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A critical review on cancer vaccines: 
a promising immunotherapy 
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Abstract: Cancer vaccines are a type of immunotherapy that 
can assist in educating the immune system about what can-
cer cells “look like” so that it can practively destroy them. A 
lack of an efficient adjuvant and insufficient efficacy hurdles the 
development of cancer vaccines based on tumor-associated an-
tigens. To improve the efficacy of vaccines, a genetically engi-
neered method was reviewed to achieving the codelivery of anti-
gen and adjuvant to enhance immune responses. For more than 
25 years, the development of cancer vaccines has been at the 
forefront of cancer research. The main emphasis has been on 
delivery strategies used to promote strong and long-lasting im-
mune responses. Recent developments have made it possible to 
advance the engineering of therapeutic cancer vaccines. Target 
selection, vaccine development and techniques for overturning 
immunosuppressive systems used by malignancies have all made 
significant strides. To accelerate future developments and pro-
vide guidance to the prospective participants in this field, this 
commentary-style review provides an overview of recent dev-
el-opments in therapeutic, HPV and DNA cancer vaccines es-
pecially focusing on modeling and simulation advances to date. 
Keywords: Cancer vaccines; Immunotherapy; Immune suppres-
sion; Antigen delivery.
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1. INTRODUCTION

Vaccines are successful in preventing illnesses 
caused by viruses/germs. Since the creation of the 
first vaccine about 200 years ago, they have saved 
the lives of millions of people worldwide (Hu, Ott, 
& Wu, 2018; Igarashi & Sasada, 2020). A healthy 
individual is inoculated with attenuated/detoxified 
bacteria, viruses, or extracted toxins to artificially 
induce immune responses against infectious anti-
gens, which serves as the method by which vacci-
nations protect against an illness (Apostolopoulos, 
2019; Hall, Wodi, Hamborsky, Morelli, & Schillie, 
2021). Cancer is a costly disease, i.e., annual costs 
for treating cancer in the UK alone are about £5 
million, but the cost to society, including the price 
for loss of productivity, could be to the tune of £18.3 
billion. The development of vaccines to prevent or 
treat cancer is hampered by the complexity of the 
situation described later. Cancer cells more close-
ly resemble normal and healthy cells than bacteria 
and viruses. Therefore, our body perceives bacte-
ria and viruses as foreign particles. Additionally, 
every person’s tumour is distinctive in some way 
and includes distinct antigens. Therefore, more 
advanced methods are required to create efficient 
cancer vaccines. In the 1980s, the first cancer vac-
cination based on tumour cells and tumour lysates 

was created. Scientists treated colorectal cancer 
with autologous tumour cells (Jian Liu et al., 2022; 
Singh, Bowne, & Snook, 2021). Melanoma-asso-
ciated antigen 1, the first human tumour antigen 
discovered in the early 1990s (D. S. Chen & Mell-
man, 2013), opened the door to employing tumour 
antigens in cancer vaccines. The successful use of 
a dendritic cell-based vaccine (Sip-uleucel-T) to 
treat prostate cancer in 2010 propelled the subse-
quent wave of advancements in the field of can-
cer vaccines (Y. Yang, Nam, Kim, Kim, & Kim, 
2019). The COVID-19 pandemic has prompted the 
improvement of vaccination technology and re-
focused public attention on cancer vaccines (La-
Fleur, Muroyama, Drake, & Sharpe, 2018). Can-
cer vaccines primarily include tumour-associated 
antigens (TAAs) and tumour-specific an-tigens 
(TSAs) to stimulate the patient’s immune system. 
The vaccination may theoretically induce both a 
specific cellular immune response and a humoral 
immune response to stop the growth of tumours 
and ultimately eliminate malignant cells. Most 
cancer vaccines are still in the preclinical and 
clinical research stages (Verma, 2021). There is 
always a need to create more specialised antigens 
and vaccine development platforms. Fig. 1 illus-
trates current approaches to developing a cancer 
vaccine.

Figure 1. Strategies for cancer vaccine development: 
Cancer immune therapeutics (Apostolopoulos, 2019).
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A study led by researchers at the Ohio State Uni-
versity Comprehensive Cancer Center - Arthur G. 
James Cancer Hospital and Richard J. Solove Re-
search Institute (OSUCCC - James) described the po-
tential of the therapeutic anticancer vaccine. The re-
sults released on October 1, 2020 (Y. Yang et al., 2019) 
demonstrated that the peptide known as PD1-Vaxx, 
a first checkpoint inhibitor vaccination, was safe and 
efficacious in an animal model of colon cancer. The 
vaccine generated polyclonal antibodies that prevent 
cancer cells from expressing the PD-1 programmed 
cell death receptor. The vaccinationvaccination 

mimicked the PD-1 inhibitor nivolumab mimicked 
the PD-1 inhibitor nivolumab, but it did not cause 
the innate and acquired resistance that the drug and 
related treatments are known to cause. According to 
the study, PD1-Vaxx effectively slowed the growth 
of tumours. It was much more successful when com-
bined with a second therapeutic peptide vaccine that 
specifically tar-getstargets explicitly two HER-2 
receptor sites on colon cancer cells. The combined 
treatment resulted in full response in nine out of ten 
animals. The same scientific team also created the 
B-Vaxx vaccination earlier.

Figure 2. Cancer-immunity cycle. This cycle is a self-sustaining multistep process that involves: (1) the re-
lease of cancer cell antigens; (2) cancer antigen presentation; (3) priming and activation; (4) the trafficking 
of T cells to the tumor; (5) the infiltration of T cells into tumors; (6) specifically recognize and bind to cancer 
cells through the interaction between its T cell receptor (TCR) and its cognate antigen bound to MHCI; and 
(7) the killing of cancer target cells (Y. Yang et al., 2019).

The two methods by which this vaccine acts 
are: (i) PD1-Vaxx activates both B- and T-cells to 
encourage tumour elimination, and (ii) the therapy 
aims to obstruct signalling pathways essential for 
tumour maintenance and growth. Researchers are 
essentially supercharging and precisely directing 
the immune system to target and kill cancer cells by 
administering this vaccination and immunotherapy 

medicine. PD1-Vaxx is an immune checkpoint in-
hibitor, much like the immunotherapy medication 
nivolumab. Proteins, known as immunological 
checkpoints, prevent immune cells from attacking 
healthy bodily cells. On killer T cells, the check-
point protein PD-1 is present. Another checkpoint 
protein seen on both normal and many cancer cells 
is PD-L1. The T-cell is suppressed and unable to 
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kill the cell when PD-1 on the T cells connects 
with PD-L1 on a cancer cell (Fig. 2) (D. S. Chen & 
Mellman, 2013; Y. Yang et al., 2019). Many vacci-
nation methods are being tested in preclinical and 
clinical settings. This review discusses preclinical 
and clinical trials using these therapeutic vaccines 
from various platforms or targets and HPV, DNA, 
and mRNA vaccines. We also considered potential 
methods to block tumor-induced immune suppres-
sion, which reduces the effectiveness of therapeutic 
vaccinations, to promote more powerful anticancer 
immune responses.

2. CLASSIFICATION OF CANCER VACCINES
2.1. Preventive Cancer Vaccines

Viral infections bring on several categories of 
cancer. The use of preventative vaccines is cru-
cial in lowering these risks. Hepatitis B viruses 
(HBV) can cause liver cancer, whereas the hu-
man papilloma viruses (HPV) can cause head and 
neck and cervical cancer. Several vaccines have 
been developed to guard against the development 
of HBV- and HPV-related malignancies that can 
prevent HBV and HPV infection (Hu et al., 2018). 
The U.S. Food and Drug Administration (FDA) 
has authorised four preventative cancer vaccina-
tions (FDA). Currently, two FDA-approved vacci-
nations for the treatment of cancer and four vac-
cines that can help prevent cancer have received 
FDA approval:

— Cervarix®: a vaccine for preventing HPV-re-
lated anal, head, cervical, neck, penile, vulvar 
and vaginal can-cers authorized for protec-
tion against HPV types 16 and 18 strains, the 
two HPV strains most likely to cause cervical 
cancer.

— Gardasil®: a vaccine approved by the FDA in 
2006 for the prevention of HPV types 16, 103 
18, 31, 33, 45, 52, and 58 as well as the pre-
vention of HPV 6 and 11 induced genital warts; 
it can contribute to the prevention of cervical, 
neck, head, penile, vulvar, throat and vaginal 
cancers.

— Gardasil-9®: a vaccine that has been licenced 
for the prevention of HPV types 16, 18, 31, 33, 
45, 52, and 58 infections as well as the preven-
tion of genital warts brought on by types 6 or 
11 of the virus, it can aid in the prevention of 
cervical, neck, head, penile, vulvar, throat and 
vaginal cancers.

— Hepatitis B (HBV) vaccine (HEPLISAV-B®): 
a vaccine for protection against HBV infection 
and contribution to regression of growth of liver 
cancer associated with HBV.

2.2. Therapeutic Cancer Vaccines

Every tumour is different and contains distinctive 
antigens. Therefore, more advanced cancer vacci-
nation strategies are required. Fortunately, doctors 
can now locate targets on tumours in patients that 
can aid in dif-ferentiating cancer cells from healthy 
cells. Prostatic acid phosphatase (PAP), frequently 
overexpressed by prostate cancer cells, is an ex-
ample of a normal protein that cancer cells manu-
facture at abnormally high levels. This realisation 
led to the development of the sipuleucel-T vaccine, 
which the FDA approved in 2010 for the treatment 
of individuals with advanced prostate cancer. An-
other interesting source of indicators that vaccines 
can target is virus-derived proteins generated by 
cancer cells that have been infected by viruses. 
BCG, a tuberculosis vaccination that also serves as 
an immunological stimulant, is an additional excep-
tion. BCG was the first im-munotherapy to receive 
FDA approval in 1990 and is still utilised to treat 
bladder cancer in its early stages (LaFleur et al., 
2018; Verma, 2021). These two immunizations are 
still considered to be safe

— Bacillus Calmette-Guérin (BCG): a vaccine 
allowed for people with early-stage bladder can-
cer that stimulates the immune system using 
weakened microorganisms.

— Sipuleucel-T (Provenge®): a prostate can-
cer-approved vaccination made from patients’ 
activated dendritic cells. This was the first can-
cer treatment vaccine approved by the FDA. 
Sipuleucel-T is used to treat asymptomatic or 
minimally symptomatic metastatic castrate-re-
sistant (i.e., hormone-refractory) prostate can-
cer. Sipuleucel-T is an example of personalized 
medicine, as it is manufactured using each pa-
tient’s APCs that are activated via exposure to 
an antigen specific to prostate cancer. It con-
tains autologous activated APCs that stimulate 
a re-sponse against PAP, an antigen expressed 
in most prostate cancer tissues. Once leukapher-
esis is completed, peripheral blood mononuclear 
cells are isolated, from which APC precursors, 
including DCs, are activated in vitro with a re-
combinant human fusion protein, PAP-GM-CSF 
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(i.e., PAP linked to granulocyte-macrophage co-
lo-ny-stimulating factor). Once reinfused into 
the patient, PAP-GM-CSF targets APCs and di-
rects the T cells to PAP, eventually destroying 
PAP-expressing prostate cancer cells (Singh et 
al., 2021).

— Neoantigen Vaccines: Tumours have distinct 
targets that develop because of mutations, in 
contrast to nor-mal-yet-overexpressed proteins 
like PAP. Neoantigens, also known as “new anti-
gens,” are molecules only ex-pressed by tumour 
cells and never by the patient’s healthy counter-
parts. Neoantigen vaccines have the potential to 
precisely target tumour cells in patients while 
sparing their healthy cells from immune attack, 
thus preventing side effects. In addition to the 
vaccines already listed, several neoantigen vac-
cines are currently being tested in clinical tri-
als for a range of cancer types, both alone and 
in conjunction with other therapies (Fucikova 
et al., 2020; Saxena, van der Burg, Melief, & 
Bhardwaj, 2021).

— NeuVax HER2 Vaccine: There is currently 
an ongoing multicenter, global, prospective, 
randomized, dou-ble-blind, controlled phase 
III trial (PRESENT) studying the efficacy of 
the nelipepimut-S (NeuVax) vaccine for the 
prevention of breast cancer recurrence in ear-
ly-stage for node-positive breast cancer pa-
tients who have low-to-intermediate human 
epidermal growth factor receptor 2 (HER2) 
expression gene. Though this vaccine avoids 
reappearance, it is still deemed a treatment 
because the participants have tumours with 
HER2 present. Enrolled patients will have 
tumours expressing low or intermediate lev-
els of the HER2 protein, and the NeuVax 
vaccine is administered as adjuvant therapy. 
The study’s primary endpoint is a consecutive 
3-year disease-free survival (DFS) (Mitten-
dorf et al., 2019).
NeuVax is an immunodominant nonapeptide 
derived from the extracellular domain of the 
HER2 protein. The fragmented antigens from 
the vaccine activate the adaptive immunity, 
which causes Cytotoxic T lymphocytes (CTLs) 
to migrate to the target HER2 protein on ma-
lignant T cells and, subsequently, eradicate the 
tumour cells. Due to the success of the phase II 
trial, the FDA granted NeuVax a Special Proto-
col Assessment (SPA) for the PRESENT phase 
III trial (Mittendorf et al., 2012).

— Chimeric Antigen Receptors (CARs): A nov-
el and promising approach to immunotherapy is 
the genetic modi-fication of T cells with CARs. 
The discovery of CARs arose from the use of 
adoptive cellular therapy. CD8+ and CD4+ T 
lymphocytes are potent components of adaptive 
immunity vital in tumour removal. T cells have 
become attractive candidates for cancer-specific 
immunotherapy. First-generation CARs consist 
of a binding moiety that particularly recogniz-
es a lymphocyte-activating signaling chain and 
tumour cell surface antigen. The CAR-medi-
ated recognition induces cytokine production 
and tumour-directed cytotoxicity of T cells. 
Second- and third-generation CARs include sig-
nal sequences from various costimulatory mol-
ecules resulting in enhanced T-cell persistence 
and sustained antitumor reaction. Clinical trials 
have revealed that the adoptive transfer of T 
cells engineered with the first-generation CARs 
represents a feasible concept for the induction 
of clinical responses in some tumour patients. 
Further modifications, however, are required, 
which may be achieved by second- or third-gen-
eration CAR-engrafted T cells (Beavis et al., 
2016; Cartellieri et al., 2010).

Though there are obstacles whichCARs seem 
promising. There are obstacles we need to overcome 
before they can be used for a broad selection of can-
cer types, mainly due to the differences in tumour 
microenvironments that could potentially impact 
the efficacy of therapy. Clinical trials and research 
are currently investigating the benefits and use of 
T cell modification with CARs, including phase I 
and II studies on treating refractory or lymphoma or 
relapsed leukemia (Hay & Turtle, 2017).

2.3. Viral Vectors and DNA Vaccines

Viral Vector: The composition of viral particles for 
viral vectored vaccines consists of modifying the 
genome comprising one or more genes encoding for 
the antigens of interest. The principle of utilising 
viruses to deliver the ‘vaccine gene’ is a number 
of folds. Primarily, the evolvement of viruses was 
to infect mammalian cells and to express encoded 
genes with high efficiency, hence solving the issue 
of poor in-vivo transduction of nucleic acids. Most 
significantly, several viruses can target professional 
antigen-presenting cells that result in potent prim-
ing of the immune response. Additionally, a higher 
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level of vaccine antigens can be attained in-vivo in 
those cases where viral vector replication is used 
and therefore boost the immunogenicity of the 
vaccine.

DNA Vaccines: The composition of DNA vac-
cines is circular or linear (plasmid) DNA molecules 
consisting of the translational regulatory sequences 
and the coding sequence for the antigen of interest 
under the control of potent mammalian transcrip-
tional. Plasmid, the most frequent form of DNA 
vaccines that can produce many copies in bacterial 
cells, where one can replicate and purify, can pro-
duce many copies in bacterial cells, where one can 
replicate and purify to homogeneity by standard 
chromatographic methods. One great advantage of 
DNA vaccines is that they are cost-effective, have 
an easy of production process and can be repetitive-
ly administered due to the immune system not re-
acting against DNA vector.

Listeria monocytogenes Technology: Liste-
ria monocytogenes (Lm) is another example of a 
therapeutic cancer vaccine that integrates the us-
age of Lm to produce an immune response to T 
cells directed at tumour cells. The technology of 
Lm uses live, attenuated strains of Lm as a vector 
for delivering biomarkers introduced to the body. 
The uniqueness of Lm is due to its ability to in-
duce strong responses to MHC I and II, produce a 
potent CD8+ and CD4+ response. The protein of 
Lm, specifically the listeriolysin-O (LLO), is the 
most virulence factor that could stimulate the pro-
duction of proinflammatory cytokines and exhibit 
a pathogen-associated molecular pattern (PAMP). 
Researchers can combine genetic biomarkers to a 
non-functional truncated form of LLO and enhance 
immunogenicity to antigens (Mkrtichyan et al., 
2013; Wallecha et al., 2013).

Mkrtichyan et al. (Mkrtichyan et al., 2013) 
used Lm Technology and an anti-PD-1 (anti-pro-
grammed-death receptor 1) antibody as a combi-
nation, which increased the therapeutic efficacy of 
LLO immunotherapy, and this was demonstrated in 
their preclinical study. The study demonstrated a 
substantial reduction in myeloid-derived suppressor 
cells (MDSC) and regulatory T cells (Treg). The use 
of anti-PD-1 antibodies showed an increase in CD8 
T cell infiltration into the tumor and antigen-specif-
ic immune response peripherally (Wallecha et al., 
2013). Axalimogene filolisbac, previously known 
as ADXS-HPV, is a therapy that uses Lm Technol-
ogy immunotherapy. Axalimogene filolisbac, is a 
vaccine that targets HPV-associated cancers and is 

currently undergoing clinical trials as an FDA-des-
ignated orphan drug for invasive cervical, neck 
and head, and anal cancers (Maciag, Radulovic, & 
Rothman, 2009). There are also two other immuno-
therapy vaccines currently under investigation, in-
cluding ADXS-HER2 in HER2+ solid tumours and 
ADXS-PSA for use in prostate cancer.

2.4. Application of self-replicating RNA 
viruses and self-replicating RNA for 
cancer vaccine development

A usual feature of RNA self-replication in viruses is 
strongly related to their single-stranded RNA, also 
known as ssRNA. A protein envelope surrounds 
the ssRNA genome with an exterior structure of a 
capsid core. The purpose of ssRNA is to utilise its 
genome as a messenger RNA (mRNA) to precisely 
translate viral proteins that can draw in microRNAs 
(miRNAs) transcribed by the virus or host to inter-
act with their genome and adjust the viral life cycle. 
Virus types have different genomes (Hannan et al., 
2012; Shahabi, Seavey, Maciag, Rivera, & Walle-
cha, 2011). As such, in the flavivirus and alphavirus, 
the genome possesses a positive polarity; for rhab-
dovirus and measles virus, their genome possesses 
a negative ssRNA. It has been observed in alphavi-
rus that the genome consisting of four non-structur-
al genes (nsP1-4) is responsible for the capsid and 
envelope proteins’ genes and RNA self-replication 
(Strauss & Strauss, 1994). The engineered alphavi-
rus vectors can produce replication-proficient and 
replication-deficient particles’ recombinants ap-
propriate for transgene expression in vivo and cell 
lines. Hence, because of these, other alphavirus 
vectors design, it can carry out study’s recombinant 
viral particles, naked RNA replicons and layered 
DNA-RNA vectors (Lundstrom, 2018b). In flavivi-
rus, the RNA self-replication is constructed differ-
ently as opposed to alphaviruses. In alphaviruses, 
the interested gene is implanted down-stream of 
non-structural genes. However, for flaviviruses, it 
is between the last 60 nucleotides of the 22 codons 
of the E22 envelope protein in frame with the viral 
polyprotein and the first 60 nucleotides of the C20 
core proteins (Abd El Fattah, Abulsoud, AbdelHa-
mid, & Hamdy, 2022; Hashemi et al., 2022).

ssRNA genome possessing a negative polarity, 
such as the measles viruses, the packaging systems 
needed to engineer to release measles virus replica-
tion from cloned DNA expression forms (Radecke 
et al., 1995). The recombinant measles virus release 
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has been based on a helper cell line by reverse ge-
netics. To produce the measles virus’ recombinant 
particles, the helper cell line is transfected with a 
plasmid comprising the measles virus pol-ymerase 
L gene and the measles viruses’ recombinant par-
ticles formed. The expression vectors carrying the 
measles virus’s structural protein downstream of 
T7 RNA polymerase promoter have been designed 
to introduce foreign genes between the large pro-
tein L and the hemagglutinin HA or otherwise be-
tween the matrix protein M and phosphoprotein P. 
When reaching about 80-90% effect of their cyto-
pathic, the measles virus’ recombinant is harvest-
ed three days after transfection. In rhabdoviruses, 
also a genome possessing a negative ssRNA, the 
re-quired application of reverse genetics is based 
upon a recombinant vaccinia virus vector-based 
an efficient transgene expression, as for measles 
viruses. Where both vesicular stomatitis virus and 
rabies virus have been subjected to expression vec-
tor engineered. When the vesicular stomatitis virus 
P, L and N genes were implanted downstream of an 
internal ribosome entry site and T7 promoter, ef-
fective retrieval of vesicular stomatitis virus was 
acquired from the transfected DNA in a vaccinia 
virus-free system (Dorange et al., 2004). In similar-
ity to rabies virus, the vectors have been engineered 
to introduce the gene of interest between P and ra-
bies virus N genes. A retravel of rabies virus from 
cloned cDNA has been attained in a vaccinia vi-
rus-free reverse genetic system (Ito et al., 2003). In 
summary, reverse genetics and packaging cell lines 
are necessary for the negative stranded viruses to 
produce engineered replicons. On the other hand, 
in the case of positive-stranded viruses, the inter-
mediate DNA vectors and the in-vitro transcrip-
tion method, can sufficiently be used to produce 
self-replicating RNA.

To produce self-replicating RNA vectors from 
the viruses mentioned above, the non-structural 
gene replicas remain untouched. At the same time, 
the selected antigens are replaced with structural 
genes. The non-structural protein genes encoding 
the viral replicas complex are the containment of 
these replicons. The production of self-replicating 
RNA vaccines can be created in three ways. DNA 
utilisation intermediate, the production of viral 
replicon particles and synthetic self-replicating 
RNA replicons. In the DNA utilisation intermedi-
ate, the vaccine is used as a self-replicating RNA 
vector encoded into a DNA construct. However, 
few successes are achieved in such form due to the 

incapability to efficiently transduce cells with DNA 
in vivo, as observed in the study by Geall et al. 
(Blakney, McKay, Yus, Aldon, & Shattock, 2019; 
Geall et al., 2012; Lambeck et al., 2010; Lundstrom, 
2018a; Ying et al., 1999). In the production of vi-
ral replicon particles, the transduction is optimised 
to produce viral replicon particles. However, this 
method immune responses as opposed to the viral 
replicon particles. Such method is not applicable 
due to the alteration of responses to various encod-
ed antigens or/and obstructs with future usage of 
a specific self-replicating RNA viral replicon par-
ticles vaccine. Lastly, the production of synthet-
ic self-replicating RNA replicons. A completely 
cell-free in-vitro method that is highly efficient, 
highly scalable, and can provide the benefit of not 
producing immunity as opposed to the structural 
viral replicon particles antigens (Colmenero, Chen, 
Castaños‐Velez, Liljeström, & Jondal, 2002; Crosby 
et al., 2019; Maine et al., 2021; Ni et al., 2004; Osada 
et al., 2012). The production of synthetic self-repli-
cating RNA replicons is an approach that is still 
being currently researched. The following list of 
published pre-clinical studies used various designs 
for self-replicating RNA vaccine platforms in the 
treatment of cancers (Avogadri et al., 2010; Dae-
men, Regts, Holtrop, & Wilschut, 2002; Lambeck 
et al., 2010; Leitner, Bergmann-Leitner, Hwang, & 
Restifo, 2006). 

2.5. LncRNA CDC144NL-AS1 as a 
potential target for cancer therapy

Immunotherapy is one of the most promising ar-
eas of investigation and development for cancer 
treatment. While immune checkpoint-blocking 
monoclonal antibodies and chimeric antigen re-
ceptor (CAR) T-cell-based therapy have selective-
ly provided valuable therapeutic options, the goal 
of cure has not yet been achieved for most malig-
nancies. Further efforts are required on this front. 
Noncoding RNAs (ncRNA), including microRNAs 
(miRNAs) and long noncoding RNAs (lncRNAs) 
regulate several biological processes via selective 
targeting of crucial molecular signaling pathways. 
Recently, the critical roles of miRNA and lncRNAs 
as regulators of the immune-response in cancer 
have progressively emerged, since they may act 
(i) by shaping the intrinsic tumor cell and micro-
environment (TME) properties; (ii) by regulating 
angiogenesis, immune-escape, epitheli-al-to-mes-
enchymal transition, invasion and drug resistance; 
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and (iii) by acting as potential biomarkers for prog-
nostic assessment and prediction of response to im-
munotherapy (Di Martino et al., 2021). 

Genome-wide transcriptome analysis indi-
cates that about 98% of eukaryotic genomes are 
transcribed as ncRNAs while a small fraction 
(≈2%) translates into proteins (Abulwerdi et al., 
2019; Kapranov, Willingham, & Gingeras, 2007). 
NcRNAs are a class of functional RNA mole-
cules without protein-coding abilities. They in-
clude “house-keeping” RNAs such as ribosomal 
RNA (rRNA) and transfer RNA (tRNA), as well 
as regulatory RNAs. Based on transcript length, 
regulatory RNAs are divided into two groups: 
small ncRNAs with <200 nu-cleotides (nt) and 
lncRNAs, the most abundant class, with >200 nt 
lengths (Carninci et al., 2005; Seal et al., 2020). In 
the past, ncRNAs were considered “evolutionary 
junk.” Still, growing evidence suggests that this 
dark matter of the genome can regulate several 
biological processes via selective targeting of cru-
cial molecular pathways (Hüttenhofer, Schattner, 
& Polacek, 2005). MiRNAs, the widely explored 
group of small ncRNAs, are encoded at various lo-
cations as autonomous or clustered transcription-
al units (Saini, Griffiths-Jones, & Enright, 2007). 
They are transcribed by RNA polymerase II (Pol 
II) in primary miRNA transcripts (pri-mRNAs) 
and then converted by the endonuclease DROSHA 
and its cofactor DGCR8 in pre-miRNA transcripts 
(Carthew & Sontheimer, 2009). Pre-miRNAs are 
generated in the nucleus from introns through the 
splicing machinery (Ruby, Jan, & Bartel, 2007). 
They are exported by exportin 5 into the cytosol 
(Bohnsack, Czaplinski, & Görlich, 2004), where 
they are processed by the RNAse III enzyme DI-
CER and its partner binding protein TRBP (Hut-
vagner et al., 2001). The result is the formation of 
mature miRNA/miRNA duplexes, which are rap-
idly unwinded by an argonaute protein (AGO). The 
passenger strand (miRNA) is degraded. In contrast, 
the guide strand (mature miRNA) binds to AGO 
and additional proteins (Kawamata, Seitz, & Tom-
ari, 2009) to form the mi-croRNA-induced silenc-
ing complex (miRISC) (Kawamata et al., 2009). 
The main function of miRNAs is the repression of 
gene expression by binding to the 3′-untranslated 
regions of target mRNAs (Hibio, Hino, Shimizu, 
Nagata, & Ui-Tei, 2012). Gene silencing can oc-
cur through mRNA destabilization or inhibition 
of translation (Eulalio, Huntzinger, & Izaurralde, 
2008). However, in addition to the conventional 

role in posttranscriptional gene regulation, miR-
NAs can upregulate target translation by recruiting 
ribonucleoprotein complexes (Vasudevan, Tong, 
& Steitz, 2007). MiRNAs are also present in body 
fluids such as blood, plasma, and urine, where they 
are associated with carriers or incorporated into 
vesicles and microparticles (Gupta, Bang, & Thum, 
2010). Circulating miRNAs act as signaling mole-
cules transferring their cargo between cells or tis-
sues (Viereck, Bang, Foinquinos, & Thum, 2014). 
Compared to miRNAs, lncRNAs can regulate gene 
expression at multiple levels in the cell. 

This section provides an overview of the role of 
LncRNAs in modulating the immune response and 
the TME since LncRNAs could be used as potential 
biomarkers or targets for the development of new 
therapeutics for the clinical treatment of human 
cancer. 

LncRNAs, in general, and CCDC144NL-AS1 
contribute to the progression and metastasis of 
numerous cancers. CCDC144NL-AS1 is a novel 
upregulated oncogene being investigated in a few 
types of human cancers and plays a significant 
role in the advancement of these malignant tumors 
through ceRNA networks, competing with their 
target miRNAs (to be identified via bioinformatics 
tools) to affect multiple signaling pathways, as pre-
sented in Fig. 3 (Abd El Fattah et al., 2022). In ad-
dition, its inhibition significantly repressed the mi-
gration, proliferation and invasion of various cancer 
cells, pointing to the possibility of developing com-
petitive inhibitors toward CCDC144NL-AS1 as a 
possible therapeutic target for cancer. Studies about 
CCDC144NL-AS1 in cancer provide the opportuni-
ty of being a target for cancer therapy. In GC, inhi-
bition of CCDC144NL-AS1 in vivo enhances cell 
apoptosis and reduces metastasis and growth of GC 
tumors, indicating that CCDC144NL-AS1 may be 
a target for GC treatment (Fan et al., 2020). In vi-
tro studies revealed that CCDC144NL-AS1 knock-
down suppresses the proliferation of osteosarcoma 
cells, invasion, and migration and increases apopto-
sis rate. In tumor xenograft mice models, downreg-
ulation of CCDC144NL-AS1 significantly reduces 
osteosarcoma tumor growth (He et al., 2021). Upon 
using the mice model, Zhang et al. noticed that tar-
geting CCDC144NL-AS1/WDR5 or upregulating 
miR-940 could all inhibit the proliferation of HCC 
and enhance HCC prognosis in mice, signifying 
CCDC144NL-AS1/miR-940/WDR5 axis could act 
as a potential therapeutic target for HCC (Zhang, 
Zhang, & Wu, 2021). 
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Figure 3. Effect of lncRNA CCDC144NL-AS1 in multiple signaling pathways and the possibility of being a 
thera-peutic target for cancer. [lncRNA CCDC144NL-AS1 plays a significant role in the progression of dif-
ferent ma-lignant tumors through ceRNA networks, competing with their target miRNAs; Non-small cell lung 
cancer: CCDC144NL-AS1 sponge miR-490-3p, resulting in proliferation, migration and invasion of tumor, 
Ovarian cancer: miR-637 is downregulated, while CCDC144NL-AS1 and LINC01234, as well as miR-129-5p, 
were found to be upregulated, Hepatocellular Carcinoma: sponge miR-940, resulting in upregulated expres-
sion of its target WDR5 promoting proliferation, migration, invasion, and inhibiting apoptosis. CCDC144NL-
AS1/miR-940/WDR5 axis could be a potential therapeutic target for HCC, Gastric cancer: sponge miR-
143-3p in CCDC144NL-AS1/miR-143-3p/ MAP3K7 axis, resulting in proliferation, migration, invasion, and 
inhibiting apoptosis. Inhibition of CCDC144NL-AS1 in vivo enhances cell apoptosis. It reduces metastasis 
and growth of GC tumors, indicating that CCDC144NL-AS1 may be a target for GC therapy, Osteosarcoma: 
sponge miR-490-3p in CCDC144NL-AS1/miR-490-3p/HMGA2 axis, promoting proliferation, migration, inva-
sion, and inhibiting apoptosis. CCDC144NL-AS1 knockdown suppresses the proliferation of osteosarcoma 
cells, invasion, and migration, and increases apoptosis, indicating that CCDC144NL-AS1 may be a therapeu-
tic target for os-teosarcoma] (Abd El Fattah et al., 2022).

3. ANTIGEN SELECTION 
FOR CANCER VACCINES DESIGN

For the creation of cancer vaccines, antigen selec-
tion is a crucial step. Cancer vaccination’s effec-
tiveness depends heavily on T lymphocytes’ ability 
to identify tumour antigens (Giaccone et al., 2015; 
Jian Liu et al., 2022). A cancer vaccine’s ideal an-
tigen should be highly immunogenic, explicitly ex-
pressed in all cancer cells (but not in normal cells) 

and essential for cancer cells to survive (Coulie, 
Van den Eynde, Van Der Bruggen, & Boon, 2014). 
TAAs and TSAs are two categories of tumour anti-
gens. Tumor-shared antigens are another name for 
TAAs. Differentiated antigens, overexpressed an-
tigens, cancer-testicular antigens and viral-derived 
“non-self” antigens are examples of “self-antigens” 
that are included in TAAs (Hollingsworth & Jan-
sen, 2019). The most crucial are dendritic cells 
(DCs) because they are a vital link between innate 
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immunity and adaptive immunity. Initial antigen 
presenters, DCs can acquire and cross-present an-
tigens on MHC I molecules (Saxena et al., 2021). 
Immature DCs are very good at recognising and 
phagocytosing antigens via micropinocytosis and 
phagocytosis. Toll-like receptor ligands may tem-
porarily promote antigen-specific micropinocytosis 
in the tumour microenvironment (TME), which 
may improve the capacity of DCs to capture anti-
gens with toll-like receptor ligand adjuvants. MHC 
I, MHC II, and costimulatory molecules on the sur-
face of DCs can be elevated after antigen uptake, 
and they progres-sively lose their capacity to absorb 
antigens (Itano et al., 2003; West et al., 2004). The 
antigen-loaded DCs move to the draining lymph 
nodes, where T cell priming occurs most frequent-
ly. To naive CD4+ and CD8+ T lym-phocytes, ma-
ture DCs deliver the antigen epitopes on MHC I and 
MHC II molecules that have been processed (Rob-
erts et al., 2016; Sallusto, Cella, Danieli, & Lanza-
vecchia, 1995). Additionally, to boost the synthesis 
of costimulatory factors, DCs secrete IL-12 and in-
terferon (IFN) (Wculek et al., 2020). By interacting 

with the MHC-peptide complex-T cell receptor and 
costimulatory “signal 2,” tumor-specific T cells are 
activated. Then, activated T cells undergo differen-
tiation to become effectors and long-lasting memo-
ry T cells. To stimulate tumour destruction by cy-
totoxicity and the generation of effector cytokines, 
tumor-specific T lymphocytes multiply and are 
transported to TME (Chudnovskiy, Pasqual, & Vic-
tora, 2019). Additionally, through comple-ment-de-
pendent cytotoxicity (CDC) or antibody-dependent 
cellular cytotoxicity (ADCC), activated B cells en-
courage tumour death (Sautès-Fridman, Petitprez, 
Calderaro, & Fridman, 2019). Additionally, tumour 
antigens and damage-related molecular patterns 
are released by immunogenic cell death (Fucikova 
et al., 2020). To increase the antigenic breadth of 
anti-tumor-immune responses, the tumour antigens 
released by lysed tumour cells can then be collect-
ed, processed, and re-presented by antigen-pre-
senting cells (APCs) to trigger polyclonal T cell 
responses (Ott et al., 2020). The cycle of cancer and 
immunity refers to these processes (D. S. Chen & 
Mellman, 2013). 
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Figure 4. (a) Cancer vaccinations activate the tumor-immune cycle. The tumor-immune cycle is the steps 
that enable repetition and expansion during the immune response that successfully destroys tumour cells. 
When the cancer vaccine is administered, DCs analyze the tumour antigens before presenting them to MHC 
II or MHC I. (through cross-presentation). DCs carrying antigens move to lymph nodes to attract and stim-
ulate immune cells. Memory B cells and plasma cells are generated more quickly thanks to follicular DCs. 
Through ADCC, activated B lymphocytes support tumour death. Activated T cells multiply and develop into 
effector and memory T cells. Traveling to the TME, effector T cells either directly destroy tumour cells or 
cause tumour cell death. The release of TAAs and danger signalling molecules by immunogenic dead tumour 
cells can broaden and deepen the response in succeeding cycles and overcome the resistance to cancer 
vaccines. (b) External tumour resistance. Anti-immunoglobulin cells (c) Resistance inherent to the tumour (d) 
Immune selection: from tumour escape to immune surveillance (Jian Liu et al., 2022).

CD4+ T cells work in coordination with various 
immune cells. CD4+ T cells trigger continuous T 
cell initiation, expansion and antigen spread, thus 
expanding the anti-tumor T cell repertoire (Melief, 
2015; Sahin & Türeci, 2018). IFN-γ secreted by T1 
CD4+ T cells upregulates MHC I on tumor cells, 
improving the killing effector of CD8+ T cells. Fur-
thermore, T1 CD4+ T cells promote the inflammato-
ry microenvironment by acting on various immune 
cells in tumours. CD4+ T cells also control the dif-
ferentiation of CD8+ T effector cells. Cytotoxic T 
lymphocytes (CTLs) are crucial for killing tumour 
cells and presenting their cognate antigen (Halle, 
Halle, & Förster, 2017). After antigen receptor-me-
diated activation, CD8+ T cells proliferate and dif-
ferentiate into effector cells called CTLs. Activat-
ed CTLs will penetrate the core of the tumour or 
infiltrate the site to kill tumour cells. The number 
of CTLs in TME is a critical prognostic marker of 

cancer. CTLs detect tumour cells presenting target 
antigens and attack target cells through different 
mechanisms (Thomas & Massagué, 2005). First, 
CTLs could kill cancer cells by producing and 
releasing cytotoxic particles such as perforin and 
granzymes. Furthermore, CTLs induce apoptosis of 
target cells through Fas ligand (FasL)-mediated in-
teractions (Borst, Ahrends, Bąbała, Melief, & Kas-
tenmüller, 2018). In addition, the release of IFN-γ 
and tumour necrosis factor α (TNF-α) by CTLs in-
duces cytotoxicity of cancer cells [41]. IFN-γ could 
inhibit the angiogenesis of cancer cells and cause 
macrophage polarity to M1 cells. IFN-γ produced 
by CTLs supports their further differentiation into 
effector CTLs (van der Burg, 2018). In summary, 
cancer vaccines eradicate tumour cells mainly by 
activating cellular immunity, and cancer vaccines 
start the cancer-immunity cycle to play a persistent 
anti-tumour role (Fig. 4).
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3.1. Optimizing Antigenic Targets

In this section, a summary of work on optimizing 
antigen targets in the development of therapeutic 
cancer vaccine strategies has been discussed. Ac-
cording to Buonaguro et al., (Buonaguro & Taglia-
monte, 2020) pep-tides can be modified to increase 
their affinity and binding to the present MHC-I, 
improving the immunogenic-ity of tumor antigens, 
mainly the TAAs. Such modified peptides (hetero-
clitic peptides) have been shown to break the immu-
nological tolerance, inducing a more potent CD8+ T 
cell response that can recognise the native peptide 
expressed on the tumor cells and kill them. The low 
affinity between the T cell receptor (TCR) and the 
peptide-major histocompatibility complex (pMHC) 
would allow the TCR to cross-react with multiple 
pMHCs (Buonaguro & Tagliamonte, 2020).

3.1.1. Heteroclitic Peptides Improving 
Binding to MHC-I

Most of the studies have described improving the 
CD8+ T cell response by modifying the amino acid 
residues in the anchor positions interacting with the 
HLA molecule (Dao et al., 2017; Dyson, 2015; Mad-
ura et al., 2015).

In the study conducted by Buonaguro et al. 
(Buonaguro & Tagliamonte, 2020), a peptide de-
rived from gp100, a lineage differentiation antigen 
identified in melanoma, was modified (hetero-
clitic) to optimise its bind to the MHC complex. 
This modified peptide, gp100:209–217(210 M), 
binds with a higher affinity to HLA-A2 and the 
corresponding wt peptide that stimulates a specific 
and better T cell response in vitro in vivo. Clini-
cal trials based on vaccination with 210 M anti-
gen, alone or combined with interleukin-2 (IL-2), 
have demonstrated the induction of peptide- and 
tumor-specific cytotoxic T-lymphocyte responses 
in peripheral blood (Sosman et al., 2008). In par-
ticular, a randomized phase III clinical trial, based 
on the 210 M peptide vaccine, showed that in the 
group treated with gp100 peptide vaccine followed 
by high-dose interleukin-2, the response rate was 
higher and progression-free survival longer than 
in the group treated with interleukin-2 alone 
(Schwartzentruber et al., 2011).

Another modified peptide, CAP1-6D, an epi-
tope of CEA, was modified to improve the bind-
ing to the MHC-I complex and has been shown to 
trigger a more potent CTL response, and T cells 

activated are cross-reactive with wild-type CAP1 
and to recognize CEA+ HLA-A2+ tumor cells 
(Tsang et al., 1997).

3.1.2. Heteroclitic Peptides Improving 
Binding to TCR

An alternative approach for improving the immu-
nogenicity of natural TAAs is to generate hetero-
clitic peptides with mutations in the TCR-binding 
residues to break the immunological tolerance and 
induce a more potent CD8+ T cell response (Bin-
kowski, Marino, & Joachimiak, 2012). Heteroclitic 
peptides modified in the TCR-binding residues of 
melanoma specific Trp2 TAA have been shown to 
improve the control of tumor growth (Capasso et 
al., 2017). Preliminary results from Buonaguro et 
al. (Buonaguro & Tagliamonte, 2020) showed that 
the recognition of wild-type (WT) epitope by Pe-
ripheral blood mononuclear cells (PBMCs) can be 
significantly improved by modifying the TCR-fac-
ing amino acids, in particular at the P4 residue, of 
the HPV E7 WT epitope expressed on TC1 mouse 
lung tumor cell lines. Bioinformatics prediction 
algorithms identified spe-cific amino acid substi-
tutions at the P3 and P4 residues of the epitope, 
resulting in an increased affinity of the WT pep-
tide to the H-2-Db allele. Moreover, heteroclitic 
peptides with amino acid changes in one of the 
TCR-facing and anchor position residues elicit an 
even more robust immune response, cross-reacting 
with the parental wild-type peptide. CTL elicit-
ed by the heteroclitic peptides shows potent lytic 
activity on target cells expressing the WT peptide 
and control of tumor growth in vivo (Buonaguro & 
Tagliamonte, 2020).

4. ONGOING CLINICAL TRIALS
4.1. DNA-based vaccines

DNA vaccines are typically provided follow-
ing the standard of care for each form of cancer, 
including surgical ablation, radiotherapy, and/or 
chemotherapy (C. Guo et al., 2013; Lopes, Van-
dermeulen, & Préat, 2019; Ott et al., 2020; Sahin 
et al., 2017; Schlom, 2012). In the past ten years, 
a different study with the search terms “DNA 
electroporation” and “cancer” generated 3 fur-
ther studies (NCT03499795, NCT03491683, and 
NCT02301754), each with varying requirements 
of enrollment. The terms “plasmid” and “tu-
mour” led to the discovery of two further studies, 
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NCT02531425 and NCT03502785. Two phases 
III studies (NCT03721978 and NCT03185013) 
employing VGX-3100 administered via IM EP 
against cervical cancer are of relevance. The tri-
als continue to focus primarily on breast, prostate, 
and cervical cancer (Fig. 5a). Most vaccinations 
contain well-known TAAs, such as the prostat-
ic acid phosphatase (PAP) for prostate cancer and 
the Mam-A or HER2 protein for breast cancer (G. 

Chen et al., 2022). According to Fig. 5b, only 17% 
of clinical studies (including NCT02348320 and 
NCT03122106) employed personalized/neoantigen 
vaccinations. Since 80% of the neoantigen studies 
began in 2018–2019, this number has climbed re-
cently. In both TAA and neoantigen vaccinations, 
the DNA vaccines typically encode more than one 
epitope (Lambricht et al., 2016; Obara et al., 2018; 
von Mehren et al., 2001; Wang et al., 2021). 

Figure 5. ongoing clinical trials for the studies that were examined. Cancer kinds that are testing cancer 
DNA vaccines. b The DNA vaccine’s antigen type encoding. Studies employing cancer DNA vaccines as a sin-
gle therapy or in combination with other treatments (such as adjuvants, adjuvant chemotherapy, adjuvant 
immunotherapy, or adjuvant endocrine therapy) (Lopes et al., 2019).
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DNA vaccines are typically used in combina-
tion with other therapies, such as immunotherapies 
(antibodies against HER2, CTLA4, PD1, PD-L1, 
and cell vaccines), immune adjuvants (GM-CSF, 
hIL-12, etc.), chemo-therapy (carboplatin, pacli-
taxel, cyclophosphamide), and endocrine therapies 
(anastrozole, letrozole, tamoxifen, exemestane, 
and goserelin). Studies combining DNA vaccines 
and other medicines have become more prevalent 
in recent years (Fig. 5c). DNA vaccines are often 
injected intramuscularly (IM) or intradermally 
(ID), seldom SC, and rarely in the lesion or tu-
mour, and then electroporated. 100 g to a few mg 
can be given as a dosage. The delivery schedule 
varies depending on the vaccination type. Clinical 
research has now demonstrated that indi-viduals 
undergoing less prior chemotherapy often respond 
better to vaccinations (Schlom, 2012). As a result, 
vaccinating individuals with incipient growth of 
the tumour may lead to noticeably better outcomes 
(Gulley, Madan, & Schlom, 2011), emphasizing 
the significance of choosing the right patient pop-
ulations for inclusion in randomised vaccine trials. 
Surprisingly, the vaccine therapy mechanism of 
action and the timing of clinical responses seem 
to be very different from chemotherapy (Stein et 
al., 2011). It might be accounted for by the time re-
quired to initiate the immune response, followed by 
ongoing tumour cell eradication and cross-priming 
of Teff reactive with other TAAs. Therefore, even 
while patients do not exhibit significant decreas-
es in tumour burden or an increase in relapse-free 
survival, the anticancer activity of vaccine-in-
duced immune activation over a pro-longed period 
leads to a slower tumour growth rate and improved 
OS (Madan, Gulley, Fojo, & Dahut, 2010). Sim-
ilar results have been reported in clinical trials 
investigating the use of ipilimumab for the treat-
ment of met-astatic melanoma, where those who 
received the drug had a statistically significant 
improvement in OS without a statistically signif-
icant change in time to progression (Hodi et al., 
2003). These findings suggest clinical responses to 
vaccination treatment or immunotherapy may not 
be adequately assessed using established response 
criteria. The original purpose of the RECIST crite-
ria, or classic response evaluation criteria in solid 
tumours, was to track patients receiving cytotox-
ic chemotherapies (Therasse, Eisenhauer, & Ver-
weij, 2006). To more accurately cat-egorise and 
assess clinical activity, new standards or “immune 

response criteria” for immunotherapeutic activi-
ty in solid tumours have been devised (Wolchok, 
Yang, & Weber, 2010). The study of immune infil-
trates in cancer biopsies and the “immune signa-
ture” is independent predictors of survival in nu-
merous studies (Ascierto et al., 2012; Camus et al., 
2009; Galon et al., 2006; Grimmett et al., 2022). 
Future work should focus on finding and validat-
ing diagnostic biomarkers responding to vaccina-
tion therapy. The clinical development of thera-
peutic cancer vaccines will be considerably aided 
by knowledge of the biomarkers of immunological 
and clinical re-sponsiveness to effective treatment 
(Z. S. Guo et al., 2019; Paavilainen-Mäntymäki & 
Van Mumford).

4.2. mRNA-based cancer vaccine trials
 
In 1996, an in-vitro study tested dendritic cells 
pulsed with RNA as a first effort towards the mR-
NA-based cancer vaccine. echnological advances 
have led to optimised mRNA structure, stabil-
ity and delivery methods, and multiple clinical 
trials are now enrolling patients with cancer for 
mRNA-based vaccine treatments (Table 1). MR-
NA-based vaccination aims to induce or boost 
an effective anti-tumour immune response. Syn-
thetic mRNA encoding tumour-associated or tu-
mour-specific antigens are delivered through au-
tologous dendritic cells engi-neered with mRNA 
ex vivo or through formulated or non-formulated 
mRNA injections (Lorentzen, Haanen, Met, & 
Svane, 2022). After vaccination and cellular uptake 
by antigen-presenting cells, mRNA is transported 
to the cytoplasm, undergoes antigen processing, 
and enters the MHC presentation cascade. Thus, 
antigen-presenting cells present tumour-associated 
antigens on MHC class I and MHC class II to ac-
tivate CD8+ and CD4+ T cells. In addition, CD4+ 
T cells can coactivate antigen-specific B cells and 
induce a humoral immune response. B cells that 
function as antigen-presenting cells can converse-
ly activate CD4+ T cells after internalization of 
extracellular proteins and presentation on B cells’ 
MHC class II (Miao, Zhang, & Huang, 2021; Mir-
jalili & Feig, 2013).

Several clinical trials (e.g., NCT04534205, 
NCT03313778, and NCT04503278) are enrolling 
patients for various mRNA-based cancer vaccine 
therapy studies to induce an mRNA-based anti-tu-
mour response (Table 1).
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5. MATHEMATICAL AND 
SIMULATION-BASED STUDIES 
ON VACCINES FOR CANCER

Molecular Dynamics simulations, abbreviated as 
MD simulations, are widely used to construct or 
enhance structural models formed on experimental 
structural biology data (Mirjalili & Feig, 2013). MD 
simulations can give insight into the conformation-
al changes of a molecule based on their time-de-
pending non-local and local (McCammon, Gelin, 
& Karplus, 1977) phases. These conformational 
changes are used to elucidate biological processes 
at a molecular scale, for instance, the modelling of 
thermodynamics energies, analysis of binding in-
terfaces, identification of vital binding epitopes and 
amino acids residues, and the design of novel mole-
cules of immunological significance comprising of 
vaccines and drugs.

In recent years, a vaccine proposal was de-
veloped by Sepideh et al. (Parvizpour, Razmara, 
Pourseif, & Omidi, 2019) to combat the immuno-
therapy of TNB. TNBC, known as Triple Negative 
Breast Cancer, is one of the rarest cancers found 
in women and out of 100,000 individuals are like-
ly to be affected. It is one of the most challenging 
breast cancers to treat. TNBC develops due to the 
absence of progesterone, estrogen and HER-2 re-
ceptors. Although in recent studies, it is believed 
that the TNBC can potentially be a cancer-testis 
antigen (CTA) positive tumour, suggesting that a 
treatment alternative is possible for patient-bear-
ing through a cancer vaccine. In their proposed 
study, the approach was to design a multi-epitope 
peptide vaccine to fight against TNBC through im-
munoinformatics. Immunoinformatics is a method 
that combines experimental immunology and com-
puter science to create computational immunology 

(Tomar & De, 2014). The construction of the vac-
cine peptide consisted of three important elements: 
the adjuvant, the helper epitopes and the CD8+ cy-
totoxic T lymphocytes CTLs. Proper linkers united 
these elements. The in-silico analyses consisted 
of an MD simulation study to refine the vaccine 
structure. The modelling approach used to predict 
the homology 3D-structure model of the vaccine 
peptide MODELLER v9.17 program was used, and 
based upon this analysis. The proposed vaccine can 
be treated for the immunotherapy of TNBC. One 
can refer to the work elsewhere for additional ma-
terials on the selection of CTL, CD8+, and CD4+ 
for sequences subjected to immunoinformatics 
analysis [93].

Furthermore, Kumar et al. (Kumar et al., 2022) 
constructed a multi-epitope vaccine to combat 
TNBC where the cancer vaccine constituted of 
helper T-lymphocytes antigenic and the cytotoxic 
epitopes identified from the proteins test, select-
ed for analysation, together fused with suitable 
linkers and an adjuvant. MD simulations and mo-
lecular docking were performed in the study, along 
with other analyzis performances (Oli et al., 2020). 
Based on the proposed vaccine, it is believed to 
have means of obtaining the immune responses that 
could potentially be used to target TNBC in combi-
nation with other therapy or on its own. Fig.6 shows 
the TNBC 3D-structural model alongside its pro-
posed vaccine.

For an overview on immunoinformatics and 
vaccine development, see work by Oli et al. (Oli et 
al., 2020) and for a review that highlights the cur-
rent efforts to determine the safety and efficacy of 
immunotherapeutic ap-proaches, see work by [95]. 
For a study on constructing a novel SOX9-based 
multi-epitope vaccine for TNBC using an immu-
noinformatics approach, see work by Rajendran et 
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Figure 6. illustrate the 3D-structure of the constructed epitope-based vaccine against triple-negative 
breast cancer (TNBC). (A) TNBC model with proposed cancer vaccine image inspired by Parvizpour et al. and 
(B) Docking pose of vaccine build with targeted immune molecules where: 1. Shows the HLA-A allel, 2. HLA-B 
allel, 3. HLA-C allel, 4. HLA-DQB1, 5. HLA-DQA1, 6. HLA-DBR1, 7. TLR2 receptor, 8. TLR4 receptor, 9. TLR7 
receptor and 10. TLR9 receptor. (Kumar et al., 2022; Parvizpour et al., 2019; Tomar & De, 2014).

al. (Abdou et al., 2022), and for a study on con-struct-
ing a multi-epitope vaccine against BLV virus us-
ing an immune and molecular dynamics simulation 
ap-proaches see work by Samad et al. (Rajendran 
Krishnamoorthy & Karuppasamy, 2022).

For many years, mathematical modelling has 
assisted scientists in understanding the dynamics 
and mechanisms behind experimental observa-
tions. Mathematical modelling facilitates an im-
proved understanding of the systems as it can pro-
vide insights into complex processes implicated in 
biological systems by retrieving vital information. 
It also permits examining the effect of changes in 
its elements and the environmental conditions of 
systems be-haviour (Fischer, 2008; Samad, Megh-
la, Nain, Karpiński, & Rahman, 2022; Torres & 
Santos, 2015).

In recent studies, mathematical modelling has 
been used to investigate the tumour vaccine de-
velopment. Wilson et al. (Wilson & Levy, 2012) 
presented a mathematical model to examine the 
influence of anti-TGF- β treatment – TGF- β a nu-
merous functional cytokine that performs in a cell 
and system-like as a tumour suppressor or tumour 
promoter - when used in concurrence with a vaccine 
as treatments for tumour growth. The researchers 
were interested in quantifying the impact of both 
anti-TGF-β and vaccine treatments to achieve the 
stability of the tumour-immune dynamic and to 
analyse how this joint ‘treatment’ could promote 
tumour free in comparison to tumour escape. The 
study was formed upon a previous experimental 
study conducted by Terabe et al (Terabe et al., 2009) 
to attain a precise analysis. The researchers believe 
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the work presented to be perceived as a move to-
ward creating a structure in which experimentalists 
could test treatment procedures before performing 
experimental studies (Salim, Mureithi, Shaban, & 
Malinzi, 2021). To view the mathematical model 
graph plot by Wilson et al. (Wilson & Levy, 2012) 
against experimental data from Terabe et al. (Terabe 
et al., 2009) on the dynamics of tumour size in the 4 
treatments control including no treatment, vaccine 
treatment, TGF-β inhibitor treatment and combined 
TGF-β inhibitor and vaccine shown in fig. 6 (Abdou 
et al., 2022; Kumar et al., 2022; McCammon et al., 
1977; Oli et al., 2020; Parvizpour et al., 2019; Tomar 
& De, 2014). 

Salim et al. (Salim et al., 2021) looked at the 
treatment for prostate cancer using a curative vac-
cine that was created to establish the efficacy of 
constant drug infusion into the body tissue. The 
study developed a mathe-matical model to analyse 
the model’s stability, showing a maximum carrying 
capacity of the prostate tumour cells growth when 
treatment was not introduced. Additionally, the 
analysis showed that the vaccine could potentially 
remove the prostate tumour cells if the efficacy of 
the curative vaccine is lower than the ratio of the 
product of death of ‘dendritic cells’ and the acti-
vation rate to the decaying rate of the therapy. To 
review the model, mathematical equations and the 
mathematical modelling proof were developed by 
Salim et al. (Salim et al., 2021). Fig. 7 illustrates the 
plotting effect of the curative vaccine on Androgen 
Independent (AI) and Androgen Dependent (AD) 
tumour cells (Fischer, 2008; Rajendran Krishna-
moorthy & Karuppasamy, 2022; Samad et al., 2022; 
Terabe et al., 2009; Torres & Santos, 2015; Wilson 
& Levy, 2012).

Additionally, to see the numerous mathematical 
studies addressing the dynamics of prostate tumors 
and their treatments, see work by Baez et al. (Baez 
& Kuang, 2016), Hirata et al. (Hirata, Akakura, Hi-
gano, Bruchovsky, & Aihara, 2012; Hirata, Brucho-
vsky, & Aihara, 2010), Guo et al. (Wilson & Levy, 
2012), Jain et al. (Jain, Clinton, Bhinder, & Fried-
man, 2011) and Yang et al. (J. Yang, Zhao, Yuan, 
Xie, & Hao, 2016). For work on the en-hancement 
of tumor vaccine efficacy by immunotherapy using 
mathematical modelling, see the study by Wilson et 
al. (Wilson & Levy, 2012), and for work on a math-
ematical model describing the vital interaction of 
customized neoantigen cancer vaccine using specif-
ic patient’s immune system, see the study by Rodri-
guez et al. (Rodriguez Messan et al., 2021).

6. FUTURE DIRECTIONS

Quantum computing, abbreviated as QC, is an 
emerging technology that uses the laws of quantum 
mechanics to solve overly complicated problems for 
classical/traditional computers. 

In terms of healthcare, a significant improve-
ment in computational power was made through 
QC, which is expected to provide an avalanche of 
newer opportunities for the modellers. QC will of-
fer wider benefits, such as rapid analysis of events 
using simulations to propose new drugs, person-
alized treatment with DNA sequencing, silico di-
agnostic testing through virtual humans and the 
development of advanced therapy and drugs with 
ex-tensive modelling. Not only does QC offer these 
benefits, but it can tackle complex optimized prob-
lems, such as effective plans to annihilate the se-
lected cancer cells while preventing further dam-
age to healthy body parts and organs (Chugh et al., 
2020; Newman-Toker et al., 2021; Niedermaier et 
al., 2021; Rasool, Ahmad, Rafique, Qayyum, & 
Qadir, 2022). The analysis of genome, sequencing 
and atomic-level molecular interaction using qubits 
are achieved quickly, and it allows the development 
of drugs and medical research. Furthermore, mi-
grating the infrastructure of hospitals to the cloud 
provides an advance in securing medical records 
and predicting chronic medical conditions faster 
through qubit processing, also known as quantum 
bits. The exponential benefit of introducing QC in 
healthcare paradigms offers numerous advantages, 
including promoting medical professional experi-
ences, improving patient management, delivering 
improved patient treatment and lowering treatment 
costs (Rasool et al., 2022). 

The quantum-based innovation in healthcare ap-
plications consists of molecular simulation, diagno-
sis analysis costs, drug development and recovery, 
medical precision, diagnosis assistance, radiothera-
py, medical imaging, and clinical trials. Although, 
over the years, the growth of QC has been benefi-
cial in providing innovative op-portunities in the 
pharmaceutical industry, it is vital for the healthcare 
paradigm, as healthcare depends on the exchange 
of web-based data by delivering services to connect 
devices healthcare. It was reported by numerous 
studies (Rafique, Khan, Sarwar, & Dou, 2019). 

There are a few cautions as well. For example, 
a potential attack could lead data breach. As such, 
by leveraging the QC, it is possible to design a safe, 
end-to-end, and private protocol to provide services 
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Figure 7. Illustrates the mathematical model approach used to analyse the dynamics of prostate cancer with 
a healing vaccine and customised neoantigen cancer vaccine based on specific patient’s immune systems. 
(A) plotting effect of the healing vaccine on Androgen Independent (AI) and Androgen Dependent (AD) tumour 
cells, (B) shows the time profile of 6 different patients’ data T cell responses, (C) shows the active T cell pop-
ulation as the output of interest and (D) shows the tumour cell population as an output of interest (Rodriguez 
Messan et al., 2021; Salim et al., 2021; Terabe et al., 2009).

to medical devices. Hence, in the quantum-based 
healthcare paradigm, it is vital to have secure pri-
vacy and data protection protocols to avoid exter-
nal users infiltrating the system and altering data 
or distributing illegal information. As such, in-
cor-porating healthcare 4.0 leverages the Internet 
of things, abbreviated as IoT, and cloud services to 
gain access remotely to medical data regarding the 

healthcare 4.0 element (Rafique, Khan, Zhao, Sar-
war, & Dou, 2019).

Nanomaterials (NPs) could also be a good can-
didate shortly for delivering cancer vaccines due to 
their safety and versatility. Compared to traditional 
vaccines, cancer vaccines delivered by nanomateri-
als can be tuned towards desired immune profiles by 
(1) optimising the physicochemical properties of the 
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nanomaterial carriers, (2) mod-ifying the nanoma-
terials with targeting molecules, or (3) co-encapsu-
lating with immunostimulators (Verma et al., 2023). 
Due to the extensive suppressive immune micro-
environment, cancer vaccines alone are difficult to 
prevent disease recurrence, which requires further 
tuning of the suppressive tumor microenvironment 
to improve T cell penetration and activation in situ. 
Therefore, hybrid modes of therapy and the integrat-
ed use of nano-particle-mediated delivery can pro-
vide newer horizons in this area (Jingjing Liu, Miao, 
Sui, Hao, & Huang, 2020; Vermaa et al.).

7. CONCLUSION AND REMARKS

Numerous studies have shown various cell signal-
ing pathways to control cancer, yet, it continues to 
remain a hard-to-be-treated disease. Conventional 
cancer therapies include surgeries, chemotherapies 
and radiation therapies. In spite of this, the devel-
opment of effective cancer treatment continues to 
puzzle doctors around the globe. Therapeutic can-
cer vaccines appear to be a promising method for 
inducing permanent antitumor im-munity. The first 
therapeutic cancer vaccine’s recent approval will 
open the door for creating cutting-edge, next-gen-
eration vaccinations with improved anticancer 
potency. Therapeutic vaccines will likely be used 
in the adjuvant or neoadjuvant setting for treating 
patients with minimal residual disease or more 
sluggish metastatic disease or those patients with 
a high risk of recurrence, based on the most recent 
data from clinical trials and the safety profiles of 
therapeutic vaccines. Overcoming the immune tol-
erance/suppression pathways in the TME will be 
necessary to translate cancer vaccines into thera-
peutically usable drugs with broad uses. A deeper, 
more profound comprehension of host-tumour in-
teractions and tumour immune escape mechanisms 
is needed to create effective cancer vaccines. Find-
ing specific tumour genes or protein products that 
turn normal cells into tumour cells and accelerate 
cancer progression will also provide new targets for 
vaccination therapy. To identify patient populations 
that will most likely respond to and profit from vac-
cination therapies, “immune signatures” must be 
developed and used. In the near time, improved 
clinical outcomes should also result from strategi-
cally combining vaccine strategies with other drugs 
or methods that work in concert to boost antitumor 
immunity and/or activate complementing antitumor 
responses.

Acknowledgments

SG acknowledges funding assistance from the 
UKRI through Grants Nos. EP/S036180/1 and 
EP/T024607/1, feasibility study awards from the 
UKRI National Interdisciplinary Circular Econo-
my Hub to LSBU (EP/V029746/1) and Transform-
ing the Foundation Industries: a Network+ (EP/
V026402/1), Royal Academy of Engineering (TSP 
1332) and Hubert Curien Alliance Award from the 
British Council. 

Declaration of Competing Interest

The author (s) declare that they have no known 
competing financial interests or personal relation-
ships that could have appeared to influence the work 
reported in this paper.

REFERENCES

Abd El FAttAh, Y. K., Abulsoud, A. I., AbdElh-
AmId, s. G., & hAmdY, N. m. (2022). Interac-
tome battling of lncRNA CCDC144NL-AS1: 
Its role in the emergence and ferocity of cancer 
and beyond. International Journal of Biological 
Macromolecules. 

Abdou, Y., GoudArzI, A., Yu, J. X., upAdhAYA, s., VIN-
cENt, b., & cArEY, l. A. (2022). Immunotherapy 
in triple negative breast cancer: beyond check-
point inhibitors. npj Breast Cancer, 8(1), 1-10.

AbulwErdI, F. A., Xu, w., AGEElI, A. A., YoN-
KuNAs, m. J., AruN, G., NAm, h., … bAIrd, N. 
(2019). Selective small-molecule targeting of 
a triple helix encoded by the long noncoding 
RNA, MALAT1. ACS Chemical Biology, 14(2), 
223-235. 

Apostolopoulos, V. (2019). Cancer vaccines: re-
search and applications. In (Vol. 11, pp. 1041): 
MDPI.

AscIErto, m. l., KmIEcIAK, m., Idowu, m. o., mAN-
JIlI, r., zhAo, Y., GrImEs, m., … wANG, X.-Y. 
(2012). A signature of immune function genes 
associated with recurrence-free survival in 
breast cancer patients. Breast Cancer Research 
and Treatment, 131(3), 871-880. 

AVoGAdrI, F., mErGhoub, t., mAuGhAN, m. F., 
hIrschhorN-cYmErmAN, d., morrIs, J., rIt-
tEr, E., … wolchoK, J. d. (2010). Alphavirus 
replicon particles expressing TRP-2 provide 
potent therapeutic effect on melanoma through 



REVIEW ARTICLE A critical review on cancer vaccines…

hhttps://doi.org/10.37819/bph.001.03.0300 Biomaterials and Polymers Horizon (2022) 1(3) | 23 

activation of humoral and cellular immunity. 
PloS one, 5(9), e12670. 

bAEz, J., & KuANG, Y. (2016). Mathematical models 
of androgen resistance in prostate cancer pa-
tients under intermittent androgen suppression 
therapy. Applied Sciences, 6(11), 352. 

bEAVIs, p. A., slANEY, c. Y., KErshAw, m. h., GYor-
KI, d., NEEsoN, p. J., & dArcY, p. K. (2016). Re-
programming the tumor microenvironment to en-
hance adoptive cellular therapy. Paper presented 
at the Seminars in immunology.

bINKowsKI, t. A., mArINo, s. r., & JoAchImIAK, A. 
(2012). Predicting HLA class I non-permissive 
amino acid residues substitutions. 

blAKNEY, A. K., mcKAY, p. F., Yus, b. I., AldoN, 
Y., & shAttocK, r. J. (2019). Inside out: opti-
mization of lipid nanoparticle formulations for 
exterior complexation and in vivo delivery of 
saRNA. Gene Therapy, 26(9), 363-372. 

bohNsAcK, m. t., czAplINsKI, K., & GörlIch, d. 
(2004). Exportin 5 is a RanGTP-dependent ds-
RNA-binding protein that mediates nuclear ex-
port of pre-miRNAs. Rna, 10(2), 185-191. 

Borst, J., Ahrends, t., BąBAłA, n., Melief, C. J., 
& KAstENmüllEr, w. (2018). CD4+ T cell help 
in cancer immunology and immunotherapy. Na-
ture Reviews Immunology, 18(10), 635-647. 

buoNAGuro, l., & tAGlIAmoNtE, m. (2020). Select-
ing target antigens for cancer vaccine develop-
ment. Vaccines, 8(4), 615. 

cAmus, m., tosolINI, m., mlEcNIK, b., KIrIloVsKY, 
A., bErGEr, A., costEs, A., … trAJANosKI, z. 
(2009). Coordination of intratumoral immune 
reaction and human colorectal cancer recur-
rence. Cancer Research, 69(6), 2685-2693. 

cApAsso, c., mAGArKAr, A., cErVErA-cArrAscoN, 
V., FuscIEllo, m., FEolA, s., mullEr, m., … pA-
storE, l. (2017). A novel in silico framework to 
improve MHC-I epitopes and break the tolerance 
to melanoma. Oncoimmunology, 6(9), e1319028. 

cArNINcI, p., KAsuKAwA, t., KAtAYAmA, s., GouGh, 
J., FrIth, m., mAEdA, N., … wElls, c. (2005). 
The transcriptional landscape of the mammali-
an genome. Science, 309(5740), 1559-1563. 

cArtEllIErI, m., bAchmANN, m., FEldmANN, A., bIp-
pEs, c., stAmoVA, s., wEhNEr, r., … schmItz, m. 
(2010). Chimeric antigen receptor-engineered T 
cells for immunotherapy of cancer. Journal of 
Biomedicine and Biotechnology, 2010. 

cArthEw, r. w., & soNthEImEr, E. J. (2009). Ori-
gins and mechanisms of miRNAs and siRNAs. 
Cell, 136(4), 642-655.

chEN, d. s., & mEllmAN, I. (2013). Oncology meets 
immunology: the cancer-immunity cycle. Im-
munity, 39(1), 1-10. 

chEN, G., XIoNG, w., Gu, z., GAo, Y., hou, J., loNG, 
l., … Xu, Q. (2022). Mannosylated engineered 
trichosanthin-legumain protein vaccine hydro-
gel for breast cancer immunotherapy. Interna-
tional Journal of Biological Macromolecules, 
223, 1485-1494. 

chudNoVsKIY, A., pAsQuAl, G., & VIctorA, G. d. 
(2019). Studying interactions between dendritic 
cells and T cells in vivo. Current Opinion in Im-
munology, 58, 24-30. 

chuGh, N., shArmA, d. K., sINGhAl, r., JAIN, s., 
srIKANth, p., KumAr, A., & AGGArwAl, A. 
(2020). Blockchain-based Decentralized Ap-
plication (DApp) Design, Implementation, and 
Analysis With Healthcare 4.0 Trends. Paper pre-
sented at the Basic & Clinical Pharmacology & 
Toxicology.

ColMenero, P., Chen, M., CAstAños‐Velez, e., 
lIlJEström, p., & JoNdAl, m. (2002). Immuno-
therapy with recombinant SFV‐replicons ex-
pressing the P815A tumor antigen or IL‐12 in-
duces tumor regression. International Journal of 
Cancer, 98(4), 554-560. 

coulIE, p. G., VAN dEN EYNdE, b. J., VAN dEr bruG-
GEN, p., & booN, t. (2014). Tumour antigens rec-
ognized by T lymphocytes: at the core of cancer 
immunotherapy. Nature Reviews Cancer, 14(2), 
135-146. 

crosbY, E. J., GwIN, w., blAcKwEll, K., mArcom, 
p. K., chANG, s., mAEcKEr, h. t., … roGAtKo, 
A. (2019). Vaccine-induced memory CD8+ T 
cells provide clinical benefit in HER2 express-
ing breast cancer: a mouse to human transla-
tional study. Clinical Cancer Research, 25(9), 
2725-2736. 

dAEmEN, t., rEGts, J., holtrop, m., & wIlschut, J. 
(2002). Immunization strategy against cervical 
cancer involving an alphavirus vector express-
ing high levels of a stable fusion protein of hu-
man papillomavirus 16 E6 and E7. Gene Thera-
py, 9(2), 85-94. 

dAo, t., KoroNtsVIt, t., zAKhAlEVA, V., JArVIs, 
c., moNdEllo, p., oh, c., & schEINbErG, d. A. 
(2017). An immunogenic WT1-derived peptide 
that induces T cell response in the context of 
HLA-A* 02: 01 and HLA-A* 24: 02 molecules. 
Oncoimmunology, 6(2), e1252895. 

dI mArtINo, m. t., rIIllo, c., scIoNtI, F., GrIlloNE, 
K., polErà, N., cArAccIolo, d., … tAssoNE, p. 



REVIEW ARTICLE Verma, Warsame, Goel

24 | Biomaterials and Polymers Horizon (2022) 1(3) https://doi.org/10.37819/bpb.008.03.0300

(2021). miRNAs and lncRNAs as novel thera-
peutic targets to improve cancer immunothera-
py. Cancers, 13(7), 1587. 

dorANGE, F., pIVEr, E., bru, t., collIN, c., roINGE-
Ard, p., & pAGès, J. c. (2004). Vesicular stoma-
titis virus glycoprotein: a transducing coat for 
SFV‐based RNA vectors. The Journal of Gene 
Medicine: A cross‐disciplinary journal for re-
search on the science of gene transfer and its 
clinical applications, 6(9), 1014-1022. 

dYsoN, J. (2015). T‐cell receptors: Tugging on the 
anchor for a tighter hold on the tumor‐associ-
ated peptide. European Journal of Immunology, 
45(2), 380-382. 

EulAlIo, A., huNtzINGEr, E., & IzAurrAldE, E. 
(2008). Getting to the root of miRNA-mediated 
gene silencing. Cell, 132(1), 9-14. 

FAN, h., GE, Y., mA, X., lI, z., shI, l., lIN, l., 
… YANG, l. (2020). Long non-coding RNA 
CCDC144NL-AS1 sponges miR-143-3p and 
regulates MAP3K7 by acting as a competing 
endogenous RNA in gastric cancer. Cell Death 
& Disease, 11(7), 1-12. 

FIschEr, h. p. (2008). Mathematical modeling of 
complex biological systems: from parts lists to 
understanding systems behavior. Alcohol Re-
search & Health, 31(1), 49. 

FucIKoVA, J., KEpp, o., KAsIKoVA, l., pEtroNI, G., 
YAmAzAKI, t., lIu, p., … GAlluzzI, l. (2020). 
Detection of immunogenic cell death and its 
relevance for cancer therapy. Cell Death & Dis-
ease, 11(11), 1-13. 

GAloN, J., costEs, A., sANchEz-cAbo, F., KIrI-
loVsKY, A., mlEcNIK, b., lAGorcE-pAGès, c., … 
wINd, p. (2006). Type, density, and location of 
immune cells within human colorectal tumors 
predict clinical outcome. Science, 313(5795), 
1960-1964. 

GEAll, A. J., VErmA, A., ottEN, G. r., shAw, c. A., 
hEKElE, A., bANErJEE, K., … KrucKEr, t. (2012). 
Nonviral delivery of self-amplifying RNA vac-
cines. Proceedings of the National Academy of 
Sciences, 109(36), 14604-14609. 

GIAccoNE, G., bAzhENoVA, l., NEmuNAItIs, J., tAN, 
m., Juhász, E., rAmlAu, r., … EAtoN, K. (2015). 
A phase III study of belagenpumatucel-L, an al-
logeneic tumour cell vaccine, as maintenance 
therapy for non-small cell lung cancer. Europe-
an Journal of Cancer, 51(16), 2321-2329. 

GrImmEtt, E., Al-shArE, b., AlKAssAb, m. b., 
zhou, r. w., dEsAI, A., rAhIm, m. m. A., & 
woldIE, I. (2022). Cancer vaccines: past, present 

and future; a review article. Discover Oncology, 
13(1), 1-17. 

GullEY, J. l., mAdAN, r., & schlom, J. (2011). Im-
pact of tumour volume on the potential effica-
cy of therapeutic vaccines. Current Oncology, 
18(3), 150-157. 

Guo, c., mANJIlI, m. h., subJEcK, J. r., sArKAr, d., 
FIshEr, p. b., & wANG, X.-Y. (2013). Therapeutic 
cancer vaccines: past, present, and future. Ad-
vances in Cancer Research, 119, 421-475. 

Guo, z. s., lu, b., Guo, z., GIEhl, E., FEIst, m., dAI, 
E., … lIu, z. (2019). Vaccinia virus-mediated 
cancer immunotherapy: cancer vaccines and on-
colytics. Journal for Immunotherapy of Cancer, 
7(1), 1-21. 

GuptA, s. K., bANG, c., & thum, t. (2010). Circu-
lating microRNAs as biomarkers and potential 
paracrine mediators of cardiovascular disease. 
Circulation: Cardiovascular Genetics, 3(5), 
484-488. 

hAll, E., wodI, A. p., hAmborsKY, J., morEllI, V., 
& schIllIE, s. (2021). Epidemiology and preven-
tion of vaccine-preventable diseases. Centers for 
Disease Control and Prevention. Public Health 
Foundation. Retrieved January, 4, 2022. 

hAllE, s., hAllE, o., & FörstEr, r. (2017). Mech-
anisms and dynamics of T cell-mediated cyto-
toxicity in vivo. Trends in Immunology, 38(6), 
432-443. 

hANNAN, r., zhANG, h., wAllEchA, A., sINGh, r., 
lIu, l., cohEN, p., … GuhA, c. (2012). Com-
bined immunotherapy with Listeria monocyto-
genes-based PSA vaccine and radiation thera-
py leads to a therapeutic response in a murine 
model of prostate cancer. Cancer Immunology, 
Immunotherapy, 61(12), 2227-2238. 

hAshEmI, m., hAsANI, s., hAJImAzdArANY, s., mIr-
mAzloomI, s. r., mAKVANdY, s., zAbIhI, A., … 
tAVAKolpourNEGArI, A. (2022). Non-coding 
RNAs targeting notch signaling pathway in 
cancer: From proliferation to cancer therapy 
resistance. International Journal of Biological 
Macromolecules. 

hAY, K. A., & turtlE, c. J. (2017). Chimeric an-
tigen receptor (CAR) T cells: lessons learned 
from targeting of CD19 in B-cell malignancies. 
Drugs, 77(3), 237-245. 

hE, J., GuAN, J., lIAo, s., wu, z., lIu, b., mo, h., 
& YuAN, z. (2021). Long noncoding RNA 
CCDC144NL-AS1 promotes the oncogenicity 
of osteosarcoma by acting as a molecular sponge 
for microRNA-490-3p and thereby increasing 



REVIEW ARTICLE A critical review on cancer vaccines…

hhttps://doi.org/10.37819/bph.001.03.0300 Biomaterials and Polymers Horizon (2022) 1(3) | 25 

HMGA2 expression. OncoTargets and therapy, 
14, 1. 

hIbIo, N., hINo, K., shImIzu, E., NAGAtA, Y., & uI-
tEI, K. (2012). Stability of miRNA 5′ terminal 
and seed regions is correlated with experimen-
tally observed miRNA-mediated silencing effi-
cacy. Scientific Reports, 2(1), 1-10. 

hIrAtA, Y., AKAKurA, K., hIGANo, c. s., brucho-
VsKY, N., & AIhArA, K. (2012). Quantitative 
mathematical modeling of PSA dynamics of 
prostate cancer patients treated with intermit-
tent androgen suppression. Journal of Molecular 
Cell Biology, 4(3), 127-132. 

hIrAtA, Y., bruchoVsKY, N., & AIhArA, K. (2010). 
Development of a mathematical model that 
predicts the outcome of hormone therapy for 
prostate cancer. Journal of Theoretical Biology, 
264(2), 517-527. 

hodI, F. s., mIhm, m. c., soIFFEr, r. J., hAlusKA, 
F. G., butlEr, m., sEIdEN, m. V., … wIllmAN, 
A. (2003). Biologic activity of cytotoxic T lym-
phocyte-associated antigen 4 antibody blockade 
in previously vaccinated metastatic melanoma 
and ovarian carcinoma patients. Proceedings 
of the National Academy of sciences, 100(8), 
4712-4717. 

hollINGsworth, r. E., & JANsEN, K. (2019). Turning 
the corner on therapeutic cancer vaccines. npj 
Vaccines, 4(1), 1-10. 

hu, z., ott, p. A., & wu, c. J. (2018). Towards 
personalized, tumour-specific, therapeutic vac-
cines for cancer. Nature Reviews Immunology, 
18(3), 168-182. 

hüttENhoFEr, A., schAttNEr, p., & polAcEK, N. 
(2005). Non-coding RNAs: hope or hype? 
TRENDS in Genetics, 21(5), 289-297. 

hutVAGNEr, G., mclAchlAN, J., pAsQuINEllI, A. E., 
bálINt, É., tuschl, t., & zAmorE, p. d. (2001). 
A cellular function for the RNA-interference en-
zyme Dicer in the maturation of the let-7 small 
temporal RNA. Science, 293(5531), 834-838. 

IGArAshI, Y., & sAsAdA, t. (2020). Cancer vaccines: 
Toward the next breakthrough in cancer immuno-
therapy. Journal of Immunology Research, 2020. 

ItANo, A. A., mcsorlEY, s. J., rEINhArdt, r. l., 
Ehst, b. d., INGullI, E., rudENsKY, A. Y., & JEN-
KINs, m. K. (2003). Distinct dendritic cell pop-
ulations sequentially present antigen to CD4 T 
cells and stimulate different aspects of cell-me-
diated immunity. Immunity, 19(1), 47-57. 

ito, n., tAkAyAMA‐ito, M., yAMAdA, k., hosokA-
wA, J., suGIYAmA, m., & mINAmoto, N. (2003). 

Improved recovery of rabies virus from cloned 
cDNA using a vaccinia virus‐free reverse ge-
netics system. Microbiology and immunology, 
47(8), 613-617. 

JAIN, h. V., clINtoN, s. K., bhINdEr, A., & FrIEd-
mAN, A. (2011). Mathematical modeling of pros-
tate cancer progression in response to androgen 
ablation therapy. Proceedings of the National 
Academy of sciences, 108(49), 19701-19706. 

KAprANoV, p., wIllINGhAm, A. t., & GINGErAs, t. 
r. (2007). Genome-wide transcription and the 
implications for genomic organization. Nature 
Reviews Genetics, 8(6), 413-423. 

KAwAmAtA, t., sEItz, h., & tomArI, Y. (2009). Struc-
tural determinants of miRNAs for RISC load-
ing and slicer-independent unwinding. Nature 
Structural & Molecular Biology, 16(9), 953-960. 

KumAr, s., shuAIb, m., prAJApAtI, K. s., sINGh, A. 
K., choudhArY, p., sINGh, s., & GuptA, s. (2022). 
A candidate triple-negative breast cancer vac-
cine design by targeting clinically relevant cell 
surface markers: an integrated immuno and 
bio-informatics approach. 3 Biotech, 12(3), 1-20. 

lAFlEur, m. w., muroYAmA, Y., drAKE, c. G., & 
shArpE, A. h. (2018). Inhibitors of the PD-1 
pathway in tumor therapy. The Journal of Immu-
nology, 200(2), 375-383. 

lAmbEcK, A. J., NIJmAN, h. w., hooGEboom, b. N., 
rEGts, J., dE mArE, A., wIlschut, J., & dAE-
mEN, t. (2010). Role of T cell competition in the 
induction of cytotoxic T lymphocyte activity 
during viral vector-based immunization regi-
mens. Vaccine, 28(26), 4275-4282. 

lAmbrIcht, l., lopEs, A., Kos, s., sErsA, G., prÉAt, 
V., & VANdErmEulEN, G. (2016). Clinical poten-
tial of electroporation for gene therapy and DNA 
vaccine delivery. Expert Opinion on Drug Deliv-
ery, 13(2), 295-310. 

lEItNEr, w. w., bErGmANN-lEItNEr, E. s., hwANG, 
l. N., & rEstIFo, N. p. (2006). Type I Interferons 
are essential for the efficacy of replicase-based 
DNA vaccines. Vaccine, 24(24), 5110-5118. 

lIu, J., Fu, m., wANG, m., wAN, d., wEI, Y., & wEI, 
X. (2022). Cancer vaccines as promising immu-
no-therapeutics: platforms and current progress. 
Journal of Hematology & Oncology, 15(1), 1-26. 

lIu, J., mIAo, l., suI, J., hAo, Y., & huANG, G. 
(2020). Nanoparticle cancer vaccines: Design 
considerations and recent advances. Asian Jour-
nal of Pharmaceutical Sciences, 15(5), 576-590. 

lopEs, A., VANdErmEulEN, G., & prÉAt, V. (2019). 
Cancer DNA vaccines: current preclinical and 



REVIEW ARTICLE Verma, Warsame, Goel

26 | Biomaterials and Polymers Horizon (2022) 1(3) https://doi.org/10.37819/bpb.008.03.0300

clinical developments and future perspectives. 
Journal of Experimental & Clinical Cancer Re-
search, 38(1), 1-24. 

lorENtzEN, c. l., hAANEN, J. b., mEt, ö., & sVANE, 
I. m. (2022). Clinical advances and ongoing 
trials on mRNA vaccines for cancer treatment. 
The Lancet Oncology, 23(10), e450-e458. 

luNdstrom, K. (2018a). Latest development on 
RNA-based drugs and vaccines. Future Science 
OA, 4(5), FSO300. 

luNdstrom, K. (2018b). Self-replicating RNA vi-
ruses for RNA therapeutics. Molecules, 23(12), 
3310. 

mAcIAG, p. c., rAduloVIc, s., & rothmAN, J. (2009). 
The first clinical use of a live-attenuated Listeria 
monocytogenes vaccine: a Phase I safety study 
of Lm-LLO-E7 in patients with advanced carci-
noma of the cervix. Vaccine, 27(30), 3975-3983. 

mAdAN, r. A., GullEY, J. l., FoJo, t., & dAhut, w. 
l. (2010). Therapeutic cancer vaccines in pros-
tate cancer: the paradox of improved survival 
without changes in time to progression. The On-
cologist, 15(9), 969-975. 

mAdurA, F., rIzKAllAh, p. J., hollANd, c. J., Full-
Er, A., bulEK, A., GodKIN, A. J., … sEwEll, A. 
K. (2015). Structural basis for ineffective T‐cell 
responses to MHC anchor residue‐improved 
“heteroclitic” peptides. European Journal of Im-
munology, 45(2), 584-591. 

mAINE, c. J., rIchArd, G., spAsoVA, d. s., mI-
YAKE-stoNEr, s. J., spArKs, J., moIsE, l., … 
crousE, J. m. (2021). Self-replicating RNAs 
drive protective anti-tumor T cell responses to 
neoantigen vaccine targets in a combinatorial 
approach. Molecular Therapy, 29(3), 1186-1198. 

mccAmmoN, J. A., GElIN, b. r., & KArplus, m. 
(1977). Dynamics of folded proteins. Nature, 
267(5612), 585-590. 

mElIEF, c. J. (2015). Mutation-specific T cells for 
immunotherapy of gliomas. New England Jour-
nal of Medicine, 372(20), 1956-1958. 

mIAo, l., zhANG, Y., & huANG, l. (2021). mRNA 
vaccine for cancer immunotherapy. Molecular 
Cancer, 20(1), 1-23. 

mIrJAlIlI, V., & FEIG, m. (2013). Protein structure 
refinement through structure selection and av-
eraging from molecular dynamics ensembles. 
Journal of Chemical Theory and Computation, 
9(2), 1294-1303. 

mIttENdorF, E. A., clIFtoN, G. t., holmEs, J. p., 
clIVE, K. s., pAtIl, r., bENAVIdEs, l. c., … 
poNNIAh, s. (2012). Clinical trial results of the 

HER‐2/neu (E75) vaccine to prevent breast can-
cer recurrence in high‐risk patients: from US 
Military Cancer Institute Clinical Trials Group 
Study I‐01 and I‐02. Cancer, 118(10), 2594-2602. 

mIttENdorF, E. A., lu, b., mElIsKo, m., prIcE hIll-
Er, J., boNdArENKo, I., bruNt, A. m., … pEoplEs, 
G. E. (2019). Efficacy and Safety Analysis of 
Nelipepimut-S Vaccine to Prevent Breast Can-
cer Recurrence: A Randomized, Multicenter, 
Phase III Clinical TrialRandomized Phase III 
Trial of Nelipepimut-S in Breast Cancer. Clini-
cal Cancer Research, 25(14), 4248-4254. 

mKrtIchYAN, m., choNG, N., Abu EId, r., wAllE-
chA, A., sINGh, r., rothmAN, J., & KhlEIF, s. 
N. (2013). Anti-PD-1 antibody significantly in-
creases therapeutic efficacy of Listeria monocy-
togenes (Lm)-LLO immunotherapy. Journal for 
Immunotherapy of Cancer, 1(1), 1-9. 

NEwmAN-toKEr, d. E., wANG, z., zhu, Y., NAssErY, 
N., tEhrANI, A. s. s., schAFFEr, A. c., … sIEGAl, 
d. (2021). Rate of diagnostic errors and serious 
misdiagnosis-related harms for major vascular 
events, infections, and cancers: toward a nation-
al incidence estimate using the “Big Three”. Di-
agnosis, 8(1), 67-84. 

NI, b., lIN, z., zhou, l., wANG, l., JIA, z., zhou, 
w., … wu, Y. (2004). Induction of P815 tumor 
immunity by DNA-based recombinant Semliki 
Forest virus or replicon DNA expressing the 
P1A gene. Cancer Detection and Prevention, 
28(6), 418-425. 

NIEdErmAIEr, t., GrEdNEr, t., KuzNIA, s., schöttKEr, 
b., moNs, u., & brENNEr, h. (2021). Vitamin D 
supplementation to the older adult population in 
Germany has the cost‐saving potential of pre-
venting almost 30 000 cancer deaths per year. 
Molecular Oncology, 15(8), 1986-1994. 

obArA, w., KANEhIrA, m., KAtAGIrI, t., KAto, r., 
KAto, Y., & tAKAtA, r. (2018). Present status 
and future perspective of peptide‐based vaccine 
therapy for urological cancer. Cancer Science, 
109(3), 550-559. 

olI, A. N., obIAlor, w. o., IFEANYIchuKwu, m. o., 
odImEGwu, d. c., oKoYEh, J. N., EmEchEbE, G. 
o., … IbEANu, G. c. (2020). Immunoinformatics 
and vaccine development: an overview. Immu-
noTargets and Therapy, 9, 13. 

osAdA, t., bErGluNd, p., morsE, m. A., hubbY, 
b., lEwIs, w., NIEdzwIEcKI, d., … dEVI, G. r. 
(2012). Co-delivery of antigen and IL-12 by 
Venezuelan equine encephalitis virus replicon 
particles enhances antigen-specific immune 



REVIEW ARTICLE A critical review on cancer vaccines…

hhttps://doi.org/10.37819/bph.001.03.0300 Biomaterials and Polymers Horizon (2022) 1(3) | 27 

responses and antitumor effects. Cancer Immu-
nology, Immunotherapy, 61(11), 1941-1951. 

ott, p. A., hu-lIEsKoVAN, s., chmIElowsKI, b., GoV-
INdAN, r., NAING, A., bhArdwAJ, N., … lIN, J. J. 
(2020). A phase Ib trial of personalized neoan-
tigen therapy plus anti-PD-1 in patients with ad-
vanced melanoma, non-small cell lung cancer, 
or bladder cancer. Cell, 183(2), 347-362. e324. 

pAAVIlAINEN-mäNtYmäKI, s. p. d. E., & VAN mum-
Ford, d. s. J. Subject International Business 
Date 30.5. 2022 Author Satu Hynninen Number 
of pages 89+ appendices. 

pArVIzpour, s., rAzmArA, J., poursEIF, m. m., & 
omIdI, Y. (2019). In silico design of a triple-neg-
ative breast cancer vaccine by targeting cancer 
testis antigens. BioImpacts: BI, 9(1), 45. 

rAdEcKE, F., spIElhoFEr, p., schNEIdEr, h., KAElIN, 
K., hubEr, m., dötsch, c., … bIllEtEr, m. 
(1995). Rescue of measles viruses from cloned 
DNA. The EMBO Journal, 14(23), 5773-5784. 

rAFIQuE, w., KhAN, m., sArwAr, N., & dou, w. 
(2019). A security framework to protect edge 
supported software defined Internet of Things 
infrastructure. Paper presented at the Interna-
tional Conference on Collaborative Computing: 
Networking, Applications and Worksharing.

rAFIQuE, w., KhAN, m., zhAo, X., sArwAr, N., & 
dou, w. (2019). A blockchain-based framework 
for information security in intelligent transporta-
tion systems. Paper presented at the Internation-
al Conference on Intelligent Technologies and 
Applications.

rAJENdrAN KrIshNAmoorthY, h., & KAruppAs-
AmY, r. (2022). Designing a novel SOX9 based 
multi-epitope vaccine to combat metastatic tri-
ple-negative breast cancer using immunoinfor-
matics approach. Molecular diversity, 1-14. 

rAsool, r. u., AhmAd, h. F., rAFIQuE, w., QAYYum, 
A., & QAdIr, J. (2022). Quantum computing for 
healthcare: A review. 

robErts, E. w., broz, m. l., bINNEwIEs, m., hEAd-
lEY, m. b., NElsoN, A. E., wolF, d. m., … Krum-
mEl, m. F. (2016). Critical role for CD103+/
CD141+ dendritic cells bearing CCR7 for tumor 
antigen trafficking and priming of T cell immu-
nity in melanoma. Cancer Cell, 30(2), 324-336. 

rodrIGuEz mEssAN, m., YoGurtcu, o. N., mcGIll, J. 
r., NuKAlA, u., sAuNA, z. E., & YANG, h. (2021). 
Mathematical model of a personalized neoan-
tigen cancer vaccine and the human immune 
system. PLoS Computational Biology, 17(9), 
e1009318. 

rubY, J. G., JAN, c. h., & bArtEl, d. p. (2007). In-
tronic microRNA precursors that bypass Dro-
sha processing. Nature, 448(7149), 83-86. 

sAhIN, u., dErhoVANEssIAN, E., mIllEr, m., KloKE, 
b.-p., sImoN, p., löwEr, m., … schrörs, b. 
(2017). Personalized RNA mutanome vaccines 
mobilize poly-specific therapeutic immunity 
against cancer. Nature, 547(7662), 222-226. 

sAhIN, u., & türEcI, ö. (2018). Personalized vac-
cines for cancer immunotherapy. Science, 
359(6382), 1355-1360. 

sAINI, h. K., GrIFFIths-JoNEs, s., & ENrIGht, A. J. 
(2007). Genomic analysis of human microRNA 
transcripts. Proceedings of the National Acade-
my of Sciences, 104(45), 17719-17724. 

sAlIm, s. s., murEIthI, E., shAbAN, N., & mAlINzI, J. 
(2021). Mathematical modelling of the dynam-
ics of prostate cancer with a curative vaccine. 
Scientific African, 11, e00715. 

sAllusto, F., cEllA, m., dANIElI, c., & lANzAVEc-
chIA, A. (1995). Dendritic cells use macropino-
cytosis and the mannose receptor to concentrate 
macromolecules in the major histocompatibility 
complex class II compartment: downregulation 
by cytokines and bacterial products. The Jour-
nal of experimental medicine, 182(2), 389-400. 

sAMAd, A., MeghlA, n. s., nAin, z., kArPiński, t. 
m., & rAhmAN, m. (2022). Immune epitopes 
identification and designing of a multi-epitope 
vaccine against bovine leukemia virus: a molec-
ular dynamics and immune simulation approach-
es. Cancer Immunology, Immunotherapy, 1-14. 

sAutès-FrIdmAN, c., pEtItprEz, F., cAldErAro, J., 
& FrIdmAN, w. h. (2019). Tertiary lymphoid 
structures in the era of cancer immunotherapy. 
Nature Reviews Cancer, 19(6), 307-325. 

sAXENA, m., VAN dEr burG, s. h., mElIEF, c. J., & 
bhArdwAJ, N. (2021). Therapeutic cancer vac-
cines. Nature Reviews Cancer, 21(6), 360-378. 

schlom, J. (2012). Therapeutic cancer vaccines: 
current status and moving forward. Journal of 
the National Cancer Institute, 104(8), 599-613. 

schwArtzENtrubEr, d. J., lAwsoN, d. h., rIchArds, 
J. m., coNrY, r. m., mIllEr, d. m., trEIsmAN, J., 
… pocKAJ, b. (2011). gp100 peptide vaccine and 
interleukin-2 in patients with advanced melano-
ma. New England Journal of Medicine, 364(22), 
2119-2127. 

seAl, r. l., Chen, l. l., griffiths‐Jones, s., lowe, t. 
m., mAthEws, m. b., o’rEIllY, d., … wolIN, s. 
l. (2020). A guide to naming human non‐coding 
RNA genes. The EMBO Journal, 39(6), e103777. 



REVIEW ARTICLE Verma, Warsame, Goel

28 | Biomaterials and Polymers Horizon (2022) 1(3) https://doi.org/10.37819/bpb.008.03.0300

shAhAbI, V., sEAVEY, m., mAcIAG, p., rIVErA, s., 
& wAllEchA, A. (2011). Development of a 
live and highly attenuated Listeria monocyto-
genes-based vaccine for the treatment of Her2/
neu-overexpressing cancers in human. Cancer 
Gene Therapy, 18(1), 53-62. 

sINGh, J., bowNE, w. b., & sNooK, A. E. (2021). 
Cancer Vaccines and Immunotherapy for Tumor 
Prevention and Treatment. In (Vol. 9, pp. 1298): 
MDPI.

sosmAN, J. A., cArrIllo, c., urbA, w. J., FlAhErtY, 
l., AtKINs, m. b., clArK, J. I., … Gollob, J. 
(2008). Three phase II cytokine working group 
trials of gp100 (210M) peptide plus high-dose 
interleukin-2 in patients with HLA-A2-positive 
advanced melanoma. Journal of clinical oncol-
ogy: official journal of the American Society of 
Clinical Oncology, 26(14), 2292. 

stEIN, w. d., GullEY, J. l., schlom, J., mAdAN, 
r. A., dAhut, w., FIGG, w. d., … bAtEs, s. E. 
(2011). Tumor Regression and Growth Rates 
Determined in Five Intramural NCI Prostate 
Cancer Trials: The Growth Rate Constant as an 
Indicator of Therapeutic EfficacyRetrospective 
Analysis of NCI Prostate Cancer Trials. Clinical 
Cancer Research, 17(4), 907-917. 

strAuss, J. h., & strAuss, E. G. (1994). The alpha-
viruses: gene expression, replication, and evo-
lution. Microbiological Reviews, 58(3), 491-562. 

tErAbE, m., AmbrosINo, E., tAKAKu, s., o’KoNEK, 
J. J., VENzoN, d., loNNING, s., … bErzoFsKY, J. 
A. (2009). Synergistic Enhancement of CD8+ 
T Cell-Mediated Tumor Vaccine Efficacy by 
an Anti-Transforming Growth Factor-β Mono-
clonal AntibodySynergy between Anti-TGF-β 
and a Tumor Vaccine. Clinical Cancer Research, 
15(21), 6560-6569. 

thErAssE, p., EIsENhAuEr, E., & VErwEIJ, J. (2006). 
RECIST revisited: a review of validation stud-
ies on tumour assessment. European Journal of 
Cancer, 42(8), 1031-1039. 

thomAs, d. A., & mAssAGuÉ, J. (2005). TGF-β di-
rectly targets cytotoxic T cell functions during 
tumor evasion of immune surveillance. Cancer 
cell, 8(5), 369-380. 

tomAr, N., & dE, r. K. (2014). Immunoinformatics: 
a brief review. Immunoinformatics, 23-55. 

torrEs, N. V., & sANtos, G. (2015). The (mathemat-
ical) modeling process in biosciences. Frontiers 
in Genetics, 6, 354. 

tsANG, K. Y., zhu, m., NIErodA, c. A., corrEAlE, 
p., zArEmbA, s., hAmIltoN, J. m., … schlom, J. 

(1997). Phenotypic stability of a cytotoxic T-cell 
line directed against an immunodominant epi-
tope of human carcinoembryonic antigen. Clin-
ical cancer research: an official journal of the 
American Association for Cancer Research, 
3(12), 2439-2449. 

VAN dEr burG, s. h. (2018). Correlates of immune 
and clinical activity of novel cancer vaccines. 
Paper presented at the Seminars in Immunology.

VAsudEVAN, s., toNG, Y., & stEItz, J. A. (2007). 
Switching from repression to activation: mi-
croRNAs can up-regulate translation. Science, 
318(5858), 1931-1934. 

VErmA, J. (2021). COVID-19 Vaccines: Immune Re-
sponse after Vaccination against SARS-CoV-2 
Infections. Health Science Journal, 0-0. 

VErmA, J., wArsAmE, c., sEENIVAsAGAm, r. K., 
KAtIYAr, N. K., AlEEm, E., & GoEl, s. (2023). 
Nanoparticle-mediated cancer cell therapy: 
basic science to clinical applications. Can-
cer and Metastasis Reviews. doi:10.1007/
s10555-023-10086-2

VErmAA, J., wArsAmEA, c., sEENIVAsAGAmb, r. 
K., KAtIYArA, N. K., AlEEmc, E., & GoElA, s. 
Nanoparticle mediated cancer cell therapy: Ba-
sic science to clinical applications. 

VIErEcK, J., bANG, c., FoINQuINos, A., & thum, t. 
(2014). Regulatory RNAs and paracrine net-
works in the heart. Cardiovascular Research, 
102(2), 290-301. 

VoN mEhrEN, m., ArlEN, p., GullEY, J., roGAtKo, 
A., coopEr, h. s., mEropol, N. J., … bEArd, m. 
t. (2001). The influence of granulocyte mac-
rophage colony-stimulating factor and prior 
chemotherapy on the immunological response 
to a vaccine (ALVAC-CEA B7. 1) in patients 
with metastatic carcinoma. Clinical Cancer Re-
search, 7(5), 1181-1191. 

wAllEchA, A., wood, l., pAN, z.-K., mAcIAG, p. 
c., shAhAbI, V., & pAtErsoN, Y. (2013). Liste-
ria monocytogenes-derived listeriolysin O has 
pathogen-associated molecular pattern-like 
properties independent of its hemolytic ability. 
Clinical and Vaccine Immunology, 20(1), 77-84. 

wANG, c., zAINAl, N. s., chAI, s. J., dIcKIE, J., GAN, 
c. p., zulAzIz, N., … KING, E. V. (2021). DNA 
vaccines targeting novel cancer-associated anti-
gens frequently expressed in head and neck can-
cer enhance the efficacy of checkpoint inhibitor. 
Frontiers in immunology, 4275. 

wculEK, s. K., cuEto, F. J., muJAl, A. m., mElE-
ro, I., KrummEl, m. F., & sANcho, d. (2020). 



REVIEW ARTICLE A critical review on cancer vaccines…

hhttps://doi.org/10.37819/bph.001.03.0300 Biomaterials and Polymers Horizon (2022) 1(3) | 29 

Dendritic cells in cancer immunology and 
immunotherapy. Nature Reviews Immunology, 
20(1), 7-24. 

wEst, m. A., wAllIN, r. p., mAtthEws, s. p., 
sVENssoN, h. G., zAru, r., lJuNGGrEN, h.-
G., … wAtts, c. (2004). Enhanced dendritic 
cell antigen capture via toll-like receptor-in-
duced actin remodeling. Science, 305(5687), 
1153-1157. 

wIlsoN, s., & lEVY, d. (2012). A mathematical 
model of the enhancement of tumor vaccine ef-
ficacy by immunotherapy. Bulletin of Mathemat-
ical Biology, 74(7), 1485-1500. 

wolchoK, J. d., YANG, A. s., & wEbEr, J. s. (2010). 
Immune regulatory antibodies: are they the 
next advance? Cancer Journal (Sudbury, Mass.), 
16(4), 311. 

YANG, J., zhAo, t.-J., YuAN, c.-Q., XIE, J.-h., & hAo, 
F.-F. (2016). A nonlinear competitive model of 
the prostate tumor growth under intermittent 
androgen suppression. Journal of Theoretical 
Biology, 404, 66-72. 

YANG, Y., NAm, G.-h., KIm, G. b., KIm, Y. K., & 
KIm, I.-s. (2019). Intrinsic cancer vaccination. 
Advanced Drug Delivery Reviews, 151, 2-22. 

YING, h., zAKs, t. z., wANG, r.-F., IrVINE, K. r., KAm-
mulA, u. s., mArINcolA, F. m., … rEstIFo, N. p. 
(1999). Cancer therapy using a self-replicating 
RNA vaccine. Nature medicine, 5(7), 823-827. 

zhANG, Y., zhANG, h., & wu, s. (2021). LncRNA-
CCDC144NL-AS1 promotes the development 
of hepatocellular carcinoma by inducing WDR5 
expression via sponging miR-940. Journal of 
Hepatocellular Carcinoma, 8, 333. 

rs

Publisher’s note: Eurasia Academic Publishing Group (EAPG) remains neutral 
with regard to jurisdictional claims in published maps and institutional affiliations.

Open Access. This article is licensed under a Creative Commons Attribution-NoDerivatives 4.0 
International (CC BY-ND 4.0) licence, which permits copy and redistribute the material in any me-
dium or format for any purpose, even commercially. The licensor cannot revoke these freedoms as 
long as you follow the licence terms. Under the following terms you must give appropriate credit, 
provide a link to the license, and indicate if changes were made. You may do so in any reasonable 
manner, but not in any way that suggests the licensor endorsed you or your use. If you remix, 
transform, or build upon the material, you may not distribute the modified material. To view a copy 
of this license, visit https://creativecommons.org/licenses/by-nd/4.0/.


