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Abstract
The host immune system possesses an intrinsic ability to target and kill cancer cells in a specific and adaptable manner that 
can be further enhanced by cancer immunotherapy, which aims to train the immune system to boost the antitumor immune 
response. Several different categories of cancer immunotherapy have emerged as new standard cancer therapies in the clinic, 
including cancer vaccines, immune checkpoint inhibitors, adoptive T cell therapy, and oncolytic virus therapy. Despite the 
remarkable survival benefit for a subset of patients, the low response rate and immunotoxicity remain the major challenges 
for current cancer immunotherapy. Over the last few decades, nanomedicine has been intensively investigated with great 
enthusiasm, leading to marked advancements in nanoparticle platforms and nanoengineering technology. Advances in nano-
medicine and immunotherapy have also led to the emergence of a nascent research field of nano-immunotherapy, which aims 
to realize the full therapeutic potential of immunotherapy with the aid of nanomedicine. In particular, nanocarriers present 
an exciting opportunity in immuno-oncology to boost the activity, increase specificity, decrease toxicity, and sustain the 
antitumor efficacy of immunological agents by potentiating immunostimulatory activity and favorably modulating pharma-
cological properties. This review discusses the potential of nanocarriers for cancer immunotherapy and introduces preclinical 
studies designed to improve clinical cancer immunotherapy modalities using nanocarrier-based engineering approaches. 
It also discusses the potential of nanocarriers to address the challenges currently faced by immuno-oncology as well as the 
challenges for their translation to clinical applications.
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Introduction

Cancer presents considerable health risk with a significant 
mortality rate worldwide; according to American Cancer 
Society, around 1.9 million people were diagnosed with 

cancer in 2021 [1], and the cancer-associated mortality is 
expected to reach 22 million by the year of 2030 [2]. Con-
ventional cancer treatment methods, such as surgery, chemo-
therapy, and radiotherapy, have limited efficacy, particularly 
against advanced cancers with metastasis [3, 4]. Since Wil-
liam B. Coley reported the first systemic study of immuno-
therapy using bacterial toxins for the treatment of sarcoma 
in 1891 [5], cancer immunotherapy has become a new treat-
ment option for many different cancers [6, 7]. Cancer immu-
notherapy harnesses the host immune system by training 
immune cells to specifically recognize and kill cancer cells. 
The immune system can also confer long-term protection 
against tumor recurrence and metastasis via immunological 
memory. The remarkable clinical success of cancer immuno-
therapy has been highlighted by the durable survival benefit 
for a subset of patients, in some cases leading to complete 
tumor remission [8]. The groundbreaking achievement in 
patient outcome was recognized by Science as a “break-
through of the year” in 2013 [9] and also acknowledged with 
a Noble Prize in Physiology or Medicine 2018, which was 
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awarded to James Allison and Tasuku Honjo, who proposed 
immune checkpoint regulation for cancer treatment.

Although immunotherapy has emerged as a new stand-
ard pillar for cancer therapy, the challenges remain as it 
usually benefits only a small subset of patients and causes 
immunotoxicity, limiting its wide clinical applications [10]. 
Advances in nanomedicine and immunotherapy have led to 
the emergence of a nascent research field that aims to realize 
the full therapeutic potential of immunotherapy with the aid 
of nanoparticle platforms and nanoengineering technology. 
Recent preclinical studies have demonstrated the potential 
of nano-immunotherapy to address the challenges faced by 
current cancer immunotherapy. In this review, we introduce 
the basic principles of the antitumor immune response and 
the potential advantages of nanocarriers for cancer immu-
notherapy. We discuss how nanocarrier-based engineering 
approaches can improve clinical cancer immunotherapy 
modalities, including cancer vaccines, immune checkpoint 
inhibitors, adoptive T cell therapy, and oncolytic virus 
therapy. Finally, we discuss the potential of nanocarriers for 
cancer immunotherapy and the challenges in their clinical 
translation. We also argue that nano-immunotherapy pre-
sents a significant opportunity not only for nanomedicine but 
also for immunotherapy to fulfill their clinical impact that 
may lead to a new revolution in immuno-oncology.

Antitumor immune response

The immune system is composed of innate and adaptive 
immunity to orchestrate the host immune response, which 
confers the first line of defense against foreign substances 
in a rapid and non-specific manner by innate immunity, 
and induces the secondary defense mechanism of adaptive 
immunity that mounts a durable immune response against 
specific antigens [11]. The immune response can also be 
mounted against transformed or damaged cells of host ori-
gin, including viral and cancer cells [12], of the latter by a 
process known as tumor immune surveillance [13]. Innate 
immune cells specialized for antigen presentation are called 
professional antigen-presenting cells (APCs) and include 
dendritic cells (DCs) and macrophages. APCs can not only 
present tumor-associated antigens (TAAs) in the context 
of major histocompatibility complexes (MHCs) but also 
provide activation signals transmitted via co-stimulatory 
receptors such as Toll-like receptors for optimal priming of 
the adaptive immune response by T cells [14, 15]. Several 
intracellular molecules released from cancer cells, includ-
ing high-mobility group box 1, heat-shock proteins, and 
adenosine triphosphate, have been shown to stimulate acti-
vation signals in APCs [16]. In addition, the class of MHC 
molecules determines the type of T cell response against 
specific antigens; antigens bound to MHC class I elicit 

 CD8+ T cell responses, while MHC class II elicits  CD4+ 
T cell responses [17, 18]. Particularly,  CD8+ T cells play 
an indispensable role in the antitumor immune response by 
recognizing the TAA–MHC-I complex expressed on nascent 
cancer cells and subsequently killing them via direct cel-
lular cytotoxic mechanisms; therefore, they are also called 
cytotoxic T lymphocytes (CTLs) [19]. Innate and adaptive 
immune cells also release immunostimulatory cytokines that 
can activate or augment the antitumor immune response in 
an autocrine and/or paracrine fashion [20–22]. The immuno-
genic destruction of cancer cells can promote the release of 
TAA and immunostimulatory intracellular molecules, which 
further potentiates the antitumor immune response by tumor 
immune surveillance, leading to the self-sustained cancer 
immunity cycle (Fig. 1) [23]. Besides, cancer cells have 
evolved to escape the host immune response through various 
intrinsic and extrinsic mechanisms, resulting in the failure 
of tumor immune surveillance to control their outgrowth. 
Cancer cells can induce mutations in antigenic proteins and 
downregulate and upregulate MHC-I molecules and immune 
checkpoint ligands to evade and thwart the antitumor activ-
ity of T cells, respectively [24]. In addition, cancer cells 
can render the tumor microenvironment immunosuppres-
sive with the induction of immune checkpoint receptors 
on T cells; attraction and polarization of immunosuppres-
sive immune cells, such as tumor-associated macrophages 
(TAMs), regulatory T cells (Tregs), and myeloid-derived 
suppressor cells (MDSCs); and the release of immuno-
suppressive cytokines, such as transforming growth factor 
(TGF)-β and interleukin (IL)-10 [25]. Therefore, success-
ful cancer immunotherapy requires preferential regulation 
of innate and adaptive immune cells for effective tumor 
immune surveillance and modulation of their interaction 
with cancer cells in the immunosuppressive tumor micro-
environment in favor of antitumor immunity.

Immunotherapy approaches using 
nanocarriers

Immunotherapy has become a new treatment option for 
many tumors. The representative categories of cancer 
immunotherapy that have progressed into the clinic include 
cancer vaccines, immune checkpoint inhibitors, adoptive T 
cell therapy, and oncolytic virus therapy, which have several 
marketed products approved by the Food and Drug Adminis-
tration (FDA) for various tumor indications (Table 1). How-
ever, they remain to be improved in terms of the response 
rate and immunotoxicity to be more generally applicable 
to the patients. Nano-immunotherapy aims to realize the 
full therapeutic potential of immunotherapy with the aid 
of nanoparticle platforms and nanoengineering technology 
and, therefore, to address the challenges faced by current 
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cancer immunotherapy [9]. In particular, nanocarriers have 
been demonstrated to boost the activity of immunostimula-
tory agents in a safe and effective manner in many preclini-
cal studies, suggesting their potential in immuno-oncology 
(Table 2). In the following sections, we introduce preclinical 
studies designed to improve clinical cancer immunotherapy 
modalities using nanocarrier-based engineering approaches.

Nanocarriers for cancer immunotherapy

Nanocarriers offer several advantages as delivery platforms 
for biological drugs. The high surface area and surface-to-
volume ratio render efficient surface loading and interparti-
cle entrapment of various cargos, from small molecules to 
large proteins and nucleic acids [26]. It also allows effective 
engagement with the cell membrane to promote subsequent 
cellular uptake, while the relatively large nano-size blocks 
efflux transport from the cells, leading to robust uptake and 
accumulation in the cells [27]. In addition, nanoparticle for-
mulation can improve the solubility, in vivo stability, and 
systemic circulation and biodistribution of payload drugs 

in the body [28]. One notable example is the delivery of 
nucleic acids that are typically prone to degradation by 
serum enzymes and exhibit a poor biodistribution profile 
with short circulation and deficient cellular uptake in vivo 
due to their unfavorable pharmacological properties [29]. 
Nanocarriers have been shown to protect against enzymatic 
degradation, prolong in vivo circulation, and improve tar-
get delivery and cellular uptake of nucleic acids for their 
efficient transcriptional modulation [30–34]. The clinical 
impact of nucleic acid nanocarriers has been clearly dem-
onstrated by the recent COVID-19 vaccines developed by 
BioNTech and Moderna, which utilize lipid nanoparti-
cles for the delivery of severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) antigen-encoding messenger 
RNAs (mRNAs) [35]. Along the same lines, nanocarriers 
have gained much attention in recent cancer immunotherapy 
research for the delivery of immunological agents [4]. It has 
been well documented that nanocarriers can be preferentially 
delivered into tumors by passive targeting via enhanced per-
meation and retention effects or active targeting by func-
tionalization with tumor affinity ligands [36, 37]. Similarly, 

Fig. 1  The cancer–immunity cycle.  Adapted from reference [23] with permission
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Table 1  FDA-approved products for cancer immunotherapy

HPV human papilloma virus, HBV hepatitis B virus, CTLA-4 cytotoxic T-lymphocyte-associated antigen 4, PD-1 programmed cell death 1, PD-
L1 programmed cell death-ligand 1, NSCLC non-small cell lung cancer, CD19 cluster of differentiation 19, BCMA B-cell maturation antigen, 
GM-CSF granulocyte–macrophage colony-stimulating factor, HSV-1 herpes simplex virus 1

Targeted immune 
therapy

Brand name Generic name Target Indication Company/developer

Cancer vaccines Cervarix Human papillomavirus 
bivalent vaccine

HPV HPV-associated anal, 
cervical, head and neck, 
penile, vulvar, and 
vaginal cancers

GlaxoSmithKline 
Biologicals S.A

Gardasil-4 Human papillomavirus 
quadrivalent (types 6, 11, 
16, and 18) vaccine

HPV HPV-associated anal, 
cervical, head and neck, 
penile, vulvar, and 
vaginal cancers

Merck Sharp & Dohme 
Corp

Gardasil-9 Human papillomavirus 
9-valent vaccine

HPV HPV-associated anal, 
cervical, head and neck, 
penile, vulvar, and 
vaginal cancers

Merck Sharp & Dohme 
Corp

Heplisav-B Hepatitis B vaccine HBV HBV-related hepatocellular 
carcinoma

Dynavax Technologies 
Corporation

TICE Bacillus Calmette–Guérin 
(BCG)

Mycobacterium 
tuberculosis

Early-stage bladder cancer Merck, USA

Provenge Sipuleucel-T T cells Prostate cancer Dendreon Corporation
Immune checkpoint 

inhibitors
Yervoy Ipilimumab CTLA-4 Metastatic melanoma Bristol-Myers Squibb 

Company
Opdivo Nivolumab PD-1 Metastatic melanoma, 

non-squamous NSCLC, 
metastatic squamous 
NSCLC, classical 
Hodgkin lymphoma

Bristol-Myers Squibb 
Company

Keytruda Pembrolizumab PD-1 Classical Hodgkin 
lymphoma, non-squamous 
NSCLC, metastatic 
urothelial carcinoma

Merck, USA

Tecentriq Atezolizumab PD-L1 Urothelial carcinoma, 
metastatic NSCLC

Genentech

Bavencio Avelumab PD-L1 Metastatic Merkel cell 
carcinoma, urothelial 
carcinoma

Pfizer

Imfinzi Durvalumab PD-L1 Urothelial carcinoma, stage 
III NSCLC

Medimmune/AstraZeneca

Libtayo Cemiplimab PD-L1 Cutaneous squamous cell 
carcinoma, basal cell 
carcinoma, NSCLC

Regeneron Pharmaceuticals 
and Sanofi

Adoptive T cell therapy Kymriah Tisagenlecleucel CD19 B cell acute lymphoblastic 
leukemia, B cell non-
Hodgkin lymphoma

Novartis

Yescarta Axicabtagene ciloleucel CD19 B cell non-Hodgkin 
lymphoma, follicular 
lymphoma

Kite Pharma Inc

Tecartus Brexucabtagene autoleucel CD19 Mantle cell lymphoma, B 
cell acute lymphoblastic 
leukemia

Kite Pharma Inc

Breyanzi Lisocabtagene maraleucel CD19 B cell non-Hodgkin 
lymphoma

Bristol-Myers Squibb 
Company

Abecma Idecabtagene vicleucel BCMA Multiple myeloma Bristol-Myers Squibb 
Company

Carvytki Ciltacabtagene autoleucel BCMA Multiple myeloma Johnson & Johnson
Oncolytic virus therapy Imlygic Talimogene laherparepvec GM-CSF via HSV-1 Melanoma Amgen Inc
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nanocarriers can efficiently accumulate in lymphoid organs 
and other immune target sites owing to their size effect and 
can be further engineered to increase their affinity with target 
immune cells [37]. For example, nanoparticle formulation 
markedly enhanced the local delivery of immunoadjuvants 
into peripheral lymphoid organs while restricting systemic 
distribution, which maximizes their immunological activity 
and minimizes systemic immunotoxicity [38, 39]. In addi-
tion, nanoparticle-based delivery of antibodies effectively 
targeted and stimulated APCs and T cells and showed clini-
cal benefits in various tumors, such as melanoma, non-small 
cell lung cancer, renal cancer, and Hodgkin’s lymphoma [40, 
41]. Nanocarriers have been designed to directly target and 
eliminate tumors in the traditional nanomedicine regime, 
where antitumor efficacy has been critically limited by the 
systemic and local barriers that hamper tumor infiltration 
and subsequent cellular uptake of systemically adminis-
tered nanoparticles [37]. In contrast, they can be directed 
to immune cells in lymphoid organs or other immune target 
sites independent of and far from tumors to stimulate sys-
temic antitumor immunity when applied for immunotherapy 
and, therefore, can bypass the substantial barriers associated 
with the tumor targeting. Moreover, immune cells exhibit a 
remarkable ability to permeate through the body’s natural 
barriers, such as tumor vasculature and the blood–brain bar-
rier, to which nanoparticles generally have limited access, 
allowing indirect, yet potentially more efficient, therapeutic 
action of nanocarriers through the modulation of immune 
cells [42]. Therefore, nanocarrier-based immunotherapy can 
pursue a new delivery principle of targeting immune cells 
along with the direct tumor modulation for strong antitu-
mor activity via multifaceted therapeutic action. General 
approaches for nanocarrier-based modulation of the antitu-
mor immune responses are presented in Fig. 2.

Cancer vaccines

Cancer vaccines aim to potentiate pre-existing or induce new 
cytotoxic effector functions of T cells by promoting matura-
tion and antigen presentation of APCs that play a critical 
role in priming T cells (Fig. 3A) [43]. Various immunoadju-
vants and TAAs with different physical forms and biologi-
cal origins are usually co-administered to effectively acti-
vate APCs against target cancer cells [44, 45]. Autologous 
DC-based sipuleucel-T  (Provenge®) is the first therapeutic 
cancer vaccine approved by the FDA for the treatment of 
hormone-refractory prostate cancer, and its clinical success 
has spurred the development of various cancer vaccines using 
several different classes of immunoadjuvants and TAAs [46]. 
In particular, many tumors are developed by infection with 
onco-viruses, and virus-induced tumors can be treated with 
virus vaccines as the infected cancer cells also express and 
display viral antigens. For example, the human papilloma Ta
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virus (HPV) vaccine has reported beneficial effects in pre-
venting vaginal, cervical, and throat cancers [47], and the 
hepatitis B (HBV) vaccine reduced the risk of hepatocellu-
lar carcinoma [48], leading to their clinical use for the indi-
cated tumors. A recent preclinical study demonstrated that 
virus-like particles (VLPs) consisting of viral coat proteins 
self-assembled at the nanoscale elicited strong innate and 
adaptive immune responses and generated potent systemic 
antitumor immunity against a poorly immunogenic mouse 
tumor model, highlighting the potential of nanoparticle 
formulations for improving virus-based vaccines [49]. The 
nanoparticulate virus vaccine has also been developed for 
treating infectious diseases, which led to the FDA approval 
of  Epaxal® and  Inflexal®―virosomal vaccines in which 
virions are loaded on the surface of liposomes [50–52].

Nanocarriers can be applied to cancer vaccines to 
achieve efficient and selective delivery of immunoadju-
vants and TAAs to APCs in peripheral lymphoid organs 
or other immune sites. Nanocarriers developed for cancer 
vaccines can be categorized based on their origin as bio-
genic, semi-biogenic, or synthetic. Biogenic nanocarriers 

are originated from biological entities with the representa-
tive classes including exosomes, outer membrane vesicles 
(OMV), and VLPs. They can exhibit the inherent anti-
genic and/or immunostimulatory activities of their ori-
gins, which can be exploited for cancer vaccine applica-
tions. Exosomes are secreted from virtually all tumor and 
immune cells, often with intact membrane proteins and 
cellular components of their original cells. Tumor-derived 
exosomes display TAAs on MHC molecules and contain 
cellular danger signals, and APC-derived exosomes pre-
sent antigens and provide co-stimulatory signals, which 
can augment T cell response with cancer vaccine func-
tion [53]. OMVs are prepared from the outer membranes 
of gram-negative bacteria, and therefore, present inherent 
immunostimulatory activity to innate immune cells and 
APCs to stimulate antitumor T cells in combination with 
TAAs [54–57]. Similarly, VLPs are virus-derived non-
infectious nanoparticles that resemble the immunologi-
cal properties of viruses to activate APCs and induce a 
durable antitumor T cell response with the co-delivery of 
TAAs [58, 59]. Semi-biogenic nanocarriers are composed 

Fig. 2  General approaches for nanocarrier-based modulation of the antitumor immune responses
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partially of biogenic and synthetic components. They 
encompass the biocompatibility and low toxicity of bio-
genic nanocarriers, while synthetic modification allows 
large-scale manufacturing with tunable functionalization. 
Cell membrane-coated nanocarriers and endogenous 
protein-based nanocarriers are prominent in this class. 
In cell membrane-coated nanoparticles, nanocarriers are 
covered with membranes derived from tumor or immune 
cells to harness tumor-specific antigens and homotypic 
tumor targeting properties for a strong anti-tumor response 
[60, 61]. Endogenous protein-based nanoparticles, such 
as albumin-based nanovaccines, have the advantages of 
extended in vivo half-life and efficient uptake by APCs via 
neonatal Fc receptors to facilitate targeting and activation 
of APCs for priming T cells [62]. Similarly, endogenous 
protein-mimicking nanoparticles, such as synthetic high-
density lipoprotein nanodiscs, are promising nanocarriers 
for cancer vaccine delivery [63, 64]. Notably, the “hitch-
hiking” approach using lipid micellar nanoparticles that 
readily dissociate amphiphilic immunoadjuvants and anti-
gens and promote their binding to endogenous albumin 
proteins upon in vivo administration represents a novel 
approach that combines in situ biogenic nanocarriers with 

synthetic materials [65]. The inherent lymph node target-
ing capability of endogenous albumin proteins allowed 
markedly improved delivery of vaccines to lymph node-
resident APCs, leading to robust priming of T cells for 
strong antitumor therapeutic efficacy (Fig. 4). Synthetic 
nanocarriers are purely exogenous in origin and have vari-
ous compositions, such as polymeric, lipid-based, and 
inorganic nanoparticles [39, 66–73]. They can be physi-
ochemically modulated and functionalized via synthetic 
and/or post-synthetic procedures [63, 74]. Lipid nanopar-
ticles composed of cationic lipids have been extensively 
developed for the delivery of mRNA-based TAAs via elec-
trostatic condensation, owing to their ability to improve 
in vivo pharmacological profiles and cellular uptake by 
antitumor immune cells [66–69]. For polymer nanoparti-
cles, while polymer compositions can be largely variable 
[39, 66–73], the FDA-approved polylactide-co-glycolide 
(PLGA) polymer is a popular choice, which has demon-
strated efficient vaccine delivery to induce robust T cell 
responses with alleviated safety and immunotoxic con-
cerns [39, 70]. Several different types of inorganic nano-
particles, including gold nanoparticles, carbon nanotubes, 
and silica nanoparticles, have been reported to suppress 

Fig. 3  Antitumor mechanism of A cancer vaccine, B immune checkpoint inhibitor, C adoptive T cell therapy, and D oncolytic virus therapy
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tumor growth via vaccine delivery [75–78]. In a study, a 
gold nanoparticle-based spherical nucleic acid formula-
tion markedly increased the immunomodulatory activity 
of nucleic acids to T cells in both humoral and cellular 
immune responses [75].

In particular, mRNA vaccine presents several advan-
tages compared with other types of vaccine, including the 
inherent immunogenicity, flexible sequence design, rapid 
production, low cost, and safety. FDA-approved COVID-19 
vaccines by Pfizer-BioNTech and Moderna deliver mRNA 
encoding SARS-CoV-2 spike protein antigen using cationic 
lipid nanoparticles (LNPs) composed of neutral phospho-
lipid, cholesterol, polyethyleneglycol (PEG)-lipid, and ioniz-
able cationic lipid for condensation and protection of mRNA 
in the nano-pocket [79]. LNPs promote the cytosolic deliv-
ery of mRNA that is then translated to the encoded antigen 
to stimulate immune cells and confer antibody-mediated 
immune protection against the antigen [80]. The great suc-
cess of mRNA vaccines in the COVID-19 pandemic has also 
attracted refreshed attention to their applications for cancer 
vaccine. Recent clinical trials have demonstrated the fea-
sibility and therapeutic potential of mRNA cancer vaccine 
for personalized immunotherapy. RNA mutanome vaccines 
encoding personal neo-epitopes induced T cell responses to 
multiple vaccine neo-epitopes, with two of five metastatic 

melanoma patients experiencing objective response and one 
patient complete response after immune checkpoint inhibitor 
combination [81]. A phase I dose escalation study reported 
the objective response and safety of neo-epitopes-encoding 
mRNA vaccine to the patients with melanoma, non-small 
cell lung cancer, and high microsatellite instability cancers 
[82]. To date, several mRNA cancer vaccines have entered 
clinical trials and progressed to the advanced phases mostly 
using LNPs as a delivery system, reflecting the previously 
demonstrated clinical impact of nanoparticle formulation 
for mRNA vaccination [83]. In addition, many preclinical 
studies are also underway to develop non-lipid-based novel 
nanocarrier platforms for mRNA cancer vaccine. In a study, 
cationic cell-penetrating peptides (CPPs) containing amphi-
pathic RALA motif were exploited to condensate mRNA into 
nanocomplexes, which possess pH-dependent membrane dis-
ruptive properties at acidic condition with structural trans-
formation [84]. The nanocomplex facilitated cellular uptake 
and subsequent endosomal disruption for efficient cytosolic 
delivery and expression of mRNA in DCs, which induced 
robust CD8 + T cell response for antigen specific killing of 
target cells. Notably, hollow nanocapsules mainly composed 
of pathogenic polysaccharide such as mannan and dextran 
suggest a promising delivery system to provoke strong innate 
immune response by mimicking microbial pathogens [85]. 

Fig. 4  In situ lymph node targeting and vaccine delivery via albu-
min “hitchhiking” approach. A The design of amphiphilic vaccines 
(amph-vaccines) that form micellar nanocarrier structure with an 
albumin-binding lipid tail. B Ex  vivo fluorescence images of axil-
lary and inguinal lymph nodes taken using fluorescently labeled CpG 

adjuvants and the corresponding fluorescence intensity at 24 h post-
injection. C Immunohistochemistry of inguinal lymph nodes at 24 h 
post-injection. D Average growth curves of TC-1 tumors in C57BL/6 
mice.  Adapted from reference [65] with permission
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Particularly, mRNA-loaded mannan nanocapsules have 
shown to promote the activation and antigen presentation of 
DCs in vitro and efficient lymph node draining, DC uptake, 
and priming of  CD4+ and  CD8+ T cells for strong antitumor 
immune response and therapeutic efficacy in vivo.

Cancer vaccine is a clinically relevant cancer immuno-
therapy that can elicit potent antitumor immune response 
and establish long-term immune memory to eliminate 
primary tumors and protect against tumor recurrence and 
metastasis [86]. Although nanocarriers can improve cancer 
vaccine to effectively prime tumor-specific T cells, tumor 
heterogeneity and immunosuppression remain inherent 
obstacles to its clinical translation. The dynamic evolution 
of tumors during their progression results in the intertu-
moral and intratumoral heterogeneity with the accumula-
tion of molecularly diverse cancer cells [87]. Accordingly, 
tumors harbor multiple cancer cell populations expressing 
distinct TAAs, making it difficult to produce the effective 
off-the-shelf cancer vaccine. Recently, neo-epitopes formed 
by genetic alterations of cancer cells have been employed 
for personalized cancer vaccine and demonstrated prom-
ising clinical outcome in a small cohort of patients [88]. 
However, the personalized approach requires high cost, 
technical demand, and long lead time for the identification 
and manufacturing of tumor-specific neo-epitopes, which 
need to be addressed in the future with the expansion of 
technology. In addition, cancer vaccine can impose thera-
peutic selective pressure to the cancer cells, leading to the 
resistance to treatment by the expansion of the non-targeted 
sub-clonal cancer cell populations, where the use of mul-
tiple TAAs can potentially mitigate the risk of sub-clonal 
outgrowth [89]. Last but not least, the immunosuppressive 
tumor microenvironment significantly hampers the perfor-
mance and therapeutic efficacy of cancer vaccines, which 
is particularly profound in the advanced stage tumors that 
have fully established microenvironments [90]. Cancer vac-
cination is a complex process with the efficiency depending 
on multiple parameters including the antigens, immuno-
adjuvants, carriers, and vaccination routes. Therefore, the 
parameter-function relationship should be investigated thor-
oughly and optimized in multi-pairwise combinations to 
induce strong and durable T cell immunity that can poten-
tially overcome the tumor heterogeneity and immunosup-
pression in the advanced tumors.

Immune checkpoint inhibitors

Immune checkpoint inhibitors (ICIs) block inhibitory sig-
nals of T cell activation, thereby amplify antitumor activity 
and unleash the therapeutic potential of T cells (Fig. 3B). 
Ipilimumab  (Yervoy®) is the first FDA-approved ICI that 

antagonizes cytotoxic T lymphocyte-associated protein 4 
(CTLA-4) expressed on T cells for the treatment of meta-
static melanoma [91]. The programmed cell death 1/pro-
grammed cell death-ligand 1 (PD-1/PD-L1) axis is another 
important target of ICI, with several marketed products 
being used in clinics, including nivolumab  (Opdivo®), 
pembrolizumab  (Keytruda®), atezolizumab  (Tecentriq®), 
avelumab  (Bavencio®), durvalumab  (Imfinzi®), and cemi-
plimab  (Libtayo®) for metastatic melanoma, urothelial car-
cinoma, renal cell carcinoma, and others [92]. There are also 
other ICIs in pipelines, such as antibodies against lympho-
cyte activation gene 3 (LAG-3) and T cell immunoglobu-
lin 3 (TIM-3) [93]. However, clinically used ICIs typically 
show the response only in a fraction of patients (generally 
10–30%) who present immunogenic tumors characterized by 
high number of tumor mutation burden, tumor-infiltrating T 
cells, and high PD-L1 expression [94–96]. Resistance to the 
treatment and subsequent relapse of tumor have also been 
sought as limitations of ICIs. Following the therapy, tumor 
cells can undergo mutations making them less susceptible 
to MHC response for T cell-mediated killing, TAMs remove 
therapeutic antibody from the surface of T cells, and T cells 
upregulate other inhibitory receptors, all of which contribute 
to the waned response to ICIs and enhanced susceptibility 
to inhibitory signals [97–99]. In addition, since immune 
checkpoints are crucial for maintaining self-tolerance under 
normal physiological conditions, ICIs can cause unwanted 
immune-related adverse events by breaking immune toler-
ance and promoting autoimmune response. Clinical data 
indicated that patients often experience treatment-associated 
side effects when treated with anti-CTLA-4 and anti-PD-1 
antibodies [100]. Among the adverse effects, most common 
are anemia, fatigue, dysphagia, neutropenia, hypertension, 
and lymphopenia [101]. Additionally, interstitial nephritis, 
inflammatory pneumonitis colitis, and increased levels of 
aminotransferase may also be seen with rare incidents of 
death in cases with severe side effects.

Currently, all FDA-approved ICIs are antibody-based 
drugs engineered to bind and antagonize immune checkpoint 
receptors. The clinical utility of these antibody-based ICIs 
has been limited by the low response rates and immune-
related adverse events in normal organs, in part due to their 
non-specific and systemic in vivo distribution [40, 41]. Cur-
rent research has mostly focused on combining ICIs with 
other immunotherapy modalities, such as chemoimmuno-
therapy and cancer vaccine, for potentiating their therapeutic 
efficiency with synergistic antitumor immune stimulation 
[44, 45], leaving the inherent poor pharmacological prop-
erties of antibody-based ICIs as a persistent issue. None-
theless, a few studies have demonstrated molecular and 
structural engineering of ICIs for improving their in vivo 
performance. One such approach is tethering tumor-specific 
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affinity ligands to the ICIs for enhanced targeted delivery to 
and retention in tumors. In particular, it has been demon-
strated that conjugation with the collagen-binding domain 
can render αPD-L1 and αCTLA-4 antibodies to efficiently 
and durably accumulate in tumors after systemic administra-
tion, leading to enhanced antitumor efficacy while ameliorat-
ing systemic immunotoxicity [102, 103]. Similarly, nanocar-
riers can improve ICIs by modulating their pharmacological 
properties to target immune cells in peripheral lymphoid 
organs; PLGA nanoparticle-based delivery facilitated the 
accumulation of αPD-1 antibodies in the spleen and subse-
quent uptake by splenic DCs after systemic administration, 
and promoted the maturation and activation of splenic DCs, 
enabling dose titration of ICIs for effector T cell response 
[104]. One of the adaptive immune resistance mechanisms 
operating in the tumor milieu is the induction of PD-1 and 
PD-L1 proteins by immune and tumor cells via transcrip-
tional regulation [105]. Using a similar approach, immune 
checkpoint inhibition can be performed epigenetically to 
downregulate immune checkpoint protein expression. In a 
recent study, lipid bilayer-coated mesoporous silica nano-
particles were loaded with a small-molecule inhibitor of the 
signaling hub kinase, glycogen synthase kinase-3 (GSK3), 
which was designed to interfere with the PD-L1/PD-1 axis 
by suppressing PD-1 expression [106]. The nanoparticle 
formulation significantly enhanced drug delivery to the 
tumor and elicited comparable antitumor efficacy to the 
benchmark anti-PD-1 antibody, while alleviating treatment-
associated toxicity after systemic administration in mouse 
models of colon, pancreatic, and lung tumors. These studies 
indicate that ICIs can potentially benefit from nanocarriers 
that endow locally confined modes of action in tumors and 
peripheral lymphoid organs via targeted delivery to increase 
therapeutic efficacy and decrease systemic side effects, 
regardless of the type of ICIs.

Current research on ICIs is mainly focused on the com-
bination therapies with other cancer treatments to improve 
therapeutic efficacy of one another in a synergistic manner. 
Although the combination of non-reductant cancer therapies 
can improve the clinical responses, it can also exacerbate 
the immune-related adverse events caused by ICIs. Patients 
receiving combination therapies of ICIs plus chemotherapy, 
radiotherapy, VEGF, or VEGFR inhibitors usually exhibit 
aggravated adverse events with higher incidence of side 
effects than the respective monotherapies [101, 107–109]. 
The combination of different classes of ICIs also induces a 
higher number of and more severe immune-related adverse 
events [110]. Since many nanocarrier-based research also 
employs ICIs in the context of combination therapies, their 
potential side effects should be carefully investigated in 
the preclinical studies along with the antitumor immune 
response for the development of practical ICI-based 
immunotherapies.

Adoptive T cell therapy

For T cells to effectively engage and kill cancer cells, they 
should be abundantly present at the tumor sites and maintain 
cytotoxic activity towards the target cancer cells. Adoptive 
T cell therapy involves extraction of T cells from the blood 
or tumors of patients, ex vivo manipulation, and subse-
quent reinfusion back into the donor patients, which aims 
to increase the quantity and quality of T cells for sufficient 
antitumor efficacy (Fig. 3C) [111]. Tumor-infiltrating lym-
phocytes (TILs), engineered T cell receptor (TCR) T cells, 
and chimeric antigen receptor (CAR) T cells represent dif-
ferent types of T cells exploited for adoptive T cell therapy 
[112]. TILs and engineered TCR T cells rely on the cognate 
antigen recognition mechanism of T cells in the context of 
MHC molecules to target cancer cells and mount an antitu-
mor immune response. In contrast, CAR T cells target can-
cer cells via the extracellular single-chain variable fragment 
(scFv) antibody domain independent of MHC machinery, 
allowing tailored binding to a wide range of tumor bio-
markers by antibody engineering. CAR-T cells have shown 
remarkable clinical success with  Kymriah®,  Yescarta®, 
 Tecartus®,  Breyanzi®,  Abecma®, and  Carvytki® approved 
by the FDA for the treatment of hematological tumors, such 
as leukemia and B-cell lymphoma [113]. However, they gen-
erally exhibit limited efficacy against solid tumors, which 
remains a major challenge for adoptive T cell therapy.

Nanocarriers have mainly been exploited to stimulate or 
preserve T cell activity and maintain long-term viability of T 
cells upon adoptive transfer. T cell “backpacking” with nan-
oparticles that carry cytokines associated with T cell prolif-
eration and effector function is a notable strategy, which can 
endow durable T cell activity by the sustained and localized 
pseudo-autocrine stimulation with minimum systemic expo-
sure of potentially immuno-toxic cytokines. Multilamellar 
lipid nanoparticles carrying IL-15 super-agonist and IL-21 
cytokines [114] and protein nanogels consisting of IL-15 
super-agonist crosslinked via reduction-sensitive chemical 
conjugation [115] have successfully demonstrated the effi-
cacy and safety of T cell “backpacking” strategy (Fig. 5). 
Similarly, immunoliposomes that deliver small-molecule 
inhibitors of TGF-β to adoptively transferred T cells have 
been shown to maintain T cell proliferation and cytotoxicity 
by inhibiting immunosuppressive TGF-β signaling in the 
primary T cells [116]. In addition, ex vivo manipulation of T 
cells can be improved using nanocarriers that deliver various 
immunostimulatory signals in a spatiotemporally concerted 
manner. In a study, polyethylene glycol (PEG) hydrogel was 
crosslinked with integrin-activating peptides and further 
decorated with gold nanoparticles functionalized with anti-
CD3 antibodies, and the resulting PEG nanostructure stimu-
lated ex vivo activation, proliferation, and differentiation of 
T cells via integrin-mediated cell adhesion and activation by 
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anti-CD3 antibodies [117]. Small interfering RNA (siRNA) 
and mRNA can also be effectively delivered through T cell-
targeting nanoparticles to downregulate immunosuppressive 
signaling pathways and potentiate in vivo cytotoxic activity 
of T cells [118]. An interesting recent development is the 
application of nanoparticles for in situ generation of CAR 
T cells, which can avoid the complex procedures and costs 
involved in clinical T cell manufacturing. Surface function-
alization of polymeric nanoparticles with T cell-specific 
antibody and nuclear localization signals enabled the selec-
tive and localized delivery of engineered leukemia-targeting 
CAR genes into T cell nuclei in situ, leading to efficient 
programming of circulating T cells into anti-leukemia CAR 
T cells with robust antitumor efficacy [31]. The versatility 
of the polymeric nanocarrier for in situ modulation of anti-
tumor T cells has been further demonstrated using mRNAs 
encoding a genome-editing agent for depletion of TCR and 
those encoding a transcription factor of favorable memory 
phenotype formation for enhanced performance of the in situ 
generated CAR T cells [119].

The first step of adoptive T cell therapy is the extraction 
of the sufficient number of host T cells for in vitro engi-
neering and expansion [120]. The frequency of endogenous 

T cells is largely dependent on the tumor antigen burden, 
proliferative and functional activity of effector T cells, and 
their tumor homing capability [121]. In addition, it has been 
observed that T cells often do not persist and are rapidly 
cleared, which in turn, demands continuous frequent infu-
sions [122]. Host homeostasis normalizes the pool of lym-
phocytes, and therefore, lympho-depleting pre-conditioning 
is required to improve the therapeutic outcome of adoptive 
T cell therapy by removing endogenous T cells and immu-
nosuppressive Tregs. Other than the quantitative problems, 
in vitro manipulation can impede the functional capability 
of the T cells if they are improperly programmed with sub-
optimal engineering and culture conditions [123]. These T 
cells may be devoid of its effector functions and undergo 
depletion and exhaustion with limited proliferation and sur-
vival. Finally, the infused T cells can be hindered in their 
functions due to immunosuppressive tumor microenviron-
ment and tumor-produced soluble factors. Therefore, the 
strategy for increasing the quantity and quality of host T 
cells before extraction and the optimal protocol for program-
ing of T cells in vitro should be developed in conjunction 
with effective in vivo pre-conditioning regimen for robust 
adoptive T cell therapy [124–127]. In addition, synergistic 

Fig. 5  T cell “backpacking” with nanocarriers. A Multilamellar lipid 
nanoparticles carrying IL-15 super-agonist and IL-21 cytokines were 
chemically attached on T cells via maleimide-thiol reaction. B In vivo 
bioluminescence signal of adoptively transferred Pmel-1 T cells (left) 
and the survival rate of C57BL/6 mice bearing B16 melanoma after 
adoptive T cell therapy (right). C Synthesis of protein nanogels by 

reduction-sensitive crosslinking of IL-15 super-agonist cytokines. 
D In vitro T cell expansion over 12 days after stimulation with anti-
CD3/CD28 antibodies. E Average growth curves of B16F10 tumors 
in C57BL/6 mice, and F the resulting survival rate of C57BL/6 mice.  
Adapted from references [114] and [115] with permission
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combinations of immunotherapies can help maximizing the 
therapeutic potential of adoptively transferred T cells for 
potentially overcoming tumor-intrinsic immunosuppressive 
factors, and thus improving the therapeutic outcomes [128].

Oncolytic virus therapy

Oncolytic viruses (OVs) comprise several different families 
of viruses with diverse structures and gene organizations, 
which can selectively infect and replicate in tumors, lead-
ing to tumor lysis (Fig. 3D) [129]. Many OVs, including 
parvovirus, myxoma virus, and Newcastle disease virus, 
display intrinsic tumor-selective replication and lysis capa-
bility in response to tumor-specific cues [130]. Alternatively, 
viruses can be genetically modified by mutation and deletion 
of viral genes or insertion of transgenes to render specific-
ity towards tumor cells, such as the cases for adenovirus, 
herpes simplex virus (HSV), and vesicular stomatitis viruses 
(VSVs) [131]. OVs can mediate antitumor activity via mul-
tiple mechanisms associated with both innate and adaptive 
immunity specific to tumor cells. In principle, tumor lysis 
can induce immunogenic cell death to promote the release of 
TAA and immunostimulatory intracellular molecules, which 
attract and activate APCs, subsequently leading to priming 
and tumor infiltration of antitumor T cells. Therefore, OVs 
can serve as in situ vaccines that can trigger potent systemic 
antitumor immune responses without exogenous TAAs [132, 
133]. In addition, OVs can be manipulated as vaccine deliv-
ery platforms by utilizing their inherent inflammatory and 
immunostimulatory properties, as demonstrated by measles 
virus, polio virus, and vaccinia virus [130]. Based on the 
promise in preclinical studies, several OVs have been clini-
cally investigated for the virotherapy of tumors, including 
melanoma, hepatocellular carcinoma, colorectal cancer, and 
glioma, which led to the FDA approval of the genetically 
engineered oncolytic HSV-1  (Imlygic®) for the treatment of 
advanced stage melanoma after it demonstrated ~ 15% com-
plete tumor regression in clinical trials [134–136].

OVs are usually delivered by intratumoral administration 
because they can circumvent the obstacles associated with 
intravenous administration, including systemic barriers for 
delivery into the tumors, anti-viral resistance mechanisms, 
such as neutralizing antibodies and cytokines in the blood 
stream, and the risk of off-target replication in non-tumor 
cells, while facilitating high-dose infection of tumor cells 
by directly injected viruses [129]. However, despite these 
obstacles, intravenous administration is the preferred route 
in the clinic as it can enable delivery to multiple organs 
and metastatic sites using a simple and convenient injec-
tion method. One strategy for safe and effective intravenous 
administration is to deliver OVs using cell carriers that have 
tumor tropism and shield viruses from systemic recogni-
tion [137]. Similarly, nanocarriers can serve as a shelter that 

blocks viral neutralization and extends in vivo circulation 
of OVs to increase their bioavailability and bioactivity after 
systemic administration [129]. In a recent study, hyaluronic 
acid-based redox-responsive nanohydrogels were developed 
and co-formulated with two model OVs, Ad[I/PPT-E1A] 
(DNA virus) and  Rigvir® ECHO-7 (RNA virus), to produce 
OV-loaded nanohydrogels [138]. Encapsulation in the nano-
hydrogel preserved the stability of OVs and maintained their 
oncolytic activity against the respective target cancer cells 
in vitro.

OVs often require genetic modifications to diminish 
their virulence and, therefore, avoid toxicity and safety 
concerns. Alternatively, selected components of OVs that 
involve tumor lysis and antitumor immune responses can 
be harnessed as a “subunit” OVs to mimic the therapeutic 
activity of intact OVs without the potential biohazard issue 
associated with the whole virus infection. Nanocarriers are 
promising platforms for systemic delivery of the small size 
“subunit” OVs. For example, VSV matrix protein (VSVMP), 
one of the five structural proteins of VSV, is the key element 
for cytopathogenesis of VSV, and tumor-targeting lipid/poly-
mer hybrid nanoparticles delivering VSVMP genes to tar-
get tumors significantly inhibited tumor growth by exerting 
VSV-like antitumor activity, such as induction of apoptosis, 
inhibition of angiogenesis, and activation of virus-associated 
signaling pathways, with no evidence of systemic toxicity 
[139]. Similarly, virus-derived proteins can be exploited 
as oncolytic anticancer agents. In a previous study, fuso-
genic protein of infectious salmon anemia virus (ISAV-F) 
was delivered to B16 tumor cells using chitosan nanoparti-
cles [140]. The expression of fusogenically active ISAV-F 
protein decreased cell viability in vitro and delayed tumor 
growth in vivo without altering the lymphoid population 
in the tumor and spleen, demonstrating the direct oncolytic 
property of ISAV-F protein.

Oncolytic virus therapy presents the intrinsic challenges 
associated with the use of virus. Pre-exposure to a com-
mon contagious virus by opportunistic infection elicits host 
immune response and generates immune memory effect 
against the virus. When the same virus was utilized for onc-
olytic virus therapy afterward, the pre-established immu-
nity can facilitate rapid neutralization and clearance of the 
virus before it can commit antitumor activity in the tumors, 
which greatly hinders the treatment efficacy by diminish-
ing the viral capability to infect and lyse cancer cells [141]. 
Moreover, a high dose of viral load can be detrimental due 
to the uncontrolled inflammation, non-targeted infection, 
and tissue failure [142, 143]. In addition, viral infection and 
replication produces antigen proteins and other transcription 
factors that can be potentially presented to MHC I, which 
causes elimination of the infected cells and viruses through 
CTL-mediated immune response [144]. This can limit the 
replication of virus, resulting in the insufficient viral titers 
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for effective infection and lysis of cancer cells. On the other 
hand, the direct attack of CTLs on the virus-infected cancer 
cells can remove cancer cells in the same manner by which 
cancer vaccine targets and eliminates virus-induced tumors, 
which can be beneficial to further stimulate cancer immunity 
cycle for strong antitumor immune response by promoting 
in situ generation of TAAs [145, 146]. Therefore, nanocar-
rier-based approaches should also consider the strategies to 
minimize non-specific host immune response against the 
virus and achieve the optimal balance of virus replication 
and elimination by cancer cells and immune cells for safe 
and effective oncolytic virus therapy.

Perspectives

One of the persistent issues in cancer nanomedicine is the 
rapid non-specific clearance of nanoparticles by the reticu-
loendothelial system (RES) that comprises a heterogene-
ous population of phagocytic immune cells; it significantly 
decreases the bioavailability of nanoparticles at the tumor 
sites after systemic administration and causes potential off-
target toxicity to RES organs, such as the liver and spleen 
[4]. Accordingly, the majority of cancer nanomedicine 
research has focused on the engineering of nanoparticles to 
minimize their interactions with immune cells to maximize 
their delivery into tumors [37]. Immuno-oncology offers 
a unique opportunity for turning the traditional obstacle 
of nanomedicine into a new opportunity where phagocy-
tosis by innate immune cells and APCs in the RES organs 
plays a vital role in initiating the cancer immunity cycle 
and promoting the systemic antitumor immune response. 
In addition, sophisticated engineering of nanoparticles for 
their size, shape, composition, and/or surface modification 
allows specific delivery to target cells in a safe and effective 
manner. The physicochemical modulation of nanoparticles 
can be further equipped with a specific function for the 
induction of robust antitumor T cell immunity. For exam-
ple, nanoparticles can be engineered to provide immune 
signals for T cell activation and mimic the function of T 
cell-priming immune cells [147]. In addition, the unique 
physical and optical properties of nanoparticle platforms 
can allow the combination of nanomedicine modalities that 
directly intervene in tumors, such as photothermal therapy 
and photodynamic therapy, which have the potential to 
ablate the immunosuppressive tumor microenvironment 
and sensitize tumors to immunotherapy [148]. Similarly, the 
combination of multiple cancer immunotherapy approaches 
with non-redundant mechanisms of antitumor immunity 
is a promising next development to achieve synergistic 
antitumor efficacy, which can be facilitated using versa-
tile nanoparticle platforms capable of integrating multiple 

immunomodulatory activities in a spatiotemporally con-
trolled manner.

Ideal nanocarriers for clinical cancer immunotherapy 
application should allow precise delivery of immunomodu-
latory signals into target immune cells in a safe and effec-
tive manner for the orchestration of host immune system in 
favor of robust systemic antitumor immunity. The preclini-
cal studies introduced in this review have demonstrated 
various nanocarrier-based engineering approaches to fulfill 
these requirements, especially in conjunction with cancer 
immunotherapy modalities that have already been used 
clinically, suggesting the promise of their clinical applica-
tions. Nonetheless, there are substantial challenges for their 
successful clinical translation: the complex synthesis and 
post-modification procedures associated with nanoparti-
cle formulation make it difficult to reproducibly manufac-
ture clinical quality products in a sufficient quantity and 
increase the cost of treatments; the treatment regimen, 
such as dose, timing, sequence, and route of administra-
tion, should be tailored to individual patients to maximize 
efficacy and minimize toxicity [149, 150]. In particular, 
exogenously produced and processed nanocarriers always 
pose a potential safety issue; the biohazard factors associ-
ated with nanoparticle formulation have not been defined, 
and comprehensive safety assessment is hard to achieve 
for each individual nanoparticles and patients, particularly 
for chronic toxicity developed over a long period of time 
with repeated administrations. Although the toxicology 
of some elements such as heavy metals is well defined in 
bulk quantities [151–154], nano-manipulation can change 
their physicochemical and electrical properties that are 
potentially associated with biological toxicity [155, 156]. 
Moreover, toxicology of nanoparticles depends on diverse 
factors such as size, shape, composition, surface modi-
fication, propensity to agglomerate, systemic exposure 
that are unique to individual nanoparticles [157]. This 
requires case-by-case investigation of every new nanopar-
ticle entity for their potential toxicity, which is an inten-
sive task that should be performed in a large number of 
individual patients. Therefore, it is necessary to identify 
biomarkers associated with the clinical response and care-
fully select patients who can potentially benefit from the 
treatment in order to not only avoid unnecessary health 
risks but also to maximize the therapeutic benefits. Alter-
natively, it can be a promising approach to repurpose the 
already-approved nanoparticles with proven safety records 
as new nanocarriers for immunotherapy, as the decades of 
enthusiasm have led to the intense development of nano-
particle platforms for cancer nanomedicine, with some of 
them currently being used clinically. For example, a recent 
study revealed a hidden intrinsic therapeutic effect of the 
iron oxide nanoparticle compound ferumoxytol, originally 
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FDA-approved for treating anemia, on subcutaneous ade-
nocarcinomas and liver metastasis [158]. The mechanistic 
study indicated that ferumoxytol induced the generation of 
cytotoxic reactive oxygen species coupled to the polariza-
tion of TAMs towards a pro-inflammatory M1-like pheno-
type, suggesting the “off-label” application of ferumoxytol 
for macrophage-modulating cancer immunotherapy. Since 
iron oxide nanoparticles exhibit paramagnetic behavior, 
they can also be exploited for guided delivery of immuno-
therapy to the target site with the application of an exter-
nal magnetic field [159]. Most of the previously developed 
nanoparticles have not been carefully evaluated for their 
immunological effects because nano-immunotherapy is a 
relatively nascent field, which provides a sufficient ration-
ale for this approach. In addition, companion diagnostics 
technique can be useful to develop a new effective delivery 
system [160, 161]. Although nanocarriers have been stud-
ies for their physicochemical parameters and in vitro and 
in vivo performance, a considerably less attention is paid 
on how the in vivo behavior of nanocarriers is correlated 
with the biological system [162, 163]. When nanocarriers 
are administered into the system, their physicochemical 
properties can be altered significantly due to the interac-
tion with the biological components, making it difficult to 
predict the critical factors for in vivo performance [164]. 
Instead of the point-by-point examination of the nanocar-
rier parameters, the technique makes use of drug-free ver-
sion of an intact nanocarrier that is labeled with imaging 
agents for establishing a relationship between the deliv-
ery system and its biological fate in individual patents 
via advanced imaging techniques, in silico modeling, and 
bioanalytical methods, which can be used for screening 
patients who are likely to benefit from the therapeutic 
version of the nanocarrier [165–167]. This approach can 
allow versatile design of nanocarriers potentially effective 
to various tumor models, while avoiding the challenges 
associated with the pinpoint optimization of nanocarrier 
parameters and identification of patient biomarkers for 
clinical outcome. Such patient-driven approach can be 
promising in optimizing and rationalizing nanomedicine 
for the clinical immuno-oncology [168].

Conclusion

The last decade witnessed a striking clinical success of 
cancer immunotherapy, which has been emerged as a new 
pillar of standard cancer treatment. In particular, cancer 
vaccines, immune checkpoint inhibitors, adoptive T cell 
therapy, and oncolytic virus therapy have progressed into 
the clinical applications with individual modes of action 
to promote tumor immune surveillance and antitumor 

immune response. Although several different marketed 
products are currently available for these treatments, they 
generally have limited antitumor efficacy to benefit only a 
small subset of patients and cause systemic immunotoxic-
ity. Nanomedicine offers robust and versatile nanocarrier 
platforms that can potentially address the challenges faced 
by current cancer immunotherapy and, therefore, improve 
its clinical outcomes. For example, nanocarriers can allow 
efficient and selective delivery of cancer vaccines and 
immune checkpoint inhibitors to lymph nodes and tumors 
for locally confined immunological activity to maximize 
their therapeutic efficacy and minimize off-target toxicity. 
Nanocarriers can also be designed to stimulate and pre-
serve T cell activity and proliferation and enhance the sys-
temic delivery of oncolytic viruses and their subunit com-
ponents, which have great potential to improve adoptive 
T cell therapy and oncolytic virus therapy, respectively. 
The preclinical studies introduced in this review have dem-
onstrated the promise of nanocarrier-based engineering 
approaches to potentiate the performance of clinical cancer 
immunotherapy modalities. However, the clinical transla-
tion of nanocarriers faces significant challenges associated 
with manufacturing feasibility, treatment optimization in 
real patients, and potential toxicity concerns. In this regard, 
repurposing of nanoparticles previously approved and 
used for other indications with a track record of clinical 
manufacturing and safety can be a promising approach to 
streamline the development of new nanocarrier platforms 
for cancer immunotherapy. Continuous efforts to develop 
sophisticated nano-immunotherapy for clinical applications 
present a significant opportunity not only for nanomedicine 
but also for immunotherapy to fulfill their full potential 
for clinical impact, which may lead to a new revolution in 
immuno-oncology.
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