340 G/mm). During the magnetic field
exposure, a strong fluorescent dye signal was detected in the
tumor tissues, apparently reflecting the migration of the mag-
netic nanoparticle-loaded NK cells. However, the intensity of
the fluorescent signal in the tumor tissues rapidly decreased
after the magnetic field was discontinued, and there was only
limited retention of the magnetically guided NK cells in the
tumor tissues. Despite this relatively short retention of NK
cells at the tumor tissues, the externally controlled movement
of immune cells appears to warrant further research, as does
the design of new nanomaterials with decreased toxicity and
the ability to maintain the natural functions of nanomaterial-
loaded immune cells.

4, Nanomaterials for modulating MDSCs

MDSCs are immature myeloid cells that are unable to differen-
tiate to mature forms, such as dendritic cells, granulocytes, or
macrophages. In the tumor microenvironment, the secretions
of interleukin-18, interleukin-6, prostaglandin E2, VEGF, and
interferon-y inhibit the normal maturation of these myeloid
progenitor cells. Furthermore, the accommodation of MDSCs
at tumor tissues may suppress T cell proliferation and NK cell
activation while promoting the differentiation of regulatory T
cells [46]. The nanomaterial-mediated selective modulation of
MDSCs at tumor tissues could enable the recovery of immune
suppression and open a new avenue for immunotherapy [47-
49]. Similar to the nanomaterial-mediated modulation of NK
cells, relatively few studies have used nanomaterials to modu-
late MDSCs. To date, nanomaterials have been studied for the
purposes of depleting [47,48] or modulating the differentiation
[46]of MDSCs.

Gemcitabine-encapsulated lipid nanocapsules were ex-
ploited to deplete MDSCs [47]. Gemcitabine is nucleotide ana-
log that is used to treat various solid tumor types, such as
ovarian cancer, non-small cell lung cancer, and pancreatic
adenocarcinoma. In addition to its anticancer effects, gem-
citabine was reported to selectively kill MDSCs when given
at a low dose [50,51]. In one study, lauroyl-modified gem-
citabine was inserted into pegylated lipid nanocapsules by
the phase-inversion method [44]. Following subcutaneous in-
jection of fluorescence dye-tagged gemcitabine nanocapsules
into EGO7-OVA lymphoma tumor-bearing mice, the nanocap-
sules were found to accumulate at the tumor and spleen, both
of which showed reduced populations of MDSCs. The com-
bination of low-dose gemcitabine nanocapsules with adop-
tive T cell therapy enhanced the antitumor effect and survival
rate compared to that seen with adoptive T cell therapy alone.
These results suggested that MDSC depletion could provide a
favorable microenvironment for cytotoxic T cell proliferation.

Another strategy for depleting MDSCs involved the use
of MDSC-targeting aptamer-modified liposomes [48]. An ap-
tamer is a single-strand oligonucleotide that can fold into a 3D
structure to perform antibody-like specific binding to a target.
In this study, a 74-mer aptamer (T1) was surface conjugated
to pegylated liposomes encapsulating doxorubicin (Fig. 3A)
and screened for binding to various breast tumor cell lines
and MDSCs in the tumor microenvironment. The aptamer-
modified liposomes were shown to kill the tumor cells and
reverse immune suppression via MDSC depletion. In a highly
metastatic 4T1 breast cancer orthotropic mouse model, intra-
venous injection of T1 aptamer-conjugated liposomes elimi-
nated MDSCs in the blood, spleen, and tumor tissues. This ef-
fect further activated the antitumor immune response, as evi-
denced by an elevation of tumor-infiltrating cytotoxic CD8 + T
cells.

MDSC can also be manipulated to differentiate toward cell
types with antitumor activities. In a recent study, all-trans
retinoic acid was co-delivered with interleukin-2 and doxoru-
bicin by mesoporous silica nanoparticles, in an effort to enable
combined chemotherapy and immunotherapy [49]. All-trans
retinoic acid reportedly shifts the differentiation of MDSCs to-
ward antitumor immune cells (e.g., mature DCs, macrophages,
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Fig. 3 - Nanoformulations for modulation of MDSC.

(A) Doxorubicin-loaded liposomes were decorated with T1
aptamers, which show selective binding affinities for
MDSCs and cancer cells Liu, [48]. (B) All-trans retinoic acid
was entrapped in the pores of liposome
coated-mesoporous silica nanoparticles together with the
therapeutic agents, doxorubicin and interleukin-2. All-trans
retinoic acid could suppress the differentiation of MDSCs in
tumor tissues, leading to tumor inhibition Kong, [49].

and granulocytes) to facilitate the tumor-specific immune re-
sponse [52]. Multidrug-loaded mesoporous silica nanoparti-
cles were coated with lipids to improve their aqueous stability
and biocompatibility (Fig. 3B). In a B16F10 melanoma tumor
model, intravenous administration of these nanoparticles in-
creased the maturation of tumor-resident DCs with a corre-
sponding decrease in the density of MDSCs.

In the context of MDSC modulation-based approaches, spe-
cific MDSC-targeting approaches should be studied further.
Although Liu and colleagues [48] very recently used MDSC
aptamer modified liposomes, their T1 aptamer could bind to
both tumor cells and MDSCs. In the differentiation studies
[49], the lipid nanomaterials used to modulate MDSCs also
carried cytotoxic anticancer drugs. The delivery of cytotoxic
anticancer drug-loaded nanoparticles might kill and/or en-
hance the differentiation of MDSCs, confusing the issue. Fu-
ture studies that focus on modulating the differentiation of
MDSCs should use MDSC-specific nanomaterials that can ex-
ert the desired functions without killing MDSCs.

5. Nanomaterials for modulating neutrophils

Neutrophils (also known as neutrocytes) are the most abun-
dant leukocytes differentiated from stem cells in the bone
marrow. They are indispensable for the defense against in-
truding infections and for innate immune responses [53]. Neu-
trophils can rapidly transmigrate into injured or infected tis-
sues in respond to chemotaxis. The assembly of nanocarriers
with circulating neutrophils may create a new opportunity for

the directed delivery of therapeutic drugs. Thus, neutrophil-
mediated drug delivery has been studied for its potential in
cancer immunotherapy.

In one study, photosensitizer-loaded albumin nanoparti-
cles and a tumor antigen-specific antibody were used as
a co-treatment to enhance the recruitment of neutrophils
to tumor tissues [54]. This study utilized the previously re-
ported binding of albumin nanoparticles to neutrophils via
FcyRIII receptors [55]. Upon injection, the photosensitizer
(pyropheophorbide-a-loaded albumin nanoparticles) were ex-
pected to bind to neutrophils in the bloodstream. To guide
the neutrophils to tumor tissues, the researchers co-injected
the TA99 antibody, which is a melanoma gp75 antigen-
specific monoclonal antibody that can recruit neutrophils to
melanoma tumor sites via antibody-dependent cell-mediated
cytotoxicity. Following irradiation with a laser at 660 nm for
photodynamic therapy, the tumor growth was more strongly
suppressed in the nanoparticle and antibody co-treated group
compared to the other groups.

In another study by the same research group, CD11b
antibody-decorated gold nanoparticles were used to enhance
the infiltration of neutrophils into tumor tissues [56] (Fig. 4).
The CD11b antibody was used as a biomarker for activated
neutrophils. To enhance the infiltration of neutrophils to tu-
mor tissues, mice were preinjected with pyropheophorbide
and illuminated at 660nm. The researchers hypothesized
that photosensitization-induced inflammation at tumor tis-
sues might guide the gold nanoparticle-bound neutrophils
to infiltrate the tumor tissues. Indeed, the CD11b-antibody-
decorated gold nanoparticle-treated group showed reduced
tumor growth and prolonged survival compared to the pegy-
lated gold nanoparticle-treated group.

Another inflammation-mediated neutrophil recruitment
strategy was investigated in a postoperative glioma tumor
model [57]. In this study, anticancer drug-carrying liposomes
were harbored inside the neutrophils rather than as an ex-
ternally bound form. For ex vivo loading, neutrophils were
isolated and incubated with paclitaxel-containing liposomes.
The inflammation at operation sites was utilized to trigger the
infiltration of neutrophils through the blood-brain barrier. In
the study, operative-site inflammation was shown to increase
the release of proinflammatory cytokines, such as interleukin-
10 and CXCL1. Upon intravenous infusion, the liposome-
loaded neutrophils were found to accumulate in the glioma
tumor tissues, as evidenced by fluorescence from the dye-
tagged liposomes. The group treated with liposome-bearing
neutrophils showed higher survival compared to those treated
with free Taxol or liposomes alone. This study suggested that
it may be feasible to deliver nanomaterial-loaded neutrophils
to brain tumor tissues, where the blood-brain barrier typically
limits the access of conventional nanomaterials. However, it
might be difficult to optimize the dose of anticancer drugs in
neutrophils, and early drug release could damage the cells and
decrease their ability to home to tumor tissues.

Song and colleagues decorated pixantrone-loaded lipo-
somes with poly(sialic acid)-octadecylamine for neutrophil-
mediated delivery to lung cancer [58]. Poly(sialic acid) was
used for binding of the liposomes to L-selectin which
is highly expressed on the surfaces of peripheral blood
neutrophils [59]. Poly(sialic acid)-modified liposomes pro-



24 ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 14 (2019) 16-29

CD11b antibody
conjugated gold NPs

- o> > o> o> )

(=) Endothelial cell @ Tumor cell

Fig. 4 - Neutrophil-mediated delivery of nanocarriers.
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CD11b antibody-modified gold nanoparticles were bound to neutrophils. The gold nanoparticleloaded neutrophils were
recruited to stimulus-induced inflammatory tumor sites, facilitating the deep penetration of gold nanoparticles into the

tumor tissues for photothermal therapy [56].

vided greater uptake to neutrophils compared to plain
liposomes and polyethyleneglycol-modified liposomes. In
A549 tumor-bearing animal model, poly(sialic acid)-modified
liposome-treated group showed the highest anticancer ef-
fect among the groups tested. This study show the poten-
tial of sialic acid modification for targeting neutrophils by
nanocarriers.

6. Nanomaterial for modulating DCs

In the immune system, DCs act as interfacing cells that con-
nect the innate and adaptive immune responses [60,61]. In the
innate immune response, DCs express various types of pat-
tern recognition receptors, such as toll-like receptors (TLRs),
stimulator of interferon genes (STING), nucleotide-binding
oligomerization domain (NOD)-like receptors (NLRs), retinoic
acid inducible gene I (RIG-I)-like receptors (RLRs), and C-type
lectins. These molecules are responsible for activating DCs
upon pathogen exposure or cellular damage [62]. Activated
DCs secrete cytokines that recruit and activate NK cells to
eliminate pathogens and other dangerous factors, such as
cancer cells [63]. In addition, DCs are potent professional
antigen-presenting cells that act as key immune orchestra-

tors via their ability to capture and process antigens for T cell
activation. The activation of pattern-recognition receptors via
the recognition of danger associated molecule patterns from
dying tumor cells results in the maturation of DCs, leading
to the spontaneous priming of T cell responses [60]. In the
tumor microenvironment, however, the immunosuppression-
induced self-tolerance of cancer cells will limit DC-mediated
immune responses [64]. Numerous immunomodulators, such
as TLR agonists and STING agonists, have been developed to
boost the activities of DCs during cancer treatment. Unfortu-
nately, these immunomodulators have issues with instabil-
ity and side effects. To overcome the current challenges, re-
searchers have sought to use nanomaterials to deliver these
immunomodulators. To maximize the effect of immunomod-
ulators, nanomaterials have been designed to co-deliver im-
munomodulators with cancer vaccines [65,66] or combine
them with photothermal therapy [67] (Fig. 5).

Short synthetic single-chain oligonucleotides with un-
methylated cytosines and guanosines, called CpG ODN, mimic
the properties of pathogenic bacterial DNA. CpG ODN was re-
ported to specifically bind TLR-9 receptor, leading to activa-
tion of DCs. Several clinical trials have used CpG ODN, such
as in combination with chemical anticancer drugs against
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Fig. 5 - Immunomodulator-loaded nanomaterials for the modulation of DCs.
The combination of immunomodulators with a cancer vaccine (vaccine-adjuvant delivery) or photothermal therapy
(endogenous vaccine) could evoke an effective DC-primed immune response.

non-small cell lung cancer (NCT00070629) or melanoma
(NCT00070642), and with cancer vaccines against colorectal
cancer (NCT00669292) and skin cancer (NCT01149343). Due
to the outstanding efficacy of CpG ODN as an adjuvant in
cancer treatment, several studies have integrated them into
nanocarriers in an effort to enhance the efficacy of a co-
delivered cancer vaccine. In a recent study, CpG ODN was
modified with cholesterol to form a nanostructure with a
high-density lipoprotein (HDL)-derived peptide [65]. This com-
plexation formed a stable HDL nanodisc in the presence of
lipids, possibly due to a lipid-stabilizing effect of the HDL pep-
tide. Neoantigen-derived peptides selected from melanoma
and colorectal cancer were then conjugated into HDL nan-
odiscs as a vaccine-adjuvant system. These nanodiscs con-
ferred more efficient delivery of CpG ODN to DCs at draining
lymph nodes, compared to free CpG ODN. Moreover, the nan-
odiscs enhanced the cellular uptake of cultured DCs, promot-
ing a stronger and more durable antigen-presentation ability.
In line with the DC activation observed in vitro, subcutaneous
injection of HDL nanodiscs elicited 47-fold and 31-fold greater
cytotoxic T lymphocyte responses compared to free compo-
nents and CpG ODN, respectively, in melanoma tumor bearing
mice. Vaccination with HDL nanodiscs was found to protect
mice from tumor challenge and reduce metastatic lesions in
the lung.

STING, which is a transmembrane protein located in the
endoplasmic reticulum, is activated when cells are infected
with intracellular pathogens, leading to the production of type
Iinterferon. Activation of STING reportedly promotes the mat-
uration and antigen-presentation capability of DCs [68]. A
STING-agonizing polymer was recently developed to enhance
the efficacy of a delivered cancer antigen vaccine [69]. In this
study, a diblock copolymer (called PC7A, composed of PEG
and poly 2-(hexamethyleneimino) ethyl methacrylate deriva-
tives containing cyclic tertiary amine side chains) was for-

mulated with a peptide antigen as a nanovaccine. The ter-
tiary amine structure of PC7A rendered it pH-sensitive, allow-
ing the antigens to be released and escape from the endo-
some to interact with STING in the cytoplasm. The encapsu-
lation of a model antigen with PC7A produced 50 nm-sized
nanoparticles. After subcutaneous injection, these nanopar-
ticles were found to distribute to draining lymph nodes. PC7A
had a high binding affinity for STING, with a Kd value of
1.3 pM. In vitro examination using bone marrow-derived DCs
showed that these nanoparticles had an adjuvant effect on
DC maturation and enhanced the expression levels of mat-
uration markers, including CD80 and CD86. In mouse mod-
els of melanoma, colorectal cancer, and lymphoma, vacci-
nation with PC7A nanoparticles yielded greater tumor inhi-
bition than vaccination with the free antigen. In the lym-
phoma model (TC-1 tumor-bearing mice), vaccination with
human papilloma virus-derived antigen peptide loaded in
PC7A nanoparticles was found to extend survival in 100% of
the treated mice.

Recently, photothermal therapy has attracted a great deal
of attention in the context of treating cancer [70,71]. In pho-
tothermal therapy, light energy is converted to heat through
light responsive materials. Heat generation reportedly in-
duces cell damage and the release of damage associated
molecules, such as adenosine triphosphate (ATP), calreticulin,
high mobility group box 1 (HMGB1), and heat-shock proteins.
These molecules are known as danger signals that recruit and
activate DCs [72,73]. Meanwhile, the tumor shrinkage that fol-
lows photothermal therapy is a rich source of tumor antigens
that are, in turn, engulfed by DCs for specificimmune priming.
Given this, the combination of a vaccine adjuvant (e.g., a TLR
agonist) with photothermal therapy has been investigated as
a heat-induced endogenous vaccine therapy for the treatment
of cancer [67,74].
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Imiquimod is a TLR7/8 agonist that was approved by the
FDA for treating basal skin carcinoma; it is sold as a top-
ical cream under the name Aldara® [75]. In a study seek-
ing to exploit this agonist in an endogenous vaccine strat-
egy, imiquimod was co-encapsulated with the photothermal-
responsive agent, indocyanine green, in the hydropho-
bic compartment of biodegradable polymeric poly(lactic-co-
glycolic) acid nanoparticles. Intravenous administration of in-
docyanine green/imiquimod-loaded polymeric nanoparticles
showed accumulation at tumor tissues. Thereafter, irradiation
of the tumor site with near infrared light was found to ab-
late the primary tumors of CT26 colon tumor-bearing mice.
Moreover, this elimination of the primary tumor enhanced
the maturation and antigen presentation of DCs. When
this indocyanine/imiquimod-loaded polymeric nanoparticle-
based photothermal therapy was combined with the CTLA-
4 immune checkpoint antibody, impressive anticancer effects
were observed. These included the dramatic suppression of
the distant tumor model and reduction of metastatic nodules
in the lung.

7. Challenges and future perspectives

Recent pioneering studies have opened a new era in the
nanomaterial-based modulation of innate immune cells in
tumor tissues. Nanomaterials can overcome the poor solu-
bility, low selectivity, and high toxicity of chemotherapeutics
[76]. Numerous nanomaterials, such as lipid-based nanopar-
ticles, polymeric nanoparticles, and inorganic nanoparticles,
have been designed as carriers for small molecules, pro-
teins, and nucleic acids [77-79]. However, numerous issues
must be resolved before such applications can be translated
to the clinic. Among these issues are safety concerns. Al-
though most studies provided in vitro cell viability data to
support the safety of nanomaterials, more in-depth toxicity
studies must be performed in both the short and long terms.
In particular, the modulation of innate immune cells can
also evoke immune toxicity due to the enhanced interaction
of cytotoxic drug-loaded nanomaterials with immune cells.
Thus, the possibility of immune toxicity should be carefully
examined.

Future studies should also address the direct targeting of
nanomaterials to specific immune cells. Most of the existing
studies have used the inhibition of tumor growth as a major
end point of immune cell-targeted nanomaterials. The col-
lection of data supporting the targeting of specific immune
cells and illuminating the intracellular functions of endocy-
tosed nanomaterials may support and inform the develop-
ment of immune cell-targeting nanomaterials. There is a gen-
eral lack of known ligand molecules that can be used to dif-
ferentiate between immune cells of normal and tumor tissues.
For example, mannose receptors and galactose receptors can
be present on both normal macrophages and TAMs. The use of
ligands that recognize receptors universal to both normal and
tumor-associated immune cells may not maximize the target-
ing of nanomaterials to tumor tissue-specific immune cells.
Further studies are needed to identify more specific ligand
molecules or biomarkers for MDSCs and other innate immune
cells.

Another issue is the need to identify a suitable time point
for evaluating the efficacy of immunotherapy in an in vivo
model. Unlike conventional chemotherapy or surgery, im-
munotherapy may require more time to yield clinical effects
due to the delayed activity of the immune system [80]. A ben-
efit of immunotherapy may be observed only after several
months from the start of treatment, making it difficult for re-
searchers to draw early conclusions regarding the effective-
ness of an immunotherapy

The selection of tumor models should also be considered
carefully. Each tumor type may have a different characteristic
immune cell profile [61]. Moreover, the tumor stage can affect
the cell populations in tumor tissues, such as seen in patient
tumor tissue-derived tumor models. These potential differ-
ences could affect the outcomes of the various nanomaterial-
based immune cell-modulating approaches.

Many of the existing studies have demonstrated the inter-
action of nanomaterials and the target immune cells solely
at the level of cell-based in vitro experiments. Although such
work is an essential step in testing the hypotheses, it does not
comprise proof-of-concept. Researchers should seek to design
in vitro systems that mimic the complexity of the crosstalk
that occurs between tumor cells and host immune cells in vivo.
Moreover, most of the existing in vivo studies have been per-
formed in mice, whose immune systems are quite different
from those of human [81-84]. Another goal of the field should
be to develop new animal models that more closely mimic the
human immune system.

One approach to mimic the human immune system is
to co-transplant human immune cells with tumor xenograft
[85]. However, humanized mice cannot support the develop-
ment of human innate immune cells. For proper function
of transplanted human innate immune cells, Rongvaux and
colleagues developed two strains of mice, MITRG and MIS-
TRG [86]. These mice were generated to have Rag2-/- Il2rg-
/- 129xBalb/c (N2) genetic background. In MISTRG mice, four
genes encoding human M-CSF, IL-3, GM-CSF and thrombopoi-
etin were knocked-in to replace the mouse respective loci for
secretion of human cytokines. Moreover, MISTRG mice were
also knocked-in with BAC transgene encoding human SIRPe.
Expression of human SIRPa« on mouse phagocytes played
a role to tolerate the signal from CD47 of grafted-human
cells. However, these animal models are focused on hum
macrophage-mimicking models for TAM-based immunother-
apy. Humanized mouse model for neutrophils, NK cell should
be investigated more in future studies.

Immunotherapy takes advantage of immune system activ-
ities. However, given that immune cells and tumor cells en-
gage in complex relationships and interactions, monotherapy
may not be sufficient to activate the immune system. The
combination of nanocarrier-delivered immunotherapy with
another modality has shown great promise and warranted
additional development. For example, neutrophil-targeting
nanoparticles with a photosensitizer were combined with
photodynamic therapy [54]. In the study, the irradiation of
laser onto the tumor tissues induced the generation of reac-
tive oxygen species at the tumor tissues. The combination of
neutrophil delivery and photodynamic therapy enhanced the
anticancer effect of immunotherapy with prolonged survival
of mice. Moreover, the combination of laser with neutrophil-
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targeting gold nanoparticle was used to trigger the inflamma-
tion at the tumor site and guide the nanoparticle-bound neu-
trophils to the tumor tissues [56].

Clinical data have shown that the combined application
of CTLA-4 and PD-1 antibodies, which affect two different
immune checkpoints at different stages of the immune re-
sponse, could improve the overall survival of melanoma pa-
tients [87]. Many studies have utilized combined strategies in-
volving immune checkpoint inhibitors (e.g., PD-L1, PD-1, or
CTLA-4 antibodies) and a therapeutic drug-loaded nanocarrier
[67,88,89]. These co-treatments have been found to synergize
the outcome effect of immunotherapy on primary tumors, dis-
tant tumors, and models of metastasis. This suggests that
nanomaterial-based innate immune cell modulation might be
combined with immune checkpoint antibody therapy for en-
hanced clinical outcomes.

8. Conclusion

Immunotherapy has been extensively studied and has shown
promise in both preclinical and clinical trials. Researchers
have examined the use of nanomaterials to modulate TAMs,
NK cells, neutrophils, MDSCs and DCs. Although progress has
been made in efforts to activate, delete, differentiate, and/or
increase the infiltration of such cells into tumor tissues, this
field is still in its infancy. Future studies will require the selec-
tive design of nanomaterials that can recognize target innate
immune cells, and the use of carefully designed experiments
and evaluation strategies. Given the importance of innate im-
mune cells in tumor tissues, nanomaterials for specific innate
immune cell modulation may have strong potential for redi-
recting the current path of immunotherapy.
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