
Instigation of the Epoch of Nanovaccines in Cancer 
Immunotherapy

Saurabh Shah#,
Department of Pharmaceutics, National Institute of Pharmaceutical Education and Research 
(NIPER), Hyderabad, INDIA.

Paras Famta#,
Department of Pharmaceutics, National Institute of Pharmaceutical Education and Research 
(NIPER), Hyderabad, INDIA.

Vinod Tiwari,
Department of Pharmaceutical Engineering, & Technology, Indian Institute of Technology, 
Banaras Hindu University, Varanasi, INDIA

Arun K Kotha,
Department of Pharmaceutical Sciences, College of Pharmacy, Mercer University, Atlanta, GA, 
USA

Rama Kashikar,
Department of Pharmaceutical Sciences, College of Pharmacy, Mercer University, Atlanta, GA, 
USA

Mahavir Bhupal Chougule†,
Department of Pharmaceutical Sciences, College of Pharmacy, Mercer University, Atlanta, GA, 
USA

Young Hun Chung,
Departments of Bioengineering, University of California, San Diego, La Jolla, CA 92093, USA.

Nicole F. Steinmetz,
Departments of Bioengineering, NanoEngineering, Radiology, Moores Cancer Center, Center for 
Nano-ImmunoEngineering, Institute for Materials Discovery and Design, University of California, 
San Diego, La Jolla, CA 92093, USA

Mohammad Uddin,
Department of Pharmaceutical Sciences, College of Pharmacy, Mercer University, Atlanta, GA, 
USA

Shashi Bala Singh,

*Corresponding Author: saurabh@niperhyd.ac.in. †Co-corresponding author: chougule_mb@mercer.edu.
#Authors contributed equally

Conflict of Interest
Dr. Steinmetz is a co-founder of, has equity in, and has a financial interest with Mosaic ImmunoEngineering Inc. Dr. Steinmetz serves 
as Director, Board Member, and Acting Chief Scientific Officer, and paid consultant to Mosaic. The other authors declare no potential 
conflicts of interest.

HHS Public Access
Author manuscript
Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 
2024 May 01.

Published in final edited form as:
Wiley Interdiscip Rev Nanomed Nanobiotechnol. 2023 ; 15(3): e1870. doi:10.1002/wnan.1870.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Department of Biological Sciences, National Institute of Pharmaceutical Education and Research 
(NIPER), Hyderabad, INDIA

Saurabh Srivastava*

Department of Pharmaceutics, National Institute of Pharmaceutical Education and Research 
(NIPER), Hyderabad, INDIA.

Abstract

Cancer is an unprecedented proliferation of cells leading to abnormalities in differentiation and 

maturation. Treatment of primary and metastatic cancer is challenging. In addition to surgery, 

chemotherapy and radiation therapies have been conventionally used; however, they suffer from 

severe toxicity and non-specificity. Immunotherapy, the science of programming the body’s own 

defence system against cancer has gained tremendous attention in the last few decades. However, 

partial immunogenic stimulation, premature degradation and inability to activate dendritic and 

helper T cells has resulted in limited clinical success. The era of nanomedicine has brought 

about several breakthroughs in various pharmaceutical and biomedical fields. Hereby, we review 

and discuss the interplay of tumor microenvironment (TME) and the immunological cascade and 

how they can be employed to develop nanoparticle-based cancer vaccines and immunotherapies. 

Nanoparticles composed of lipids, polymers and inorganic materials contain useful properties 

suitable for vaccine development. Proteinaceous vaccines derived from mammalian viruses, 

bacteriophages and plant viruses also have unique advantages due to their immunomodulation 

capabilities. This review accounts for all such considerations. Additionally, we explore how 

attributes of nanotechnology can be utilized to develop successful nanomedicine-based vaccines 

for cancer therapy.

Graphical/Visual Abstract and Caption

Emergence of the epoch of nanovaccines in reprogramming the body’s immune system for 

prophylactic and therapeutic potential against cancer.
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1. INTRODUCTION

Cancer is a result of abnormalities in the proliferation, differentiation, maturation and 

migration of cells (Kurmi, Patel, Paliwal, & Paliwal, 2020). The prevalence of cancer in 

inflicting mortality amongst humans is increasing. Throughout the world, the incidences of 

various cancers have surged up to 19.3 million annual cases with a substantial mortality of 

10 million in 2020 (Union for International Cancer Control., 2020). Certain challenges in 

cancer management include the lack of early diagnosis, metastasis, multi-drug resistance, 

inefficient targeting, adverse effects, organ toxicities from treatment, etc., which contribute 

to the failure of chemotherapy in treating various cancers (Alshehri et al., 2021). The 

most common cancers in men include lung and prostate cancer, whereas breast, colorectal, 

cervical, pulmonary and thyroid cancers are common among women (Mattiuzzi & Lippi, 

2019). The occurrence of cancer depends on various factors like age, gender, socio-

economic disparity, epidemiological and genotypic factors, etc. (Mbemi, Khanna, Njiki, 

Yedjou, & Tchounwou, 2020). Figure 1 demonstrates the incidences and mortality of 

patients across the continents along with age and cancer dependent classification of the 

incidences (Sung et al., 2021).

Nanomedicine has emerged as a versatile platform in circumventing the drawbacks 

associated with conventional anticancer therapies. Nanomedicine based approaches have 

been successful in alleviating adverse reactions owing to dosage and dosing frequency 

reduction, enhancement in bioavailability, improvement in cell internalization and targeting 

abilities, etc. (A. P. Singh, Biswas, Shukla, & Maiti, 2019). Nanomedicine has proven to be 

a vital tool in drug, vaccine and peptide delivery, organelle and cellular targeting. However, 

feasibility towards scalability and efficacy post pre-clinical assessment pose as challenges 

hindering its clinical translation (Shah et al., 2020). Several active targeting approaches 

utilize the immobilization of a ligand over the nanoparticulate surface which impart 

specificity towards selective cancer cells overexpressing the receptor to which the ligand 

binds. This harnesses the targeting ability and attenuates unwanted cytotoxicity. The major 

drawback associated with the clinical translation of ligand functionalized nanoparticles is 

the clinical reproducibility (due to heterogeneity of the disease amongst patients, between 

the primary and metastatic sites, and within the tumor itself). However, other limitations 

include low coating efficiency over the nanoparticle surface, and scalable manufacturing 

are considerable hurdles (Adityan, Tran, Bhavsar, & Wu, 2020). Stimuli responsive systems 

also known as smart systems, which respond to physiological differences within the TME, 

have also been widely explored. They have the potential to diminish unsolicited toxicities 

allied with the drug and have greater probability towards preclinical to clinical translation. 

However, their inability to reach distant tumors via the enhanced permeation and retention 

effect and relative insufficiency against metastatic and non-solid tumors make them less 

effective (Golombek et al., 2018). Therefore, there is an urgent need to advance the current 

nanotherapeutic approaches to combat the high mortality rate against various cancers. 

This review emphasizes the interplay between the TME and the immune system and the 

programming of the immune system against cancer cells along with a summary of the 

nanovaccines being developed against cancer today.

Shah et al. Page 3

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2024 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. TUMOR MICROENVIRONMENT AND IMMUNE SYSTEM

Since the advent of Dr. William Coley’s idea on using one’s own immunity against cancer 

cells in the 1800’s, cancer immunotherapy has reached monumental milestones and success 

and has gained tremendous attention from researchers today (Abbott & Ustoyev, 2019). 

Immunity consists of innate and adaptive immunity. The innate and adaptive immunity 

contribute towards immediate and long-term protection against various antigens throughout 

the life time. Innate immunity is conferred by APC like monocytes, dendritic cells (DC) and 

natural killer (NK) cells (Germic, Frangez, Yousefi, & Simon, 2019). The cells interact with 

and are stimulated by foreign substances via toll-like receptors (TLRs), C-type receptors, 

cytoplasmic nucleotide-binding oligomerization domain (NOD) like receptors, and Retinoic 

acid-inducible gene (RIG-I) like receptors. When foreign materials or cancer antigens are 

engulfed by innate immune cells, they are digested to small peptide chains (epitopes) 

which are then displayed on major histocompatibility complexes type 1 or 2 (MHC I or 

II) (Gautam, Chauhan, Srivastava, Jadon, & Rathi, 2019). The MHC acts as a billboard 

to present these epitopes to specialized cells of the adaptive arm of the immune system. 

Epitopes on MHC I are presented to cytotoxic T lymphocytes and epitopes on MHC II 

are presented to helper T cells which memorize the signalling cascade and the mechanism 

of opsonisation required to inactivate the antigens during future exposure. Also, NK cells 

render cytotoxicity specifically towards the recognized antigen via binding to Fc receptors 

with diminished expression of MHC I by infected cell (Jia et al., 2017). The NK cells 

possess semi-invariant receptors which help in distinguishing lipid antigens mediating 

immune responses via pro-inflammatory cytokines. On the other hand, adaptive immunity is 

mainly regulated via B and T cells. Stimulation of T cells is followed by their maturation 

into cytotoxic T lymphocytes (CTL). However, their activation is hindered unless stimulated 

by helper T cells or via MHC signals (Del Vecchio et al., 2021). Additionally, B cells play 

a major role in releasing antibodies for destruction of pathogens, cancer cells, and infected 

cells.

Normal cells become cancerous owing to mutations in oncogenes and tumor suppressor 

genes which promote unrestrained cell division, angiogenesis, and metastasis and demote 

regulatory cell apoptosis. Dying tumor cells release several mediators like calreticulin, 

filamentous actin, etc. leading to cancer cell identification and stimulation of antigen 

presenting cells (APC). Once the APC are immobilized, clonal selection is initiated, where 

CD8+ T cells divide into effector T cells which hunt down the tumor cells bearing MHC I 

across the body (Park et al., 2017). The effector T cells selectively bind and kill the tumor 

cells by releasing perforins and granzyme which compromise tumor cell membrane integrity. 

Furthermore, stimulated CD4+ T cells secrete pro-inflammatory mediators like IFN-γ, 

IL-12 and TNF-α kill the tumor cells by aiding in MHC I upregulation and identification by 

CD8+ T cells.

3. BARRIERS TO IMMUNE RECOGNITION

The presence of tumor promoting immune cells like tumor associated macrophages (TAM), 

myeloid derived suppressor cells (MDSC) and regulatory T cells (Treg) in the tumor 

micro environment (TME) prevent tumor cell recognition and promote their growth with 
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distinct mechanisms (Lindau, Gielen, Kroesen, Wesseling, & Adema, 2013). Along with 

their immunosuppressive functions, TAMs promote metastasis, angiogenesis and chemo-

resistance in tumor cells (Famta et al., 2021; Haist, Stege, Grabbe, & Bros, 2021; L. Li 

et al., 2020). Matrix metalloproteinase (MMP) released by TAMs increase VEGF levels to 

implement angiogenesis (J. Wang, Li, Cang, & Guo, 2019). TAMs facilitate metastasis by 

stimulating colony-stimulating factor 1 (CSF-1) and epidermal growth factors (EGF) release. 

They modulate the structural framework of the extracellular matrix (ECM) by monitoring 

collagen accumulation and protease release (Raskov, Orhan, Gaggar, & Gögenur, 2021). 

The epithelial myo-fibroblast trans-differentiation (EMT) process promotes metastasis, 

and TAMs play a vital role in this transition through the secretion of TGF-β (Gulei et 

al., 2017). The secretion of immunosuppressive factors like IL-10, PGE2, arginase, etc. 

diminishes tumor cell recognition, which prevents the binding and destruction of cancer 

cells by downregulating MHC II (Armitage, Newnes, McDonnell, Bosco, & Waithman, 

2021). TAMs have the ability to release a plethora of chemokines which diminish CD4+ 

and CD8+ T cell levels in the TME and promote the conversion of CD4+ T cells to 

immunosuppressive regulatory T cells (Quaranta & Schmid, 2019). TAM expression of 

cytotoxic T lymphocyte-associated antigen 4 leads to suppression of CD8+ T cells and 

induction of inhibitory dendritic cell phenotypes (Cassetta & Kitamura, 2018). TAMs 

release programmed cell death 1 (PD-1), which bind to programmed cell death protein-1 

on T cells promoting T cell dysfunction and ultimately lowering cytotoxic action against 

tumor cells (L. Chen et al., 2022; Finbloom, Sousa, Stevens, & Desai, 2020; Xiuting 

Liu, Hogg, & Denardo, 2021). MDSC release immuno-suppressive cytokines like IL-10 

prevent T cell infiltration and deprive the infiltrated T cells through amino acid starvation, 

cell death and abolition of intracellular signalling pathways (C. Li, Jiang, Wei, Xu, & 

Wang, 2020). Peroxy nitrite released by MDSC diminishes the identification of MHC 

I by CD8+ T cells (Colligan, Tzetzo, & Abrams, 2020). MDSC facilitate macrophage 

maturation towards the immunosuppressive M2 phenotype thereby prohibiting DC antigen 

presentation (Salminen, Kaarniranta, & Kauppinen, 2019). Immuno-suppressive cytokines 

have also been found to suppress the killing roles of NK cells via membrane-bound TGF-β 
(Suszczyk, Skiba, Jakubowicz-Gil, Kotarski, & Wertel, 2021). Another group of cells which 

help to camouflage tumor cells include the FOXP3 expressing Tregs, which diminish the 

adaptive immune systems capacity in killing cancer cells. Greater infiltration of these 

cells is attributed to release of immunosuppressive cytokines in the TME followed by 

increased expression of anti-apoptotic and suppression of pro-apoptotic genes (Nishikawa & 

Sakaguchi, 2014).

4. VACCINE DEVELOPMENT AGAINST CANCERS

The research conducted by Paul Ehrlich and William Coley increased the awareness for 

vaccines in cancer therapy across the globe. Ehrlich endeavoured to create an immune 

response against tumor cells using attenuated tumor cells. However, no therapeutic response 

was demonstrated. Meanwhile, Coley prepared an admixture of heat killed S. pyogenes and 

S. marcescens which obtained efficacious results in cancer patients owing to the generation 

of an immune reaction (Waldmann, 2003). Successful tumor vaccine development mainly 

consists of three major components which influence the sustenance of immune response: 
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the antigen, adjuvant and the delivery system (Ge Zhu, Yang, & Sun, 2022). Antigens 

consist of proteins, peptides, lipids, etc. which are the components of the target cell against 

which the vaccine is to be created to render immunity (Schijns et al., 2020). Antigens 

impart target specificity and provoke an adaptive response (Saeed, Gao, Shi, Lammers, 

& Yu, 2019). Adjuvants are used to amplify and sustain the response and activate the 

innate immune system. In order to develop a successful vaccine, antigens and adjuvants 

should stimulate APC by inducing helper T cells (Th1 or Th2 cells) or CTL. Furthermore, 

to develop effective vaccines, employing peptides with affinity towards MHC I, which 

are specific to tumor cells and easily identified by T cells, promotes CTL activation 

(Campillo-Davo, Flumens, & Lion, 2020). These peptides play an important role as tumor 

associated antigens (TAA) in the design of tumor vaccines. Three types of antigens exist 

which have been classified in Table 1. The reports on universal TAA reveal that such 

antigens are often expressed in several distinct tumor types and are easily discernible 

targets for vaccine development (W. H. Li & Li, 2020). The determination of specific 

TAA which generate superior immune responses specific towards cancer cells in a large 

population compared to other TAA still remains a challenge (Lohmueller, Ham, Kvorjak, 

& Finn, 2018). Personalized vaccination manages to circumvent the challenges associated 

with universal TAA based vaccines by diminishing the phenotypic and genotypic diversity 

and considering the immune miscellany by estimating CTL precursor frequency. TAA 

are cellular proteins formed by class I MHC molecules for immune response generation 

while, adequate activation promotes CD8+ T cells differentiation into CTL (Snell et al., 

2018). Stimulated CTL further promote cytotoxicity and secrete cytokines resulting in local 

inflammation. One of the most indispensable functions of any effective vaccine is instituting 

CD8+ T cell memory. Such memory must be maintained for a prolonged duration without 

stimulation. Traditionally, effector CD4+ cells discern into T-helper 1 (Th1) and T-helper 2 

(Th2) cells. Of the two types of helper T cells, Th1 cells usually possess greater anticancer 

activity owing to enhanced IFN-γ secretion (L. Liu et al., 2020). The pooled action of CD8+ 

and IFN-γ-secreting Th1 CD4+ T cells lead to tumor cell apoptosis and NK cell activation 

which are important factors for potential cancer vaccine development.

5. DENDRITIC CELLS AND IMMUNITY

DC have been well recognized for their enhanced antigen presenting capabilities to T cells 

resulting in stimulation of the adaptive immune response. They are found in tissues like 

skin, mucosal surfaces, etc. and migrate to T cell depots, further activating both innate and 

adaptive immunity via upregulation of MHC complexes and cytokines like IL-12 and type I 

IFN (Leifer, 2017). Therefore, DC are established as a favoured vaccine target owing to the 

preferential control of both innate and adaptive immunity. Immature DC have the ability to 

function as sentinel cells in detecting pathogens and activating pro-inflammatory cytokine 

cascades (Z. J. Yang et al., 2021). Once DC incorporate antigens, they proliferate and 

express CCR7 receptor which promote the expression of CCL19 and CCL21 ligands leading 

to their migration into lymphatic vessels. Post migration, DC activate MHC class I, MHC 

class II, or lipid antigen-presenting cluster of differentiation 1 (CD1) moieties (Hampton & 

Chtanova, 2019). Another approach for antigen presentation comprises of cross-presentation 

or cross-priming, whereby myeloid DC procure exogenous soluble antigens from tumor cells 
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and display them to MHC class I. The process occurs via retro-translocation of antigens 

across endosomal components within the cytosol followed by proteosome processing. The 

antigens re-enter the exosomal vesicles through transporters for antigen presentation, where 

peptide charging of reprocessed MHC class I molecules takes place (Colbert, Cruz, & Rock, 

2020). In order to be successfully stimulated by DC, T cells should distinguish the processed 

antigens from MHC class I or MHC class II for CD8+ and CD4+ T cells, respectively. For 

cancer applications, effective vaccination especially requires the induction of CTL responses 

thereby necessitating cross-presentation of MHC class I molecules to CD8+ T cells. 

Additionally, each T cell possesses an inimitable T cell receptor which imparts specificity 

towards antigen presentation by DC and recognition through the MHC-antigen complex. 

Hence, loading antigens into DC through different approaches like recombinant vectors, 

liposomes, nanoparticles, etc. are being explored (Bhardwaj, Bhatia, Sharma, Ahamad, & 

Banerjee, 2020). Figure 2 depicts the role of DC in immune stimulation via nanovaccines.

6. TUMOR ANTIGENS AS VACCINE TARGETS

In brief, anti-tumor vaccine development could be carried out with the help of six categories 

of antigens which include TAA, tumor lysates, DNA, RNA, subunit and neoantigen based 

vaccines.

6.1 Recognized TAA

Recognized TAA are specifically overexpressed by tumor cells of a particular origin. 

Some examples include tyrosinase related proteins (Trp1/Trp2) overexpressed in melanoma, 

carcinoembryonic antigen in colorectal cancers, prostate specific membrane antigen in 

prostate cancer, and HER2/neu in breast cancer (Jingjing Liu, Miao, Sui, Hao, & Huang, 

2020). Preclinical efficacy has been demonstrated by targeting these antigens (Heck et 

al., 2017; Murgas et al., 2018; Rahimmanesh & Khanahmad, 2021; Ziogas, Konstantinou, 

Bouros, Theochari, & Gogas, 2021). However, their clinical efficacy with respect to 

their applications in vaccine development are yet to be uncovered. The identification of 

such antigens is difficult and further studies are required to justify the antigen selection, 

mechanism and efficacy associated with immune response generation and expression levels 

in different global populations.

6.2 Whole tumor cells

Whole tumor cells or lysates contain TAA and mutations associated with the tumor tissue 

along with MHC class I and II entities. Loading of tumor lysates with DC prior to 

vaccination improves immune activation efficacy. The major advantage of using tumor 

lysates over other classes is its application in personalized medicine. The patients’ own 

tumor cells can be isolated and coupled with DC in an attempt to reprogram the body’s 

immune system for personalized cancer cell recognition and apoptosis (Schaller & Sampson, 

2017). The dilemma of selecting a suitable TAA amidst a plethora of TAA is resolved 

when using tumor lysate vaccines. However, clinical success has been dampened due to 

prospective tumorigenic toxicity pitfalls and inadequate antigen concentrations leading to T 

cell tolerance (Jianping Liu, Zhang, & Xu, 2019; Lollini, Cavallo, Nanni, & Forni, 2006).
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6.3 DNA based vaccines

DNA based vaccines consist of plasmids engineered to code for diverse tumor specific 

antigens within healthy host cells with other immunomodulatory mediators to influence the 

subsequent immunogenic reaction against the tumor. With several virtues like scalability, 

marketability and safety, a DNA vaccine coding for prostatic acid phosphatase along with 

GM-CSF as an adjuvant were verified in a phase II clinical trial against prostate cancer 

(Colluru, Johnson, Olson, & McNeel, 2016). In spite of the encouraging clinical trial 

results, the efficiency of bare DNA vaccines is restricted by diminished transfection in vivo, 

necessitating optimal delivery conditions or systems (J. Li & Kataoka, 2021).

6.4 mRNA vaccines

In recent times, mRNA vaccines have captivated remarkable attention attributed to their 

rapid production, target specificity and safety. They are produced by transcription carried 

out with the help of a bacteriophage RNA polymerase and template DNA that translates 

the antigen(s) of interest and upregulates proteins in the cytoplasm to provoke immune 

reactions (Blakney, Ip, & Geall, 2021). mRNA vaccines are being emphasized as a 

favourable vaccine approach in the near future, and numerous mRNA-based vaccines have 

entered clinical phase of development. mRNA vaccines possess quite a few advantages over 

contemporary vaccines. mRNA vaccines promote the distribution of specific TAAs, and the 

immune response is predictable with relatively diminished risk of infection and mutagenesis. 

Additionally, they are amenable to rapid, inexpensive and scalable manufacturing (Gómez-

Aguado et al., 2020). Conversely, the instability and inefficiency of mRNA could be 

circumvented with the help of nanotechnology approaches to render stability and targeting 

efficiency.

6.5 Subunit peptide vaccine

Out of all the vaccine strategies available, subunit peptide vaccines are the most frequently 

employed strategy in vaccine development. Sipuleucel-T was the first peptide based vaccine 

for prostatic tumors which was ratified by the US Food and Drug Administration (FDA) 

along with various subunit vaccines for colorectal, lung, pancreatic, gastric and breast cancer 

(A.E., D.H., B.J., & P., 2011). Despite their successes in the clinic, subunit vaccines suffer 

from major pitfalls like weak immunogenicity, antigen escape and short duration immune 

responses (Moyle, 2017).

6.6 Personalized vaccines and neoantigens

The development of new gene sequencing techniques has paved the way for personalized 

vaccines targeting neoantigens. Neoantigens are defined by somatic gene mutations in 

tumor cells which are acknowledged as foreign antigens by the immune system. Targeting 

neoantigens reduces immune tolerance and tissue toxicity thereby improving selective 

antitumor immune responses. To date, there are primarily two categories of personalized 

vaccines, i.e. RNA vaccines and synthetic long peptide vaccines (X. Chen, Yang, Wang, 

& Liu, 2020). Tailored RNA mutanome vaccines established by Sahin et al. and peptide 

vaccines prepared by Ott and his colleagues show encouraging phase I trial outcomes 
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(Shetty & Ott, 2020; Vormehr, Diken, Türeci, Sahin, & Kreiter, 2020). Figure 3 describes the 

various types of nanovaccines for cancer immunotherapy.

7. ADVENT OF NANOMEDICINE IN CANCER VACCINE DEVELOPMENT

The commencement of the nanomedicine era has brought exhilarating opportunities in 

the fields of biotechnology and vaccine delivery. DNA and mRNA-based vaccines, which 

primarily suffered from poor immunological responses due to inadequate internalization 

and rapid degradation, have been successfully incorporated into the nanoparticulate 

matrix and circumvented said drawbacks. Protein subunit vaccines suffer from diminished 

immunogenic activity and quick plasma degradation. These problems can be ameliorated 

with the help of nanomaterial carriers which can be tuned to protect the vaccines from 

degradation and enhance the duration of response. As a general rule, nanocarriers with 

size less than 10 nm are leaked into the systemic circulation, while nanocarriers lying 

between the size range of 10–100 nm drain into the lymph nodes and remain localized 

within the lymph nodes for prolonged periods of time. Nanocarriers greater than 100 

nm are taken up by APC which then migrate to the lymph nodes for further activation 

(Guizhi Zhu, Zhang, Ni, Niu, & Chen, 2017). Advantages of nanoscale materials lie in 

their enhanced surface area, ease of internalization and antigen presentation, and their 

ability to escape renal filtration. Additionally, employment of immune-adjuvants, multi-

epitope antigens decorated over the nanocarrier surface could help boost immunity during 

circulation. Nanovaccines differ from immune-adjuvants e.g. toll-like receptor agonists 

wherein, nanovaccines, themselves are the ones which initiate highly specific immune 

responses towards targeted cells (Huang, Ge, Liu, Li, & Zhang, 2022). TLR agonists 

merely help in the amplification of the immune responses against target cells (Van den 

Boorn & Hartmann, 2013). New horizons in cancer vaccine development are opening due 

to factors such as the incorporation of antigens within targeted nanomaterials allowing 

for site-specific immunization, smart release profiles/sustained release, and protection from 

enzymatic degradation during circulation. For instance, hydroxy propyl methacryl amide 

based nanoparticles loaded with TLR7/8a improved the immunogenicity by approximately 

400-fold compared to unformulated small molecule 7/8a (Lynn et al., 2015). Various 

nanocarriers utilized to enhance the efficacy of tumor vaccines are described as follows:

7.1 Liposomes

Liposomes are multi-lamellar vesicular structures made up of physiologically derived 

phospholipids and cholesterol. The composition and type of phospholipids used, vesicular 

size, surface charge, surface functionalization, etc. influence their efficiency as vaccine 

subunit carriers. Bilayers consisting of immunogenic phospholipids like cardiolipin can 

enhance the immunogenic potential of the cancer vaccinse (Sprott, Dicaire, Gurnani, 

Deschatelets, & Krishnan, 2004). Phospholipids with cationic surface charge present 

exciting opportunities in the field of vaccine delivery. Dileep and co-workers studied 

the impact of cationic liposomes on DC immuno-stimulation for delivering human 

papilloma virus antigens. They found that positively charged lipids with short saturated 

hydrophobic chains exhibited enhanced immunostimulatory activity (Vangasseri et al., 

2006). Varypataki and colleagues performed a comparative study between the efficiency of 
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cationic liposomes and poly (lactic-co-glycolic acid) (PLGA) nanoparticles for long peptide-

based vaccine delivery and DC stimulation in vivo. They demonstrated that long chain 

peptide enriched cationic liposomes were the most proficient carriers for T cell stimulation 

in vivo in comparison to PLGA nanoparticles (Varypataki et al., 2016). Liposomes 

are susceptible to enzymatic degradation in the liver which diminishes the sustained 

effect and therapeutic efficacy of nanovaccines (Mahjub et al., 2018). In such cases, 

employment of lipid polymer hybrids could impart stability, controlled release and sustained 

immunostimulation circumventing the drawbacks of conventional liposomes (Raemdonck, 

Braeckmans, Demeester, & De Smedt, 2014; Shah, Rangaraj, Singh, & Srivastava, 2021). 

Recently, Su et al. prepared cationic polymer–lipid hybrid liposomes as carriers for 

delivering anionic antigen epitopes such as toll-like receptor-9 agonist (TLR9), CpG (AE/

CpG), indoleamine-2,3-dioxygenase (IDO) inhibitor, and 1-methyl-tryptophan (1-MT), to 

enhance their immunogenicity potential. The primed liposomes boosted vaccine uptake by 

DC and remarkably increased the amount of CD86+MHC-I+DC, ensuing in a powerful CTL 

reaction to counter B16F10-OVA tumor cells in vitro. In vivo efficacy was improved with 

the combinatorial immunotherapy in comparison with monotherapy leading to a resilient 

tumor specific T cell reaction depicting the potential of cationic liposomes in cancer 

immunotherapy (Su et al., 2021). Liposomes have the potential to form complexes known as 

lipoplexes for stabilization and loading of nucleic acids via electrostatic interactions which 

could help promote endosomal uptake and decrease premature degradation (Z. Liu et al., 

2021). A study performed by Loira-Pastoriza and co-workers investigated the antitumor 

activity of CpG motifs and polyinosinic - polycytidylic acid dsRNA loaded liposomes 

against metastatic lung cancer. Cationic liposomal incorporation of nucleic acids enhanced 

lung phagocytic uptake leading to TLR stimulation within endosomes. The liposomes could 

proficiently entrap polyinosinic - polycytidylic acid dsRNA while effectively loaded CpG 

enhanced IFN-γ levels. Pulmonary administration of CpG diminished the tumor progression 

by promoting the secretion of granzyme B, IFN-γ, MIG (monokine induced by interferon-γ 
also known as chemokine ligand CXCL9) and RANTES (chemokine receptor type 5), and 

increase T helper type 1 cells in the lungs (Loira-Pastoriza et al., 2021).

Coupling of liposomes to ligands for active targeting could improve anti-tumor efficacy by 

redirecting the immunostimulation directly into the TME (Gao, Yang, Xu, Qiu, & Zhai, 

2021). Yang and colleagues employed the principles of active targeting by employing 

cRGD peptide anchored liposomes for targeting αvβ3 integrin receptor overexpressed 

in cancer cells. With the help of thymidine conjugate after activation by ultra-violet 

radiation in the form of cancer vaccine, liposomes and cRGD targeted liposomes enhanced 

intracellular accumulation resulting in superior cytotoxic potency post UV activation. 

This approach further helped in the initial detection of immunogenic cell death markers 

including ATP, HMGB1 and calreticulin. In vivo vaccination challenge revealed active 

tumor growth inhibition implying the safety and efficacy in generating an immunogenic 

response selectively against tumor cells (R. Yang, Wang, Yuan, Qian, & Zhou, 2019).

Liposomes possess the intrinsic ability to encapsulate and protect nucleic acids for increased 

antigen generation and an elongated therapeutic profile. For instance, Mai et al. prepared 

cationic liposome-protamine mRNA vaccine complexes and evaluated their antitumor 

activity in a Lewis lung cancer model. They showed that stable ionic complexes could 
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be formed from binding of cationic protamine with the anionic mRNA, and that nasal 

incorporation of the vaccines which displayed significantly improved tumor cell apoptotic 

efficiency in vitro, stimulating DC maturation, enhanced CD86+, CD8+, and CD4+ T cells 

and increasing IL-2 and TNF-α levels. Intra-nasal administration with spherical cationic 

liposomes consisting of mRNA expressing cytokeratin 19 triggered strong immune reaction 

and diminished tumor progression in an aggravated Lewis lung cancer model (Figure 

4 A-F) (Mai et al., 2020). Zhang and colleagues incorporated mRNA into liposomes 

with cholesterol functionalized with cationic peptide DP7 (VQWRIRVAVIRK). The DP7-C-

functionalized dioleoyl-3-trimethylammonium propane (DOTAP) liposomes could transfer 

mRNA efficiently into DC in vitro. As an immune-adjuvant, DOTAP/DP7-C liposomes 

showed greater efficacy in stimulating DC maturation, CD103+ DC antigen presentation and 

pro-inflammatory cytokine secretion than DOTAP liposomes in vitro and in vivo. In vivo 
studies demonstrated tremendous tumor growth inhibition with antigen-specific lymphocyte 

reactions (R. Zhang et al., 2020). Yang et al. devised a DNA-based neoantigen vaccine 

using whole-exome sequencing with bio-informatics based prediction of neo-epitopes and 

fabrication of liposome-encapsulated multi-epitope DNA vaccine. Efficient uptake by DC 

promoted significant melanoma growth and lung metastasis inhibition (p < 0.0001) in vivo. 

Intra-tumoral infiltration of CD8+ T cells with melanoma-specific apoptosis proved the 

efficiency of multiepitope neoantigen DNA liposome vaccines as a promising approach for 

personalized cancer immunotherapy (X. Yang et al., 2021).

7.2 Lipid nanoparticles

Lipid based nanoparticles are composed of solid lipid (s) and/or an amalgamation of 

solid and liquid lipids stabilized with the help of surfactants in an aqueous dispersion. 

During the last few years, lipid nanoparticles have sparked remarkable interest in 

immunotherapy owing to improved biocompatibility, sustained release and prolonged 

circulation time. The use of cationic lipids in the lipid matrix substantially increases their 

immunogenicity and antigen presentation, but subsequently increases nanoparticle toxicity. 

Enhancing the surface hydrophilicity via PEGylation can further prolong the systemic 

circulation; however, this may diminish the immunogenic potency (Kolate et al., 2014). 

It may also result in the development of anti-PEG antibodies which further attack the 

nanocarriers and attenuate vaccine efficiency in repeat dosing (P. Zhang, Sun, Liu, & Jiang, 

2016). Therefore, a balance must be maintained between the safety and efficacy of the 

prepared nanoparticles. Sayour and co-workers demonstrated that tumor RNA incorporated 

within a cationic charged DOTAP-lipid nanoparticulate matrix activated the majority of 

systemic and tumor-specific myeloid cells (categorized by co-expression of PD-L1 and 

CD86). Immune checkpoint inhibitors enhanced the intra-tumoral PD-L1+ CD8+ cells 

and facilitated synergistic anti-tumor efficacy. Clinical translational studies displayed the 

efficiency of personalized mRNA incorporated nanoparticles which were found to be safe 

and effective in malignant glioma. The pervasive immune stimulation from nanoparticles 

with inducible PD-L1 expression could be explored in the near future for potent and 

safe personalized nanomedicines (Sayour et al., 2018). Persano and co-workers developed 

a lipopolyplex mRNA-based vaccine containing a poly-(β-amino ester) polymer mRNA 

core incorporated within a 1,2-dioleoyl-sn-glycero-3-ethylphosphocholine/1,2-dioleoyl-sn-

glycero3-phosphatidyl-ethanolamine/1,2-distearoyl-sn-glycero-3-phosphoethanolamine -N- 
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[amino (polyethylene glycol)-2000 (EDOPC/DOPE/DSPE-PEG) lipid shell. This type of 

core-shell morphology enabled easy entrance into DC via macropinocytosis. Intrinsic 

adjuvant potency through interferon and IL-12 countenance in DC was mediated with 

the help of TLR 7/8 signalling. DC subjected to mRNA vaccine showed greater antigen 

presentation competence. Mice induced with lung metastatic B16-OVA tumors showed 

greater than 90% reduction of tumor nodules when immunized with an ovalbumin antigen 

(Persano et al., 2017).

Chen et al. designed a lipidoid nanoparticulate system to accomplish concurrent cross-

presentation and STING activation resulting in superior immune activation. From a 

combinatorial library screen, they recognized 93-O17S-F, a cationic lipidoid promoted 

both cross-presentation of tumoral antigens and intracellular cGAMP delivery, a STING 

agonist. Intra-tumoral injection along with pre-treatment of doxorubicin exhibited excellent 

antitumor efficacy, with 35% of mice demonstrating total recovery from a primary B16-F10 

tumor challenge with 71% of those mice showing complete recovery from concurrent 

challenge indicating immune memory (J. Chen et al., 2021). Cancer stem cells (CSC) 

are recognized to drive tumor metastasis and recurrence. Aldehyde dehydrogenase was 

used as a marker by Najafabadi and colleagues for CSC isolation. ALDH1-A1 and 

ALDH1-A3 epitopes from CSC were used to develop synthetic high-density lipoprotein 

nanodiscs for vaccination. Nanodiscs promoted antigen trafficking to lymph nodes thereby 

producing robust T cell responses and exerted potent antitumor efficacy and prolonged 

animal survival in murine models (Hassani Najafabadi et al., 2020). Similarly, Scheetz et al. 

fabricated high-density lipoproteins loaded with CpG, a TLR 9 agonist, and tumor-specific 

neoantigens for glioma treatment. In combination with a PDL1 immune checkpoint blocker, 

the nanodiscs eliminated orthotopic GL261 glioma in 33% of mice. Complete tumor 

remission with the presence of immunological memory during re-challenge experimentation 

in the contralateral hemisphere indicated the development of immune memory (Scheetz 

et al., 2020). Munakata and co-workers prepared lipid nanoparticles functionalized with 

type-A CpG oligonucleotides. Either intratumoral or intravenous administration of the lipid 

nanoparticles repressed tumor development in a CD8+ T cell-dependent manner while plain 

oligonucleotides displayed no effectiveness. Tumor suppression was found to be linked with 

Th-1 gene induction and stimulation of CD8+ T cells. Co-delivery of lipid nanoparticles 

with anti-PD-1 antibodies enhanced the therapeutic efficiency. Furthermore, the therapeutic 

dose failed to produce any incidences of apparent liver toxicity indicating the safety of the 

formulation (Munakata et al., 2019). Yu et al. prepared self-assembling melittin loaded lipid 

nanoparticles promoting whole tumor antigen release and activation of APC in lymph nodes. 

This led to increased dendritic and macrophage cell proliferation as shown in Figure 5H. In 

comparison with plain melittin, the lipid nanoparticles significantly improved lymph node 

accumulation and APC stimulation resulting in 3.6-fold greater CD8+ T cell activation with 

enhanced immunostimulatory cytokine/chemokine levels as shown in figure 5I. In a bilateral 

B16F10 tumor model in C57BL/6 mice, primary and distant tumor growth were suppressed 

with 95% and 92% inhibition rates, respectively (Figure 5 A-J) (Yu et al., 2020).
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7.3 Polymeric nanoparticles

Polymeric nanoparticles serve as versatile vaccine delivery systems. Ease of controlling 

surface attributes, enhanced stability and protection from systemic degradation, prolonged 

systemic circulation along with extended release resulting in sustained immunogenic 

response, etc. bestow polymeric nanoparticles with the attributes for an ideal vaccine 

delivery system. The FDA has approved polymer nanoparticle formulations containing 

polyethylene glycol (PEG) and PLGA as they contain these desired characteristics (Wen, 

Umeano, Kou, Xu, & Farooqi, 2019). Kim and colleagues introduced unique TLR 7/8 

bi-specific agonists that considerably boosted cytokine release in comparison with TLR7 

mono-selective compounds. Entrapment in PLGA nanoparticles enhanced the co-stimulatory 

molecular upregulation and antigen demonstration via MHC I by DC in comparison with 

the soluble agonist. Following subcutaneous administration, the nanoparticles travelled to 

the draining lymph nodes and elicited DC stimulation and development. This resulted in the 

proliferation of antigen-specific CD8+ T cells and improved CTL response, which led to 

substantial therapeutic efficacy in melanoma, bladder and renal carcinoma models as shown 

in Figure 6E. Notably, their experiments demonstrated successful rejection of metastasis 

showcasing the therapeutic efficacy of their polymeric nanovaccines (Figure 6 A-G) (H. 

Kim et al., 2018). Lou and co-workers prepared ligands for TLR 7/8 with antigen decorated 

virus mimicking nanoparticles. Cationic polymers with azide/bicycle nonyne (BCN) groups 

were prepared which successfully stabilized anionic ssRNA via electrostatic stabilization. 

The model antigen ovalbumin and a mannosylated or galactosylated BCN-decorated 

HPMA-based co-polymer were linked with the RNA core via disulfide linkages utilizing 

the principles of copper free click chemistry. The surface mannosylated nanoparticles 

demonstrated 5-fold greater DC uptake and activation in comparison to the galactosylated 

nanoparticles. Vaccination of mice with mannosylated nanoparticles provoked resilient 

CTL and humoral responses towards the ovalbumin antigen (Lou et al., 2019). Luo et al. 

reported a simple admixture of an antigen and synthetic polymeric nanoparticle (PC7A) 

was successful in generating a robust CTL response with effective cytosolic delivery of 

tumor antigens to the lymph nodes. This resulted in enhanced surface presentation leading 

to concomitant stimulation of type I interferon activated genes and STING, which is 

independent of TLR or the mitochondrial antiviral-signalling protein (MAVS) pathway. The 

nanovaccine exhibited effective tumor growth reduction in melanoma, colonic cancer and 

HPV-E6/E7 induced tumor models. The synergy between PC7A and anti-PD-1 antibody 

displayed 100% survival during the 60-day duration of the experiment. Re-challenging 

tumor-free animals with TC-1 cells led to complete tumor growth inhibition indicating the 

emergence of prolonged anti-tumor memory. STING-activating nanovaccines may be an 

easy, safe and effective tactic in enhancing immunity with potential implications in cancer 

immunotherapy (Luo et al., 2017).

A novel approach adopted by Min and co-workers included the utilization of antigen 

capturing nanoparticles for tumor-specific delivery. They fabricated antigen-capturing 

nanoparticles with successful delivery of tumor-specific proteins to APC and substantially 

improving αPD-1 targeting efficiency. In a B16F10 melanoma model, survival was 

increased by 20% compared to the control group (p < 0.005). Antigen-capturing 

nanoparticles promoted robust activation of CD8+ CTL with elevated CD4+ T/Treg and 
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CD8+ T/Treg ratios. Substantial abscopal effect was observed when the immunotherapeutic 

intervention was combined with radiotherapy (Min et al., 2017). Ni and colleagues 

fabricated a bi-adjuvant neoantigen nanovaccine made up of a PEG-PLA micellar core 

and a CpG decorated shell that co-delivered a peptide neoantigen (adpgk) with TLR - 

7/8 agonist R848 for cancer immunotherapy. The immunogenicity of the neoantigen was 

potentiated by the co-delivery of the neoantigen and dual adjuvants. Co-administration with 

anti-immune checkpoint PD-1 resulted in complete regression in 70% of neoantigen-specific 

tumors without recurrence (Ni et al., 2020). Another innovative strategy adopted by Xiao 

et al. combines personalized immunization through neoantigen-loaded nanovaccines with 

adoptive DC transfer. The prepared nanovaccines elicited chemokine release of CCL2, 

CCL3, and C-X-C motif ligand 10 from macrophages and improved macrophage lymph 

node infiltration. Coordinated neoantigen and autologous tumor lysate-derived antigen 

delivery resulted in antitumor patient-specific T cell immunity. Significant inhibition of 

tumor growth in prophylactic and established mouse tumor models could pave the way as a 

proof of concept for personalized immunotherapeutic alternative treatments (P. Xiao et al., 

2021).

7.4 Inorganic nanoparticles

Inorganic nanoparticles are element-based nanostructures lying within the range of 1–100 

nm. Ease of surface functionalization, tenability with respect to size, shape and charge, etc. 

render them suitable drug delivery agents. The predominant difference between inorganic 

nanoparticles and other delivery systems lies in the foundation of the protein corona 

around the nanoparticle interface (Shah et al., 2021). Fogli and colleagues employed 

the formation of cancer cell lysate corona over the nanoparticulate surface to boost the 

immunogenic potential. They produced gold and silica nanoparticles which were further 

exposed to two whole cancer cell lysates, i.e. hepatic and ovarian cancer cell lines as shown 

in figure 7 E. They found that the nanoparticles incubated with the cancer cell lysates 

formed a spontaneous protein corona around their surface which promoted DC-mediated 

lymphocyte proliferation (Figure 7 A-F) (Fogli et al., 2017). Zhao and co-workers employed 

superparamagnetic iron oxide nanoparticles (SPION) as a platform for vaccine delivery and 

immunogenicity induction. Interaction with cytokine secretion in macrophages and DC in 
vitro as well as tumor growth in vivo was observed. Co-delivery of ovalbumin and the 

iron oxide nanoparticles led to increased immune response and CT26 tumor inhibition 

in comparison to the individually-injected controls (p < 0.05). Iron oxide nanoparticles 

prominently promoted the stimulation of immune cells and cytokine production, promoting 

strong humoral and cellular reactions. These results implicate the attributes of inorganic 

nanoparticles with promising potential in the field of tumor immunotherapy (Y. Zhao, 

Zhao, Cheng, Guo, & Yuan, 2018). Nanomaterial-based tumor photo-thermal therapy 

(PTT) has emerged as an attractive therapeutic alternative owing to its site-specific 

cytotoxicity and non-invasiveness. However, thermotherapy solely cannot prevent tumor 

progression, metastasis and recurrence. Therefore, Wang and colleagues employed surface-

functionalized and tumor antigen adsorbed copper sulfide nanoparticles with hyperthermia 

by thermal mediation. Modifying CuS nanoparticles with maleimide-PEG strengthened 

antigen adsorption, and combination therapy with an immune checkpoint blocker and 

hyperthermia elevated the inflammatory cytokines levels with increased mobilization of 
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tumor-infiltrating CD8+ T cells and inhibition of primary and secondary tumors in a 

4T1 breast cancer tumor model (R. Wang et al., 2019). Zhou et al. fabricated ovalbumin 

(OVA)-decorated PEGylated MnFe2O4 nanoparticles loaded with R837 immunoadjuvant 

to synergize photo-thermal and immunotherapy for the management of breast cancer. The 

prepared inorganic nanoparticles elicited substantial immune responses in vitro as well as in 
vivo. Reduction of systemic immunosuppression through downregulation of M2-associated 

cytokines accompanied with laser irradiation inhibited tumor growth and lung metastases 

compared to saline control (p < 0.0001) improving survival (B. Zhou et al., 2020). Table 2 

displays the summary of recently reported nanovaccines in cancer immunotherapy.

7.5 Virus and protein-based vaccines

Viruses and protein-based nanoparticles represent another class of cancer nanovaccines. 

Virus-based nanoparticles range from mammalian viruses (e.g. gene delivery vectors and 

mammalian oncolytic viruses) to bacteriophages and plant viruses (Figure 8) (Chung, 

Cai, & Steinmetz, 2020). They can be viruses engineered with specific functions, native 

viruses (also termed viral nanoparticles or VNPs) or virus-like particles (VLPs), which are 

genome-free. Protein nanoparticles (PNPs) and protein cages are comparable to VLPs in 

their multivalent protein organization. Prominent examples of PNPs include ferritin, E2, heat 

shock proteins (HSPs), and protein vaults (Figure 8) (Neek, Kim, & Wang, 2019).

VNPs and PNPs can be functionalized through genetic engineering, bio-conjugation or self-

assembly and can be produced at scale through fermentation, molecular farming, and cell 

culture. For immunotherapy and vaccines, VNPs and PNPs are advantageous due to their 

inherent immunogenicity/adjuvanticity, biocompatibility, biodegradability, and direct uptake 

and processing by APC thereby stimulating innate and adaptive immune responses. Their 

repetitive, multivalent structures are recognized as pathogen-associated molecular patterns 

(PAMPs), and binding to pattern recognition receptors (PRRs) on immune cells instigates 

the innate immune response providing immunostimulatory adjuvant capabilities (Chung et 

al., 2020; Chung, Church, et al., 2021; Warnock, Merten, & Al-Rubeai, 2006).

An emerging direction of virus-based cancer vaccines is the direct in situ injection of 

the immunostimulatory agent into the tumor (Figure 9 A). In situ vaccination leads to 

reprogramming of the TME from a “cold” to a “hot” tumor leading to better recruitment of 

innate immune cells to kill tumor cells. The TAA and neoantigens which become released 

are then processed by these innate immune cells, which then activates the adaptive arm of 

the immune system and potentiates systemic protection. With the approval of talimogene 

laherparepvec (T-VEC), being sold under the brand name Imlygic, in situ viral vaccine 

therapy is now used clinically leading the way for potentially a multitude of other VNPs 

such as vaccinia, measles, and polio-based viruses to be approved in the future (Lawler, 

Speranza, Cho, & Chiocca, 2017). TVEC is an oncolytic herpes simplex virus type I which 

also encodes for GM-CSF and is sanctioned for the treatment of advanced melanoma 

(Bommareddy, Patel, Hossain, & Kaufman, 2017). However, with oncolytic therapies, there 

is the possibility of reversion to a virulent form and antibodies can hamper the effectiveness 

of future doses (Aurelian, 2013). As an alternative, plant viruses have been proposed for 

in situ vaccination approaches; while they are non-infectious in mammals, thereby adding 

Shah et al. Page 15

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2024 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



an extra layer of safety, they still present PAMPs and are thus potent immune stimulators. 

Cow pea mosaic virus (CPMV) has been extensively studied in the context of in situ 
vaccination, and the drug candidate was shown to be effective against murine models of 

melanoma, ovarian, glioma, colon, and breast cancer (Cai, Wang, Shukla, & Steinmetz, 

2019; Kerstetter-Fogle et al., 2019; Lizotte et al., 2016; Shukla et al., 2020; C. Wang, 

Fiering, & Steinmetz, 2019) as well as in canine patients with spontaneous melanoma 

(Hoopes et al., 2018). CPMV is also not hampered by previous antibody production, and in 

fact, antibodies against the virus may improve in situ immunotherapy (Shukla et al., 2020). 

While previous efforts utilize CPMV as an in situ vaccine; recently, CPMV has also been 

targeted to the lungs to treat and prevent metastatic breast cancer and melanoma (Chung, 

Park, Cai, & Steinmetz, 2021). Other plant viruses such as the alfalfa mosaic virus as 

well as the papaya mosaic virus are also effective as in situ vaccines (Lebel et al., 2016; 

Shahgolzari, Dianat-Moghadam, & Fiering, 2021).

Lastly, the bacteriophage Qβ with a CpG TLR9 agonist and nivolumab has completed phase 

II clinical trials for in situ vaccination against Stage IIIB/C/D melanoma patients and is 

currently being explored in other combination therapies against various cancers. Similarly, to 

plant viruses, Qβ also benefits from previous antibody formation against the viral capsid. In 

fact, the treatment protocol and publication indicate that presence of antibodies is required to 

enable efficient immune cell uptake and activation. In the clinic, patients are pre-immunized 

against Qβ to prime their immune systems to recognize and target the Qβ. Another example 

of a VLP packaging and protecting a TLR agonist is the plant virus cowpea chlorotic mottle 

virus (CCMV) loaded with CpG; this formulation used as an in situ vaccine demonstrated 

efficacy against murine models of colon cancer and melanoma (Cai, Shukla, & Steinmetz, 

2020).

As mentioned earlier, TAA can be co-delivered with protein nanovaccines through multiple 

mechanisms; antigens can be conjugated to the interior or exterior, encapsulated within, 

or genetically conjugated to the capsid (Figure 9 B) (Chung et al., 2020). This diversity 

in antigen functionalization capabilities promotes the use of protein nanovaccines in 

a multitude of different applications. One such example is the use of bacteriophages, 

specifically AP205 displaying the human epidermal growth factor receptor-2 (HER2), which 

is expressed in 20–30% of invasive breast cancers (Palladini et al., 2018). Here the VLP 

acts as a display, delivery, and adjuvant platform. Multivalent display allows high payload 

delivery while the VLP carrier acts as an adjuvant due to PRR recognition and presence 

of T helper epitopes – these features hold true for many VLPs (K. L. Lee, Twyman, 

Fiering, & Steinmetz, 2016). Others have utilized plant viruses such as CPMV and the 

Physalis mottle virus to display HER2 epitopes (Hu & Steinmetz, 2021; Shukla et al., 2017). 

In other approaches, bacteriophage Qβ has also been utilized to deliver tumor-associated 

carbohydrate antigens such as Tn (GalNAcα1-Ser/Thr) (Yin et al., 2015). Similarly, PNPs 

such as ferritin, E2, and protein vaults have also been explored as cancer vaccines (Kar et 

al., 2012; B. R. Lee et al., 2016; Molino, Anderson, Nelson, & Wang, 2013). One example 

utilizes E2 nanoparticles to deliver both NY-ESO-1 and MAGE-A3 epitopes with synergistic 

effect (Neek et al., 2018).
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A class of PNPs called the heat shock proteins (HSPs) naturally bind to endogenous tumor 

antigens and can be extracted from tumor lysates for cancer vaccination (Y. Zhang & Zheng, 

2013). While non-immunogenic themselves, HSPs act as chaperone proteins that transport 

polypeptides and aid in the folding of these polypeptides within cells. Therefore, in tumor 

cells, the HSPs form non-covalent complexes with TAA polypeptides, and these peptides 

become recognized by immune cells to instigate tumor-specific immune responses. Multiple 

clinical trials utilizing such HSPs are currently underway (Co., 2018, 2019). Similarly, 

patient’s tumors following surgery can be irradiated and used as the antigen source and be 

combined with an appropriate adjuvant. Recently it was shown that the plant virus CPMV 

could be utilized for this purpose as CPMV mixed with irradiated ovarian cancers cells 

caused 72% rejection of murine ovarian cancer challenge (Stump et al., 2021).

Instead of directly delivering protein antigens or peptide epitopes thereof, VNPs can be 

engineered to deliver genes encoding TAA, cytokines/chemokines, pro-drug activators, 

immunotherapies, and others (Figure 9 C) (Wilson, 2005). Recombinant adenoviruses 

(rAds) have especially been investigated for this role with many in clinical trials. rAds 

delivering prostate-specific antigens against prostate cancer (Lubaroff, 2019a, 2019b), 

human papilloma virus (HPV) against HPV-induced cancers (Çuburu et al., 2018), and 

melanoma-associated antigen 3 against melanoma (Biologics, 2021) have all been explored. 

Alternatively, VNPs delivering cytokines have advanced into the clinic. For instance, T-VEC 

encodes for GM-CSF which helps to augment the T cell response. An engineered Wyeth 

strain vaccinia virus developed by Jennerex Inc. called JX-594 also encodes for GM-CSF 

(Bommareddy et al., 2017) and is injected intratumorally against hepatocellular carcinoma, 

and an orphan drug designation has been conferred by the US FDA (Merrick, Ilett, & 

Melcher, 2009). Outside of cytokine expression, a Measles virus was engineered to express 

antibodies against checkpoint proteins like cytotoxic T-lymphocyte-associated protein 4 and 

PD-L1, which showed strong efficacy against human melanoma xenografts (Engeland et al., 

2014). A rapidly expanding field, an entire generation of engineered mammalian oncolytic 

viruses have entered clinical testing and comes with it hopes for new viral therapeutic 

nanovaccines (Galanis, Kirn, & Liu, 2007).

While mammalian viral therapies have advanced further into clinical testing, plant viruses 

are also being explored as gene-delivery vectors. CCMV has been used to deliver self-

amplifying mRNA encoding an ovalbumin epitope, which demonstrated a significant 

increase in ovalbumin-specific T cell activation (Biddlecome et al., 2019). Similarly, the 

tobacco mosaic virus (TMV) coat protein can encapsidate foreign RNA as long as it contains 

the TMV origin of assembly sequence. A Semliki Forest virus vector carrying the gene 

for the β-galactosidase antigen was encapsulated within TMV, which showed improved 

humoral and cellular responses compared to controls (Smith et al., 2007). The same group 

utilized TMV to encapsidate Flock House virus (FHV) RNA encoding eGFP in planta – the 

vaccine was able to produce significantly greater titres against eGFP compared to negative 

controls and in vitro produced TMV-FHV-eGFP constructs (Y. Zhou, Maharaj, Mallajosyula, 

McCormick, & Kearney, 2015).
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8. ROLE OF ADJUVANTS IN NANOVACCINES

The aim of vaccination is to induce defensive immunity, and adjuvants are used in most 

vaccines to optimize the potent and protective immune responses. Vaccines consist of 

an antigenic component that mimics the pathogen to trigger immunity and an adjuvant 

component that dictates the efficacy and amount of immune reaction to the antigen (Awate, 

Babiuk, & Mutwiri, 2013). There are several proposed mechanisms by which adjuvants act 

to enhance immunogenicity of vaccines: (1) adjuvant act as a depot for extended release 

termed the depot effect, (2) adjuvants initiate proliferation of cytokines and chemokines, 

(3) adjuvants cause cellular employment at the site of injection, (4) adjuvants enhance 

antigen uptake and presentation to APC (5) adjuvants initiate activation and maturation of 

APC via increasing MHC class II and co-stimulatory molecule expression and (6) adjuvants 

activate inflammasomes (Awate et al., 2013). Although commonly used with vaccines to 

increase efficiency, only a few adjuvants have been developed and approved as a marketed 

component in vaccines in the US. Different types of compounds can be utilized as adjuvants 

that includes mineral salts, microbial products, emulsions, saponins, cytokines, polymers, 

microparticles, nanoparticles, and liposomes (Guy, 2007). Depending on the mechanism 

of action, vaccine adjuvants are classified into two types - delivery systems and immune-

stimulatory adjuvants (M. Singh & O’Hagan, 2003). Delivery system adjuvants accumulate 

and reveal antigens in monotonous sequences, target vaccine antigens to APC and promote 

localization of antigens and immune potentiators. Cationic microparticles are an example 

of a delivery system adjuvant. On the other hand, immune potentiator adjuvants stimulate 

innate immunity directly using cytokines (e.g. IL-2) or through PRR activation (e.g. CPMV) 

(O’Hagan, 1998).

In nanovaccine formulations, the adjuvant can be extraneously added to enhance 

immunogenicity or the nanoparticulate formulation itself can act as the adjuvant. 

Nanoparticles have enormous potential in vaccine development since they have the potential 

to not only act as an antigen carrier and presenter, but also as an adjuvant allowing for 

delivery into the same cell and addressing the issues raised by conventional vaccines 

(Uddin, Kouzi, & Hussain, 2015). Nanoparticulate vaccine formulations offer a number of 

advantages. Nanoparticles act as effective delivery system adjuvants with enhanced uptake 

of antigens by APC like DC or macrophages (Walter et al., 2001). Also, nanoparticle 

based antigen carriers can act as adjuvants by attracting immune cells like macrophages 

and modulating their size and charge can help in antigen presentation (S. Wang, Sun, 

& Hou, 2021). Controlled antigen release from their depot not only the augments the 

duration of the immune response but also improves its quality (Rice-Ficht, Arenas-Gamboa, 

Kahl-McDonagh, & Ficht, 2010; Thomasin, Corradin, Men, Merkle, & Gander, 1996). In 

addition, nanoparticulate vaccines protect antigens against environmental and enzymatic 

degradation (Slütter et al., 2010). This is of profound importance in orally administered 

vaccine formulations where antigens are required to be protected from the harsh acidic 

gastrointestinal conditions (O’Hagan, 1998).

Nanoparticles acting as self-adjuvants cross-present the antigen generating CD8+ T cells 

and eliminate the use of external adjuvants, a clear advantage in terms of safety, cost, 

and scalability (Jain, Yap, & Irvine, 2005). Nanoparticles can act as antigen carrier and 
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adjuvant (and/or adjuvant carrier). Its ability to carry cargo through chemical conjugation 

while activating TLR receptors allows for co-delivery of the antigen and adjuvant to the 

same APC. Therefore, nanoparticle vaccines are advantageous to conventional vaccines, 

which require external adjuvants such as alum, the most common adjuvant. Alum has 

been used as an adjuvant for many years; however, recently it has been found that the 

compound has several adverse effects. Alum carries the risk of autoimmunity, prolonged 

brain accumulation and inflammation along with neurological complications which could 

result in profound and widespread adverse effects (Tomljenovic & A. Shaw, 2011). Thus, a 

nanoparticulate adjuvant vaccine can be less expensive, more efficient, and safe.

9. CONCLUSION

The advent of the era of nanomedicine in immunotherapy has brought about several 

breakthroughs in the fields of vaccinology and cancer immunotherapy. Clinical outcome 

of cancer patients is poor, and current therapy suffers from specificity pitfalls, severe 

adverse effects and high mortality. The interplay of the TME and the immune system 

with nanomedicine vaccines along with adjuvants plays an important role in how the 

immune system could be programmed to achieve immunomodulation. Nanovaccines derived 

from liposomes, lipid nanoparticles, polymeric nanoparticle, inorganic nanoparticles, protein 

nanoparticles and viruses have showed promising results. The advent of nanomedicines in 

developing clinically translatable vaccines for potential immunotherapy against cancer is 

essential. The combined venture of nanotechnology, and vaccine delivery, could inspire new 

therapeutic product developments in cancer immunotherapy in the near future.
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Abbreviations Description

DC Dendritic cells

NK Natural killer cells

TLRs Toll-like receptors

NOD Nucleotide-binding oligomerization domain

RIG-I Retinoic acid-inducible gene

MHC Histocompatibility complexes

APC Antigen presenting cell
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TAM Tumor associated macrophages

MDSC Myeloid derived suppressor cells

Treg Regulatory T cells

MMP Matrix metalloproteinase

CSF-1 Colony-stimulating factor 1

EGF Epidermal growth factors

VEGF Vascular endothelial growth factor

ECM Extracellular matrix

EMT Epithelial myo-fibroblast trans-differentiation

PDL-1 Expressed programmed cell death ligand 1

TAA Tumor associated antigens

TLR-9 Toll-like receptor-9 agonist

IDO Indoleamine-2,3-dioxygenase

1-MT 1-methyl-tryptophan

CTL Cytotoxic T-lymphocyte

SPION Superparamagnetic iron oxide nanoparticles

PD-1 Programmed death receptor 1

PLGA Poly (lactide-co-glycolide)

PEG Polyethylene glycol

PBS Phosphate buffered saline

TEM Transmission electron microscopy
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Figure 1. 
A) Continent-wise distribution of incidence and mortality in males and females by different 

types of cancers, B) Types of cancers versus the number of incidences and C) Age-wise 

distribution of cancer patients according to gender.
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Figure 2. 
DC interact with the nanovaccine followed by the process of antigen presentation through 

CD40 and MHC II. Post attachment and antigen presentation of nanocarrier, maturation and 

migration of DC cell results in regulatory T cell activation in lymph nodes. This further 

results in immune memory activation via T and B cells.
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Figure 3. 
Avenues for nanovaccine-based cancer immunotherapy.
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Figure 4. 
A – Qualitative and quantitative eGFP expression using confocal microscopy and flow 

cytometry indicating enhanced expression using liposome-protamine complex in DC2.4 

cells (p < 0.01); B, D) Flow cytometry for estimation of enhanced CD86+ and MHC 

II in bone marrow derived dendritic cells; C) Antitumor efficacy in terms of change in 

tumor volume, body weight and tumor size in a Lewis lung cancer mice model indicating 

significant tumor volume reduction in the cationic liposome protamine group compared to 

liposome mRNA (p < 0.01), protamine mRNA (p < 0.05) and control group (p < 0.001). 

Reprinted with permission from Mai et al. (Mai et al., 2020). Copyright © 2020. Elsevier 

Ltd.
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Figure 5. 
A) Schematic representation of treatment of B16F10 melanoma tumors in mice inoculated 

in the left and right flanks (n=10 mice per group); B) Tumor size distribution in left flank 

for PBS, melittin, α-peptide and α-melittin nanoparticles; C) Tumor size distribution in right 

flank for PBS, melittin, α-peptide and α-melittin nanoparticles; D) Fluorescence images of 

excised lymph nodes of C57BL/6 mice post subcutaneous injection; E) Immune cell count at 

the 14th and 21st day following immunization; F) Schematic representation of vaccine effect 

in situ; G) IgG antibody count in different treatment groups; H) Flow cytometry assisted 

immune cell count; I) Cluster of differentiation cell count at 14th and 21st day following 

immunization; J) Cytokine/chemokine levels in the TME. Reprinted from Yu et al. (Yu et al., 

2020) licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/legalcode). 

Copyright © 2020.
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Figure 6. 
A) TEM image of TLR agonist loaded PLGA nanoparticles; B) Sustained drug release 

imparted by polymeric nanoparticles for 200 h compared to free drug; C, D) Enhanced 

cytotoxicity of loaded nanoparticles compared to free drug against peripheral blood 

mononuclear cells at 48 h due to enhanced intracellular accumulation; E) Flow cytometry 

studies of CD40, CD86, SIINFEKL peptide and CD80 on bone marrow derived dendritic 

cells by ovalbumin and combination with 522 loaded nanoparticles (p < 0.001) compared 

to control group; F) Lung metastasis and tumor inhibition on B16F10 tumor mice model. 

Reprinted with permission from Kim et al. (H. Kim et al., 2018). Copyright © 2018. Elsevier 

Ltd.
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Figure 7. 
A), B) TEM images of gold and silica nanoparticles, respectively; C) Protein corona 

characterization via dynamic light scattering and circular dichroism spectra of gold 

nanoparticles on HepG2 and A2780 cells; D) Protein corona characterization via DLS and 

circular dichroism spectra of silica nanoparticles on HepG2 and A2780 cells; E) Interaction 

of protein corona of nanoparticles with DC indicated by fluorescence microscopy (A and B 

– Rhodamine B loaded nanoparticles without protein corona) and (C and D – Rhodamine B 

loaded nanoparticles with protein corona) after 24 h; (E and F - gold nanoparticles) and (G 

and H – gold nanoparticles with protein corona) at 2 μm (E), 1 μm (F), 500 nm (G), 100 nm 

(H), 2 μm (I) and 1 μm (J). Vesicular endocytic uptake in Golgi area with delayed endosome 

formation. F) Maturation of DC leading to enhanced CD80+, CD83+ and CD86+ at 10 and 

100 ug/mL concentration of gold and silica nanoparticles versus control group (p < 0.01). 

Reprinted with permission from (Fogli et al., 2017). Copyright © 2017.
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Figure 8. Biological unit structures of different protein-based nanovaccines.
Proteinaceous vaccines can range from plant viruses (top left), mammalian viruses (top 

right), bacteriophages (bottom left), to protein cages (bottom right). All the viruses other 

than the mammalian viruses are drawn to scale with one another while the two mammalian 

viruses are drawn to scale to each other. All biological units were drawn on Chimera. CPMV 

= cowpea mosaic virus (PDB ID: 1NY7), CCMV = cowpea chlorotic mottle virus (PDB ID: 

1ZA7), adenovirus (PDB ID: 6CGV), herpes simplex virus-1 (PDB ID: 6CGR), Qβ (PDB 

ID: 1QBE), MS2 (PDB ID: 2MS2), ferritin (PDB ID: 2HFA), E2 (PDB ID: 6H5).
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Figure 9. 
Different strategies to promote tumor killing using proteinaceous nanovaccines. A) Direct in 
situ injection of CPMV initiates an innate immune response, which goes on to potentiate 

a systemic adaptive response against the tumor causing tumor death. B) TAA can be 

conjugated to the outer capsid of bacteriophages such as E2, which can initiate both 

CD4+ and CD8+ T cell reactions through both MHC-II and MHC-I epitope presentation, 

respectively. C) Viral vectors can carry plasmids which instruct cells to produce a range of 

proteins such as antibodies, TAA, cytokines/chemokines, and enzymes that go on to promote 

tumor cell death with varying mechanisms. Abbreviations: CPMV = cowpea mosaic virus, 

APC = antigen presenting cell, CD4+ = cluster of differentiation 4, CD8+ = cluster of 

differentiation 8, IL-2 = interleukin-2, IFNγ = interferon-γ, TNFα = tissue necrosis factor 

α, PFN = perforin, GzmB = granzyme B, MHC-I = major histocompatibility complex class 

I, MHC-II = major histocompatibility complex class II, ER = endoplasmic reticulum.
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Table 1.

Types of antigens explored for tumor vaccine development

Antigen types Attributes Reference

Shared antigens They are observed in different tumors; however, normal tissues express them differently, e.g. 
antigens like MAGE, NY-ESO-1, etc. are considered shared antigens.

(Raza et al., 2020)

Unique antigens They are expressed specifically by individual tumors & are expressed by point mutations or 
splicing alterations; e.g. cancer testis antigen.

(Gordeeva, 2018)

Indispensable 
antigens

They are necessary for cancer progression and are usually overexpressed by totipotent 
neoplastic and pluripotent foetal cells, but are rarely seen in normal cells; e.g. HER2, 
claudin 18.2. Targeting such antigens could be highly beneficial for successful and efficacious 
vaccine development.

(Barati et al., 2021)

Neoantigens They are tumor-specific in nature, produced by mutations in tumor cells. High specificity at 
the cellular level for targeting primary tumor cells as well as circulating tumor cell clusters.

(Duarte & Jill 
M.Lenardo, 2020)
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Table 2

Summary of recent advancements in nanovaccines for cancer immunotherapy

Incorporated 
moiety

Nanocarrier system Mechanistic insights Reference

Chicken 
ovalbumin 

(OVA241–270)

pH-sensitive proton-
driven polymeric 

peptide nano-
transformer based 

vaccine

In the presence of an acidic endosomal microenvironment, the 
nanotransformer vaccine alters its morphology from nanospheres (100 nm 
diameter wide) into sheets (few μm in length) disturbing the endosomal 
membrane and delivering the antigenic peptide into the cytoplasm 
thereby boosting immunity. It proficiently inhibited tumor growth in the 
B16F10-OVA and human papilloma virus-E6/E7 induced tumor models in 
mice. Merging the nano-transformer attributes with anti-PD-L1 antibodies 
resulted in survival greater than 83 days with complete tumor regression in 
half of the mice.

(Gong et al., 
2020)

Peptide based 
neoantigen 

(adpgk)

PEG-PLA nanoparticles The immunogenic potential of the neoantigen was substantially enhanced 
by proficient co-delivery of neoantigen and two adjuvants. Immune 
checkpoint pathways with PD-1 on T cells were sensitized leading to 70% 
neoantigen specific tumor regression without recurrence.

(Ni et al., 
2020)

Curcumin and 
CpG-ODN

Thermo-sensitive 
polymeric nanoparticles

Thermo-sensitive curcumin containing polymer nanoparticles incorporated 
within the hydrogel matrix promoted immunogenic cell death and 
subsequently improved tumor immunogenicity in vivo. The cancer 
nanovaccine consisted of CpG-ODN and cationic polymer which activated 
DC and provoked strong vaccine-mediated T cell immune reactions. In 
the presence of malignant breast carcinoma 4T1 models, the combination 
immunotherapy augmented the host T cell immunity, encouraged the 
accumulation of CTL within the tumor, and diminished tumor recurrence 
and pulmonary metastasis.

(Xiang Liu et 
al., 2020)

Ovalbumin Mesoporous silica-
polyethyleneimine (PEI) 

nanoparticles coated 
with a metal phenolic 

network

The pH and reduction dual-sensitive nanovaccine core contained PEI-
amended mesoporous silica nanoparticles encapsulated with ovalbumin 
and the shell was composed of a disulfide bond-involved metal-phenolic 
network. Smart release in the presence of glutathione and not in neutral 
phosphate buffer along with in vitro cellular assays indicated the increase 
in ovalbumin uptake by DC along with lysosomal escape attributed to 
the proton sponge effect. In vivo studies revealed that the prepared 
nanoparticles prompted a substantial tumor-specific immune response.

(X. Zhou et al., 
2020)

Ovalbumin Cationic fluoropolymer 
nanoparticles

Nanoparticles prepared by an admixture of the cationic fluoropolymer 
with ovalbumin caused DC maturation via TLR 4-mediated signalling 
and encouraged antigen translocation within the cytosol of DC leading to 
effective antigen cross-presentation. Mixture of the fluoropolymer and cell 
membranes from primary tumors injected alongside checkpoint inhibitors 
inhibited post-surgical tumor recurrence and metastasis in two skin cancer 
models and an orthotopic breast cancer model.

(Xu et al., 
2020)

CpG 
oligonucleotide

Lipid nanoparticles CpG-embedded lipid nanoparticles demonstrated potent antitumor 
efficiency in prophylactic as well as therapeutic E.G7 tumor models. 
The vaccine promoted T cell exhaustion by enriching PD-1 expression 
resulting in tumor recurrence. Combination with anti-PD-1 antibody 
led to similar therapeutic efficacy compared to the nanovaccine 
administered individually. Adequate therapeutic efficacy after first cycle of 
immunization with the nanovaccine resulted in tumor relapse suppression 
indicating checkpoint blockade therapy.

(Y. Kim et al., 
2020)

Ovalbumin MnO2 and 
polydopamine 
nanoparticles

The prepared nanoparticles demonstrated outstanding anticancer activity 
against orthotopic melanoma and could additionally prevent liver 
metastasis in a tumor re-challenge mouse model. The relocation of DC 
in the inguinal lymph node was observed by magnetic resonance imaging 
implying successful DC initiation and immunity generation.

(B. Xiao et al., 
2021)

Ovalbumin and 
CpG ODN

Graphene oxide and PEI The graphene oxide-PEI nanocomposite vaccine increased DC induction 
and maturation, antigen cross presentation and cytokine responses against 
B16F10 melanoma tumors demonstrating prolonged survival time.

(L. Zhang et 
al., 2022)

Ovalbumin Mn2+ ions 
and meso-2,6-

diaminopimelic acid 
(DAP)

Stimulation of DC by Nod1 pathway with migration into lymph nodes 
was detected by MRI and fluorescence imaging in vivo. Substantial 
prophylactic as well as anti-tumor activity against B16F10 tumors was 
observed.

(H. Zhao et al., 
2019)

Ovalbumin and 
CpG

Polyamidoamine 
dendrimer modified 

The dendrimer based nanovaccines showed outstanding prophylactic 
activity with excellent therapeutic potential indicated by 40% survival up 

(Xu et al., 
2019)
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Incorporated 
moiety

Nanocarrier system Mechanistic insights Reference

with guanidine-benzoic 
acid

to 60 days compared to control group which showed complete mortality 
within 30 days.
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