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either whole microorganisms or using the pathogen's antigenic part or macro-

side effects or failure by developing different strategies combining with im-
munoinformatic and molecular biology. These newly designed vaccines are com-
posed of single or several antigenic molecules derived from a pathogenic organism.
Although, whole-cell vaccines are still in use against various diseases but due to
their ineffectiveness, other vaccines like DNA-based, RNA-based, and protein-based
vaccines, with the addition of immunostimulatory agents, are in the limelight.
Despite this, many researchers escape the most common fundamental phenomenon
of protein posttranslational modifications during the development of vaccines,
which regulates protein functional behavior, evokes immunogenicity and stability,
etc. The negligence about post translational modification (PTM) during vaccine
development may affect the vaccine's efficacy and immune responses. Therefore, it
becomes imperative to consider these modifications of macromolecules before fi-
nalizing the antigenic vaccine construct. Here, we have discussed different types of
posttranslational/transcriptional modifications that are usually considered during
vaccine construct designing: Glycosylation, Acetylation, Sulfation, Methylation,
Amidation, SUMOylation, Ubiquitylation, Lipidation, Formylation, and Phosphor-
ylation. Based on the available research information, we firmly believe that con-
sidering these modifications will generate a potential and highly immunogenic
antigenic molecule against communicable and noncommunicable diseases compared

to the unmodified macromolecules.
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1 | INTRODUCTION

Globally, diseases have been mainly categorized as communicable
and noncommunicable (noncommunicable diseases [NCDI]), which
have become a significant public health issue. If we flashlight at
communicable and NCD, as per the World Health Organization
(WHO) factsheet data (https://www.who.int/news-room/fact-sheets/
detail/the-top-10-causes-of-death), among the top 10 death-causing
diseases, seven are NCD, and the total mortality rate contributed
around 80%. Simultaneously, around 17 million people died every
year due to various infections instigated by pathogenic micro-
organisms, such as viruses, bacteria, protozoa, fungi, and helminths
(https://www.ncbi.nlm.nih.gov/books/NBK10757/).

diseases were the leading cause of early death from now on. The

Communicable

infections can be transmitted through various sources, such as hu-
man to human (antroponoses), from animal to human (zoonoses), and
from the abiotic environment to humans (sapronoses), which
have become a significant threat for all species (Hubalek, 2003).
Over centuries humanity has suffered many deadly pandemics/epi-
demics, notably Black Death (Plague) in the 13th century, typhus
fever in the 16th century, small-pox and cholera in the 18th century,
malaria in the late 18th century, Spanish flu in 1918, HIN1 flu in
2004, Ebola in 2015, COVID-19 in 2019, and many more (Hur-
emovi¢, 2019). Due to the black death, 25-75 million people lost
their lives in Europe (13th century). Subsequently, smallpox also hit
people in England, and the disease continued to afflict people glob-
ally for many years. Later on, these infections became significant
challenges for human health around the globe. Many infections
caused by viruses (e.g., COVID-19, chikungunya, Ebola, Lassa, HIV),
bacteria (e.g., meningitis), and parasites (e.g., Leishmania, malaria) are
still a threat to humanity. Among them, several diseases have been
declared as pandemic/epidemic by international and national health
agencies. According to the International health regulations 2005 law,
all the countries joined and assisted in saving and protecting public
health and spread awareness about the community's vulnerability
to diseases (https://www.who.int/health-topics/international-health-
regulations#tab=tab_1). An unsurpassed example of the recent out-
break is Ebola hemorrhagic fever, which affected humans and pri-
mates badly between 2014 and 2016 (Feldmann & Geisbert, 2011).
Recently, COVID-19, caused by SARS-CoV-2, was first reported in
Wuhan, China, and later declared a pandemic by WHO. The disease
has frightened the whole world by spreading all over (Yi et al., 2020).
Besides this, no proven preventive measures are available against
these emerging death-dealing infections. For centuries, the treat-
ment of infectious diseases is somewhat relying on the immunization
and this has contributed in eradication of many diseases. As per the
WHO report of 2018, about 90% of infants globally received the
DTP3 (diphtheria-tetanus-pertussis vaccines) vaccines in the global
immunization program. However, the global estimation of im-
munization coverage for other infectious diseases is as follows: yel-
low fever 49%, rubella 69%, Rotaviruses 35%, polio 85%,
pneumonia 47%, hepatitis B 42%, and Haemophilus influenzae type B
has shown to be covered around 72% of the population
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worldwide  (https://www.who.int/immunization/newsroom/Global
Immunization_Data.pdf).

However, on the other side, NCDs, such as lower respiratory in-
fection, cancer, diabetes, coronary artery, chronic obstructive pulmonary
disease (COPD), and many more are significant causes of death
globally  (https://www.who.int/gard/publications/The_Global_Impact_of
Respiratory Disease.pd). They have carved a niche for themselves for
years. The number of death cases by NCD is increasing day by day; this
accounts for the death of 41 million people around the globe, which is
approximately 71% of total death worldwide (https://www.who.int/data/
gho/data/themes/topics/topic-details/GHO/ncd-mortality). Majorly four
NCD covers around 80% of the total premature death, e.g, cardiovas-
cular diseases are responsible for 17.9 million deaths annually, and it is
highest among the NCD, followed by cancers (9.0 million), respiratory
diseases (3.9 million), and diabetes (1.6 million) as per WHO NCD
factsheet database (https://www.who.int/news-room/fact-sheets/detail/
noncommunicable-diseases). CVD (cardiovascular diseases) are a family
of disorders affecting the heart and blood vessels, of which heart attacks
and strokes were observed to be the primary cause that blocks the blood
flow to the heart or brain due to fat deposition in the inner walls of the
blood vessels. Vaccines are in dire demand to treat CVD, which roughly
accounts for 31% of global deaths each year (https://www.who.int/news-
room/fact-sheets/detail/cardiovascular-diseases-(cvds). COPD (Chronic
obstructive pulmonary lung disease) affects the lungs and respiratory
tract; globally, estimated to affect 251 million lives and accounts for 5%
of global deaths by 2016 (https://www.who.int/news-room/fact-sheets/
detail/chronic-obstructive-pulmonary-disease-(copd)). Pneumococcal and
Influenza vaccines were reported to be efficient in treating COPD due to
COPD exacerbations caused by Streptococcus pneumonia and the seaso-
nal flu viruses. Diabetes is a metabolic disorder that results in a con-
stitutive hyperglycemic condition. Recent global estimates show that 422
million people have diabetes and 1.6 million deaths each year (https://
www.who.int/health-topics/diabetes#tab=tab_1). Other NCDs include
hypertension, obesity, autoimmune, inflammatory, neurodegenerative
diseases, also accounts for significant cause of death globally.

All the countries transitioning from developing to developed
countries are troubled by newly emerging diseases, and the root of
some new disease appearance is still unknown. Advanced technolo-
gies, available treatments, and diagnostics approach all have suc-
cumbed to these ailments. A significant rise in infectious and
noninfectious diseases was observed in past decades due to tech-
nological advancement, socioeconomic changes, human behavior,
microbes adaptations, pollution, stress, tobacco consumption, and
mutations in strains, lifestyle changes, and other comorbidities (Dikid
et al,, 2013). Other than that, vaccine failures and drug resistance
actively contribute to remerging infections, resulting in inadequate
immune responses. The antivaccine movement is also a great factor
in the declining vaccination rate among the population. In this
growing world, most people prefer not to have vaccination due to
safety concerns.

Further, to counteract the uprising incidences of communicable
and NCDs, we need a reliable preventive measure, and vaccination

proved to be a better approach than drugs. From the 19th century to
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date, vaccines were being extensively researched due to their ben-
eficial impact on human health and survival. In this modern era, next-
generation vaccines are in the limelight due to their efficiency in
eliciting cell-mediated and humoral immunity. Newly adjuvanted
vaccines that are DNA-based, RNA-based, viral vector-based, as well
as subunit multiepitopes, are in the pipeline. Apart from adjuvants
and delivery systems, posttranslational modifications are also known
to affect vaccine stability and immunogenicity. Nowadays, PTMs
have been at the critical target for designing or obtaining the po-
tential immunogens that can generate immense immune responses
and improved antigenicity (Jefferis, 2016). Even though there are
profuse pieces of literature on emerging infectious and noninfectious
diseases, much more is left to be understood about the emergence of
these minacious diseases, immunization, and vaccine efficacy. Here,
we will summarize the importance of various posttranslational
modifications (occur naturally or synthetically) essential for aug-
mented vaccine immunogenicity.

2 | A DRIVE FROM CLASSICAL VACCINES
TO 21ST-CENTURY NEXT-GENERATION
VACCINES

Immunization is essential for the prevention of any disease and up-
surges the life expectancy of humans and animals. In the past cen-
tury, classical vaccine formulation was in practice, which possessed
the whole pathogen, either live or attenuated, to prevent many in-
fections (Plotkin, 2005). If we throw light on the vaccination, in 1798,
the first vaccine for smallpox was developed by Sir Edward Jenner,
known as the originator of vaccinology. He inoculated the vaccinia
virus in a 13-year-old boy, who proved his immunity against the
disease, and a few centuries later, in the Year 1979, the disease was
declared eradicated by the massive use of vaccination (Minor, 2015).
However, after a certain period, this disease's adverse effect was
reported, like myocarditis and encephalitis. Later on, many scientists
have contributed to harmful diseases. In 1897, Louis Pasteur de-
veloped the first live attenuated and heat-inactivated vaccines
against animal-borne diseases like rabies and anthrax. Far ahead,
anthrax vaccines have shown long-term side effects, whereas the
rabies vaccine came up with postvaccination effects like en-
cephalomyelitis in the experimental models (Jenner, 1909). The
ability of viruses to survive and grow under the tissue culture con-
dition made way for the development of attenuated vaccines against
measles (1950s) and poliomyelitis (1960s) (McGettigan, 2010).
Afterward, a series of vaccine development against the influenza
virus, rotavirus, typhoid, and tuberculosis was continued by following
the same strategy. These attenuated vaccines, in comparison to heat-
killed vaccines, have shown strong immune responses during im-
munization. However, the live attenuated vaccines have a higher
chance of mutation and contain the live organism, leading to the
disease expansion in nonimmunized models (Wilson, 1963). For ex-
ample, the oral polio vaccine, which composed of live attenuated

poliovirus, has shown paralysis in about 2 million population after

vaccination. As time passed by, the classical type of vaccines came up
with many disadvantages, as these vaccination strategies were based
on isolation of the pathogens, that is, whole-cell preparation; these
preparations have a high chance of bacterial and other toxic con-
taminations (Yadav et al., 2014). Some vaccines are still in use de-
spite everything, like the Bacillus Calmette Guerin (BCG) vaccine
against tuberculosis. BCG vaccine was developed in the late 1900s
and is currently administered to young ones in many parts of the
world (Luca & Mihaescu, 2013). The vaccine efficacy and safety are
the two affirmative parameters that make any vaccine successful, but
in terms of classical vaccines they ended up together. Later on, to
overcome the disadvantages of classical vaccine formulation, the
new generation vaccines, such as peptide vaccine, polysaccharide
vaccine, messenger RNA (mRNA) vaccines, DNA vaccines, viral
vector-based vaccines, and subunit vaccines have come out with a
new silver lining.

The recent and versatile reverse vaccinology approach employs
various bioinformatic tools and parameters for the development of
suitable and potential recombinant protein (vaccine candidate) that
focused on the way to utilize the explicit components or pathogenic
proteins of pathogens that is responsible for the generation of po-
tential cell-mediated as well as humoral immunity (Ojha
et al, 2020, 2020). Rino Rappuoli first proclaimed this approach,
which has made a remarkable contribution and is currently being
used to prevent Serogroup B meningococcus (Rappuoli, 2000;
Rappuoli et al.,, 2018). However, the new generation vaccine stra-
tegies are developed to target the leading cause of infection against
communicable and NCDs. The classic example is of meningococcal
disease caused by Neisseria meningitides serogroup B (MenB). The
genomic sequence of the pathogen was analyzed using im-
munoinformatic approaches.

Further, three recombinant antigens Neisserial Heparin Binding
Antigen or NHBA, Factor H binding protein or fHbp, and Neisseria
Adhesin A or NadA, were selected for vaccine designing. Along with
this, the outer membrane vesicle component of another epidemic
strain (from New Zealand [OMVNz] was added as a fourth con-
stituent, and the formulated vaccine was named 4CMenB;
Carter, 2013). A series of clinical trials were conducted to validate
vaccine efficacy. After the completion of clinical trials, in the Year
2013, 4CMenB (Bexsero) was first approved in Europe (in 12
member states—AT, BE, CZ, ES, FR, DE, GR, IE, IT, LU, NO, and UK.),
and later on, introduced into UK National Immunization Programme
in September 2015 and at Ireland in 2016. In this program, the
vaccine was administered to all newborn children at 2, 4, and 12
months scheduled (Serruto et al., 2012). Another example is of re-
spiratory syncytial virus subunit vaccine, which is safe in use and
immunogenic, and has not shown any conflicts with the humoral
response to the influenza vaccine. (Dudas & Karron, 1998).

Besides using next-generation vaccine technologies in commu-
nicable diseases, the same has also been used to develop vaccines
against NCDs. Alike medications, NCD immunizations at present
being developed, are essentially envisioned for patients already ex-
periencing the disease. For example, hepatitis B virus and human
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papillomavirus (HPV), which are significant causes of liver and cer-
vical cancer. HPV is also active in cancer etiology in a variety of other
areas, including the pharynx. Widespread implementation of suc-
cessful viral vaccines will play an essential role in reducing the rising
cancer burden in developed countries. However, many examples
present the transient success of the anticancerous vaccine in some
patients. Despondently, only one anticancer vaccine has obtained a
license in the United States, i.e, Provenge, a prostatic cancer vaccine
that targets the enzyme prostatic acid phosphatase (Anassi &
Ndefo, 2011). There are currently no Food and Drug Administration
(FDA)-approved prophylactic vaccines against NCDs; many promis-
ing candidates are still under clinical trials, for example, the vaccines
for Alzheimer's and Parkinson's disease. These vaccines avert the
alpha-synuclein or amyloid-beta proteins accumulation, which is re-
sponsible for disease progression (Darrow & Kesselheim, 2015).

The next generation of vaccines utilizes adjuvant and various
delivery vehicles to enhance vaccine immunogenicity. One of the
fundamental approaches is the PTMs (either transcriptional or
translational modification) of vaccine candidates of protein, peptide,
mRNA, DNA or polysaccharides etc. There are several types of PTMs
reported; a few of them are glycosylation (addition of carbohydrate),
acetylation (addition of acetyl group), sulphation (addition of sulfate
group), and methylation (methyl group addition). These modifications
most commonly occur in the natural environment, but they can be
synthesized chemically. Naturally, PTM modification can occur dur-
ing the recombinant protein or native protein expression using the
mammalian expression systems. Further, these modifications can be
assessed through various techniques, whereas in in vitro conditions,
PTMs can be artificially induced (chemically synthesized) in the
vaccine macromolecules to enhance their immunogenicity and
stability.

3 | POSTTRANSLATIONAL
MODIFICATIONS IN VACCINE
CANDIDATES

Protein synthesis or translation of protein is a biological process
performed by ribosomal mRNA. After the polypeptide chain synth-
esis, the protein undergoes posttranslational modifications to gen-
erate a mature protein product. Almost all proteins undergo this
modification at either the N or C terminal or the side chains of amino
acids. These modifications are generally responsible for alteration in
a protein's physical and chemical properties, which defines the pro-
tein functions in enzymatic activity, proteolytic cleavage, transpor-
tation, stability, folding, etc. Several modifications occur with
different recurrence frequency and roles; for instance, glycosylation
is responsible for estimating the half-life of protein and cell-cell in-
teractions, whereas phosphorylation and ubiquitinylation are ac-
countable for signal transduction and proteolytic degradation of the
protein, respectively. In the Year 2011, Khoury et al. (2011) has
developed a server named PTM structural database (http://selene.
princeton.edu/PTMCuration) to keep the record and statistics of the
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frequency of putative and experimental posttranslational modifica-
tion that occur across the proteome. Every month, the server's web
page gets automatically updated to maintain the statistics of the
PTM confined in the Swiss-Prot database. In all the complex organ-
isms, PTM occurs but prokaryotic organisms may lack this feature.
The role of PTM (naturally or synthetically) has been known to be
directly or inversely associated with vaccine immunogenicity, and for
obtaining the modified recombinant proteins, many eukaryotic
protein-expression systems are existing for obtaining the essential
vaccine preparations, an example of the same is shown in Figure 1.
The host can identify the nature of self-molecules (antigens), but the
non-self-modifications in the antigens possess the ability to incite an
immune response by developing antipathogen antibodies (Figure 2).
However, the alterations in recombinant proteins through PTMs and
their variances in efficacy in provoking a tremendous immune re-
sponse are not yet well understood. Here, in this section, we will
summarize the essential and most frequently occurred PTMs, un-
ambiguously focused on the studies related to vaccines' efficacy after
and before PTM in the field of infectious and noninfectious diseases.

3.1 | Glycosylation

Glycosylation is a chemical modification of macromolecules; the
carbohydrate moieties covalently attached to the lipids and proteins
molecules at the N or C terminal, and hence refereed as N-linked and
O-linked glycosylation. This kind of modification is necessary for cell
adhesion, proper functioning, and folding of the protein (Shental-
Bechor & Levy, 2008). In the N-linked glycosylation, an oligo-
saccharide attachment occurs at the Asn residue of the glycosylation
motif, composed of Asn-X-Ser/Thr (X- amino acid except for proline)
(Breitling & Aebi, 2013). O-linked glycosylation ensues on Ser and
Thr residues, but this modification has no defined glycosylation sites
(due to several glycosyltransferase enzymes; sometimes, the addition
of sugar/carbohydrate can occur at different amino acid residue like
Pro instead of Ser/Thr) (Brockhausen & Stanley, 2015). Bacteria
generally exhibit the carbohydrate moieties on their surface, which
are unknown to the host, while viruses represent their carbohydrate
moieties by taking over the host machinery. These carbohydrate
moieties and carrier proteins have been proved to be very im-
munogenic and have shown a promising role in vaccine preparation
(Watanabe et al., 2019). The connection between vaccine efficacy
and glycosylation is still not much known. Some of the glycan vac-
cines, which have been reported against bacterial infections and are
known to influence vaccine candidates' immunogenicity, are Strep-
tococcus pneumonia, Haemophilus influenza Type b, and Neisseria me-
ningitides vaccines; for other infectious and noninfectious diseases, it
is still in the process of development (Kim et al, 2020; Mettu
et al.,, 2020). The previous studies result showed that the glycosy-
lated protein expressed in mammalian system has shown higher
immunogenicity when compared to vaccine candidate expressed in
bacterial expression systems (Nascimento & Leite, 2012). Nuttall
et al. (2006), in the Year 2006 had developed a glycan protein-
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conjugated vaccine against the tick-borne disease. They have ex-
pressed the recombinant protein Bm86 and Bm95 proteins in Pichia
pastoris, and the resultant protein was found to be more im-
munogenic compared to the nonglycosylated one, and hence proved
as potential immunogens (de La Fuente et al., 2006; Nuttall
et al., 2006).

Further, Cuccui et al. (2013) had developed a recombinant gly-
coconjugate vaccine using protein glycan coupling technology. They
have demonstrated the Francisella tularensis O-antigen's conjugation
to the carrier protein exotoxin A of Pseudomonas aeruginosa, by uti-
lizing Campylobacter jejuni PglB oligo-saccharyl transferase, followed
by the expression of recombinant glycoconjugate vaccine in Escher-
ichia coli. The vaccination of BALB/c mice with the purified glyco-
conjugate vaccine showed boosted immunoglobulin G (IgG) levels.

Next, in 2016, Li and his coworkers observed that the vaccine can-
didate (sE2 protein) against hepatitis C virus, expressed using
mammalian expression system, has altered glycosylation patterns
and was responsible for the augmentation of immunogenicity by
raising the antibody titers in mice model. Further, when mice got
immunized with the same vaccine candidate by removing the
N-glycans in the sE2, they have observed the reduced antibody
titers. With this, it could be concluded that glycosylated proteins will
be very beneficial for vaccine designing compared to nonglycosylated
ones to enhance mainly humoral immune responses (Li et al., 2016).
Later, Faburay et al. (2017), in the Year 2017, had given an account
on the subunit vaccine against Ehrlichia ruminantium, which causes
the infection in sheep. In this study, they have used the glycosylated
major antigenic proteinl protein of Ehrlichia ruminantium and
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FIGURE 2 Antigenic representation of
vaccine candidate through MHC complexes. The
internalized antigenic protein with
posttranslational modification is processed into
the peptides and presented through the MHC
complex on APCs' surface, further recognized
through respective CD4+ and CD8+ T-cells.
APC,(Antigen-presenting cell); HLA, human
leukocyte antigen; MHC, major histocompatibility
complex; MIIC, MHC Class Il compartment;

TCR, T-lymphocyte cell receptor I.Q(O
= "
€]

Golgi Apparatus

expressed the same in a baculovirus expression system. They have
found that the designed vaccine has generated a strong humoral and
cell-mediated immune response against E. ruminantium.

After bacterial and viral infections, the prominence of this
modification has been reported in malaria, a parasitic disease. RTS, S/
AO01, the first vaccine approved against malaria, is composed of O
and C-linked glycans present on the surface proteins, CRP, and TRAP
of Plasmodium and therefore used as the primary vaccine candidates
(Goddard-Borger & Boddey, 2018; Swearingen et al., 2016). In 2017,
Lopaticki et al. (2017) and coworkers reported that the protein
POFUT2 (O-fucosyltransferase) of Plasmodium falciparum is re-
sponsible for O-glycosylation of circumsporozoite protein (CSP) and
TRAP, and the modification in these proteins enhance their en-
docytosis. Further, the major histocompatibility complex (MHC) I
represented these proteins to get recognized by the T-cell receptor,
leading to B-cell activation to enhance antibody production. In con-
trast, the only glycosylated CSP protein is responsible for the CD8+
cell-mediated immune response. This data suggested that glycosy-
lated vaccine candidates are responsible for introducing both po-
tential cell-mediated and humoral immune responses.

Tumor cells possess a high frequency for the occurrence of
O-linked glycosylation on their surface. Tn, sTn, and T antigens have
been synthesized with the help of T-synthase (gluconyltransferase),
and this T synthase folds appropriately with the aid of Cosmc, an
essential molecular chaperon. Overexpression of these tumor-
associated carbohydrate antigens (TACA; Tn, Sn, T) having aberrant
O-linked glycosylation leads to adverse or poor condition in cancer
patients by promoting metastasis (Fu et al., 2016). Nowadays, these
TACA has been targeted for the development of anticancerous
vaccines. Concerning this, in 2012, Abdel-Aal et al. (2012) have de-
signed a synthetic Tn-based anticancer vaccine. The designed
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construct comprises LAA (Lipoamino acid; TLR-2 stimulant), Tn an-
tigen B-cell epitopes, CD4+ T cell epitope from poliovirus, and CD8+
T-cell epitope from ovalbumin. After this, the immunogenicity of the
designed construct was checked in BALB/c mice, and it was found
that the vaccine candidates without any immunostimulatory agent
were able to induce a tremendous immune response.

The O-glycosylated peptides or proteins are also known to play a
very crucial role in MHC-based immune responses (CD4+ or CD8+)
in cancer. MUC1 (epithelial Type 1 transmembrane mucin), the
promising marker for breast cancer diagnosis, is currently being used
as an active target for immunotherapies. In comparison to the non-
glycosylated, the mucin glycoforms are positively associated with the
antibody-generated immune responses. For addressing the same is-
sue, an experimental setup was done to measure the proteolytic
degradation of glycosylated mucin by cathepsin L present in antigen-
presenting cells. Cathepsin L is a lysosomal proteinase that helps in
the processing of antigens, regulates B-cell production, and other
physiological processes, such as apoptosis, remodeling of cell-matrix,
growth regulation, and generation of immune responses, especially
MHC Class Il (Gomes et al., 2020). The results obtained with
this study using T-hybridomas CD4+ technology reveal that the
O-glycosylated peptides recognized explicitly by T cell receptors get
presented on the surface of antigen-presenting cells for the gen-
eration of CD4+ T cell immune response (Stepensky et al., 2006).
Comparable methodologies are also being continued in the MHC
Class | pathway, which focuses on recognizing immunogenic glyco-
peptides produced by immunoproteasomes.

With the abovementioned information, it could be concluded
that the protein or peptide-based glycosylated vaccine candidates
evoke strong humoral and cellular immune responses. Nevertheless,

in the case of nucleic acid vaccine designing, the same cannot be
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concluded. A recent study done by Ozdilek et al., 2020 suggested
that the glycosylated Ag85A (a surface protein of Mycobacterium
tuberculosis), when expressed in a mammalian expression system,
does not prompt a potential humoral immune response in mice, in
comparison to the native protein expressed in a bacterial expression
system (Ozdilek et al., 2020). This shows that the mammalian ex-
pression system-based glycosylated proteins may affect the nucleic

acid vaccine candidate's antigenicity and immunogenicity.

3.2 | Phosphorylation

The addition of the phosphate group to the macromolecules is re-
ferred to as phosphorylation. This type of modification helps to
maintain and regulate cell signaling, cell cycle, cell growth, and pro-
grammed cell death functioning. The frequency of occurrence of this
modification is higher in eukaryotes in comparison to other PTMs.
Serine and Threonine are significant sites that undergo phosphor-
ylation. The phosphopeptides are transported from cytosol to the
endoplasmic reticulum with the help of a TAP transporter. Phos-
phorylated peptides or epitopes (synthetic or natural) are known to
better recognized by the cytotoxic T lymphocytes, i.e., presented by
MHC Class | molecules, hence, directly involved in the generation of
specific immune responses (Zarling et al., 2000). One of the com-
parative studies of phosphorylated and non-phosphorylated pep-
tides, performed by Zarling et al. (2006), has shown that the
cytotoxic T lymphocytes (CTLs) can recognize the phosphopeptides
compared to non-phosphorylated ones and hence involved in
the induction of immense immune responses. In Alzheimer's
disease, phosphorylation plays a very notable role in the develop-
ment of vaccine designing. Richter et al. (2014), in the Year 2014,
reported a doubly phosphorylated tau neuropeptide vaccine against
Alzheimer's disease. They have designed this peptide vaccine by
utilizing the B cell neoepitopes from the tau protein (at phosphory-
lated sites- Tau199_208[pS$202/pT205], Tausge-217[pT212/pS214], and
Tauss9_237[pT231/pS235]) and fused these epitopes with the Clos-
tridium tetani (tetanus) toxin or the Ag85B antigen from Mtb and
transgenic mice P301S was immunized with these doubly phos-
phorylated peptides. After immunization with these three phos-
phorylated peptides, it was found that there was a substantial
enhancement in the paralysis and survival rates of mouse P301S (Doi
et al, 2007; Richter et al,, 2014).

Further, the vaccine construct was formulated with the alumi-
num hydroxide to achieve the enhanced immune response against
Alzheimer's disease in the transgenic Alu-GelS (Bungener
et al.,, 2008) and injected in mice to efficiently obtain the protective
humoral response. In Alzheimer's disease, the tau proteins get hy-
perphosphorylated, which leads to protein aggregation. To reduce
this hyperphosphorylation, Kontsekova et al. (2014a, 2014b) had
come up with the tau immunotherapy concept. This study has de-
veloped a tau peptide vaccine to prevent or minimize the oligo-
merization and degeneration of tau and neurofibrils, respectively.
Immunization of mice with the AADvac1l vaccine results in effective

blockage of hyperphosphorylation and oligomerization of the tau
protein, leading to an improved animal neurobehavioral parameter
model. The immunological effect was seen due to the presence
of a carrier protein (KLH) joined with the tau peptide
(?**KDNIKHVPGGGS®®?) and formulated with an adjuvant that was
responsible for the induction of a strong humoral immune response
in the mice model (Kontsekova et al., 2014a, 2014b). These studies
conclude that the peptides exhibiting phosphorylation give the im-
pression to be a capable treatment option for other communicable
and NCDs.

3.3 | Methylation

Methylation refers to the addition of methyl group to the genetic
material DNA (Cytosine C5 5-methylcytosine with DNA methyl-
transferase; DNMTs; can also be methylated on the C4 position
(James et al., 2013), and due to this chemical epigenetic modification,
the activity of the molecule changes without affecting its DNA se-
quence. This epigenetic modification is essential for regulating gene
expression, X-chromosome inactivation, genomic imprinting, and
many more (Jin et al., 2011). The mutation or defects in DNMTs can
lead to tumor development; hence this epigenetic modification is a
prominent hallmark in many diseases (Suzuki & Bird, 2008). The
palindromic CpG nucleotide sequence, present favorably in bacterial
DNA or plasmid, is the leading site for the occurrence of methylation
and possesses the immunostimulatory activity, hence act as an ad-
juvant in DNA vaccines. These CpG motifs recognize the Toll-like
receptor 9 (receptor on -Antigen Presenting Cells [APCs]) and result
in the activation of TLR-9 associated signaling and, in response,
trigger the production of interleukin (IL)-12, Type 1 interferon, which
(Abdulhaqg &
Weiner, 2008). The vaccination of bovine herpesvirus-1 glycoprotein

leads to cell-mediated immune responses
D with immunostimulatory CpG motifs has shown the augmentation
of cellular immune responses in cattle compared to the without CpG
motifs (loannou et al., 2002). Although nucleic acid vaccines have
shown promising results, approaching the peptides for vaccination
would be of great importance in cancer and other disorders or in-
fectious diseases. The programmed cell death PDL-1 and PDL-2
immunogenic peptides, expressed by tumorigenic cells, macrophages,
and myeloid-derived suppressor cells, can be used for vaccination
purposes (Munir Ahmad et al., 2016). The prominence of PTM can be
based on having or not having the modification; sometimes, by
blocking the modification virtuous immune response can be gener-
ated. Here is one example in which, by blocking DNMT, hematolo-
gical malignancies can be prevented (Klausen et al., 2018). The
methylation can be prevented using azacitidine (binds to cytidine
nucleotides), a DNMT inhibitor. This inhibition leads to the gene
transcription of cancer-testis antigens, whose expression is mainly
regulated by DNA methylation. These tumor antigens are then pro-
cessed and presented on MHC molecules' surface, which is why it is
being used as an effective cancer immunotherapy option. Again, it

was also found that the DNMT inhibitors were involved in enhancing
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the expression of APCs and presentation molecules, CALR, CD58,
B2M, PSMB8, PSMB9 at the transcription and translational level in
ovarian and colon cancer (Siebenkas et al., 2017).

Apart from DNA vaccines, in vitro transcribed (IVT) mRNA,
vaccines are also an alluring strategy in next-generation vaccines
against infectious and noninfectious diseases. The most commonly
used modifications for the generation of IVT mRNA vaccine are 5’
m7G hat, poly(A) tail, 5' and 3’-untranslated region, and pseudonu-
cleotide modification to improve or enhance stability and translation
efficiency, which are ultimately responsible for the elevated immune
response (Wadhwa et al., 2020). The IVT mRNA vaccines after im-
munization must be targeted to the cell cytoplasm. Although many
vehicles are available for delivering mRNA vaccines, nonviral ap-
proaches are the most preferred ones and are in use because of their
low cost, ease of manufacture, and better protection. In the case of
the ZIKA virus, researchers have formulated the potent anti-ZIKV
mRNA vaccine by using prM-E glycoproteins of the ZIKV H/PF/2013
strain. This vaccine contains 1-methylpseudouridine (m1y) modified
nucleoside responsible for the stability, prevention from degradation,
and efficient translation of the mRNA in in vivo conditions. For the
longer protein expression, the vaccine was encased in lipid nano-
particles (Pardi et al., 2017). Apart from infectious diseases, mRNA
vaccines are also in practice against NCDs. CV9103, an mRNA vac-
cine formulated as full-length, self-adjuvanted mRNAs against pros-
tate cancer. This vaccine is designed in such a way that it can
target quadrat antigens-prostate-specific antigen, prostate-specific
cell antigen, prostate-specific membrane antigen, and six-
transmembrane epithelial antigen of the prostate 1 (Kubler
et al,, 2015) overexpressed during prostate cancer. The results of the
Phase /11 CV9103 clinical trial have shown promising effects against
prostate cancer. The PSC mRNA vaccine constructs resulted in ele-
vated antigen-specific T-cells and are the first vaccine approved by
the FDA against prostate cancer. Recently, Nance and the group
have proposed modifications in mMRNA vaccines developed against
COVID-19 (Nance & Meier, 2021). In these mRNA vaccines, the
uridine nucleobase suggested being replaced with N1-
methylpseudouridine (m1¥) to augment the efficacy of these mRNA
vaccines. This motive behind this chemical modification is (1) to
control the unrestrained immune responses, which ultimately directs
to allergic reactions in the host body; (2) this modification enhances
the protein translation initiation process and slows down the elon-
gation process, which helps to maintain the half-life and stability of
mRNA. This type of chemical modification in RNA makes it an ap-

proaching therapeutic option in the upcoming times.

34 | Acetylation

Acetylation refers to the addition of the acetyl group to the mac-
romolecules with acetyltransferases. The acetylation occurs either at
the N-terminus of the a-amino group of proteins (on almost 85% of
mammalian proteins) (Polevoda & Sherman, 2002) or the g-amino
group of proteins (mainly lysine residue of transcription and nuclear
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factors (Roth et al., 2001), histone proteins (Imhof et al., 1997), and
a-tubulin (MacRae, 1997). This kind of modification is associated
with various cellular processes and enzymatic activities, such as
providing stability to DNA, protein-protein interactions, and DNA
binding.

Due to the intensifying antibiotic resistance in microorganisms,
the glycoconjugate vaccines pave the new road to obliterate these
infections. The utilization of acetylated capsular polysaccharides
(CPS) and lipopolysaccharides (LPS) from bacteria are well known for
generating glycoconjugate vaccines against various bacterial infec-
tions, such as meningitis, pneumonia, and sepsis. CPS, teichoic acids,
and LPS represent the bacterial leading defense mechanism against
complement and bacteriophages (Campos et al., 2004). The carbo-
hydrate portion of this glycoconjugate contains the major antigenic
determinants that distinguish various serotypes of bacteria. The
bacterial polysaccharide capsule is known to be a potential vaccine
candidate due to O-acetyl, sialic acid, and phosphate groups. Several
species of bacteria, such as S. pneumoniae 9V and N. meningitidis
serogroup A, Staphylococcus aureus, possess the polysaccharide cap-
sule O-acetyl group, which helps them to escape from host-mediated
immune responses (Scully et al,, 2018).

O-antigens' utilization for vaccine designing is also of great im-
portance, and attempts have also been made to understand the in-
fluence of O-acetylation patterns in antigenic peptides or proteins.
By taking this modification into account, a conjugate vaccine against
Sh. sonnei shigellosis was designed in which the O-antigen of Sh.
sonnei was fused with recombinant exoprotein A of P. aeruginosa.
The vaccine was then tested in Israeli military recruits; after vacci-
nation, it was found that the vaccine can confer protection against
the infection and eliciting high Ab titers (Cohen et al., 1997).

Salmonella typhi is known to cause typhoid fever, and due to the
presence of Virulence Antigen (Vi), a CPS (Bystricky & Szu, 1994), it
can escape from host machinery. This capsular Vi protein is a
homopolymer of GalNACA repeating units and is O-acetylated at the
C-3 specific position. The O-acetylated Vi-conjugated protein, when
given in an adequate amount (>52% as per WHO) as a vaccine
candidate against enteric disease, is known to provide protective
immunity in comparison to partially or deacetylated Vi protein in
clinical studies (Szu et al., 1991, 2013). This summarizes that the
amount of O-acetylated proteins is also an essential aspect of mea-
suring vaccine candidate effectiveness or potency (Hitri et al., 2019).
A comparative study done by Scully et al. (2018) has reported that
the O-acetylated CP5-CRM197 glycoconjugate vaccine (with ad-
juvant AIPO4) upon immunization against the Staphylococcus aureus
infection generated the potential anticapsular antibody responses in
the murine pyelonephritis model rather than the de-O-Acetylated
vaccine.

Apart from the polysaccharide acetylation modification, peptide
modification with N-terminal acetylation is also in practice to im-
prove the cyclization of an epitope that may be responsible for the
confirmational epitope assembly, prevent the enzymatic peptide
degradation, enhance the immunogenicity of peptide vaccine (Purcell
et al, 2007); e.g., MART-1(27-35) immunogenic peptide use for
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development of a vaccine against the metastatic melanoma (Tarhini
et al., 2012). Like in cancer, the modified immune peptides have also
played a significant role in neuro-related disorders (Campbell
et al., 1995). The angiotensin and bradykinin immunogens or neu-
ropeptides have been in the picture for many years and involved
antisera production of broad specificity. One of the studies done by
Nusserberg et al. (1983) revealed, N-acetylated (at Asn and Val)
angiotensin peptides at the N terminus, coupled with the carrier
protein, immunization has shown higher immunogenicity in com-
parison to the nonacetylated one. Aiming or incorporating the
O-acetyl group can result in elicited antibodies and efficacious
functional and mechanistic immune responses.

3.5 | Sulfation

One another type of posttranslational modification is sulfation,
which is primarily linked with membrane and secretory proteins. In
sulfation, sulfotransferases catalyze the transfer of a sulfate (SO3-)
group to an oxygen atom of Tyr, Ser, or Thr residues in the trans-
Golgi network. Likewise, for the production of N-glycan sulfation of
glycoproteins, which occurs in Golgi, sulfotransferases catalyze
the transfer of a sulfate group from 3’-phosphoadenosine-5’-
phosphosulfate (PAPS) to a glycoprotein substrate. These N-glycans
are usually sulfated at the C-3 position of Gal, C-6 position
of GlcNAc of GalNAc
(N-acetylgalactosamine) of terminal Galactose-N-acetylglucosamine and

(N-acetylglucosamine), C-4 position
N-acetylgalactosamine residues (She et al., 2019). Sulfation in poly-
saccharides is known to play a role in enhancing humoral and cell-
mediated immune responses. For instance, a sulfated polysaccharide
vaccine candidate against the Newcastle disease (ND), an infectious
disease of birds caused by the Newcastle disease virus (NDV), was re-
ported by Zhang et al. (2013). In this study, the broiler chicks were
vaccinated with sulfated Agrocybe chaxingu polysaccharide (SACP) and
nonsulfated ACP (nACP) to evaluate the immune responses. The pre-
sence of sulfate on polysaccharides was analyzed by performing 3-(4,5-
dimethythiazol-2-yl)-2,5-diphenyl-tetrazolium bromide assay. Modified
sACP1 3, and SACP, 79 were tested in vivo in the broiler chicks, using the
nACP as a control. They found that the sSACP (sACP;_3, and SACP )
vaccinated group, at 21 days, showed slight enhancement in the relative
thymus and spleen weight compared to nACP group. Apart from this,
the serum ND antibody titers were also shown to be increased at the
age of 16, 22, 28, 34, and 42, along with splenic lymphocytes (T and B-
cells) proliferation at age of 22 and 28 days. With this comparative
study, it was summarized that sulfated sACP,55 has shown the en-
hanced interferon-gamma (IFN-y) and IL-6 expression level in compar-
ison to SACP 35, and further it could be served as an immunopotentiator
molecule.

Apart from the vaccines, sulfated peptides have also shown a
promising role as potent antiviral inhibitors. The same has been re-
ported in HIV-1; the virus owns an outer membrane glycoprotein
(gp120), which contains a V2 loop that is essential for viral entry
(Cimbro et al., 2016; Ran et al., 2017). This V2 loop has sulfated

tyrosine residues (Tys173 and Tys177) and is involved in sustaining
the envelope from antibody protection. After that, it was found that
the V2 peptide mimics the morphology and function of CCR5 (critical
cellular coreceptor) that maintains the interaction of HIV-1. This
study found that the V2 (tyrosine-sulfated) peptide act as a potential
antiviral inhibitor by blocking the CCRS5 interaction site in the gp120
(Cimbro et al., 2016). This novel approach can be studied further in
other diseases to design new peptide-based inhibitors and vaccine
candidates.

Another study performed by Yi-Min She et al. (2019), by ap-
plying extensive glycoproteomics followed by LC-MS/MS analysis,
was performed to determine the ideal sulfated N-glycan peptides in
influenza vaccines. In this study, a large number of sulfated glyco-
peptides having sulfated complex and hybrid N-glycan were identi-
fied. After resolving the isobaric N-glycan structure, it was found that
around 60% of sulfated glycans were present, and majorly three
types of N-glycans were dominant, namely sulfated-3-Gal, sulfated-4-
GalNAc, and sulfated-6-GIcNAc. Moreover, this also revealed sul-
fated N-glycans' topological location, which helped explain the var-
ious functions performed by sulfated N-glycans, such as receptor
binding, enzyme activity, and viral infection. This study concluded
that the sulfation on the influenza virus's glycoproteins evokes an-
tigenicity and innate immunity, ultimately paving the way for newly

modified vaccines against the infections.

3.6 | SUMOylation and ubiquitylation

Ubiquitylation refers to the addition of ubiquitin (a small protein; 76
amino acids) to a protein, whereas SUMOylation is the addition of a
small ubiquitin-like modifier (SUMO) to the proteins. The former
directs the proteins for degradation and involves several biological
processes, such as cell signaling, programmed cell death, stress re-
sponse, and DNA repair mechanism (Park et al., 2020). Whereas
SUMOylation does not mean protein degradation and regulates the
function of various proteins; both modifications are reversible. Apart
from these functions, the discussed modifications are involved in the
antigen presentation of peptides with MHC's help Class | molecules.
Initially, the ubiquitin molecule attaches to the target molecules'
lysine group by generating an isopeptide bond between the Ub (C
terminal) and the target's g-lysine amino group protein. The ubiqui-
tylation process occurs chronologically; the initial step involved the
E1 enzyme, which activates the Ub enzymes (ATP-dependent acti-
vation), and then in the second step, the Ub gets transfers to the E2
(ubiquitin-conjugating enzyme) enzyme. Last, the E3 enzyme (ubi-
quitin ligase) transports Ub molecules to the target protein and
formulate poly-Ub chains. The entire polyubiquitylated protein is
subjected to 26S proteasomal degradation, where the protein gets
chopped into small peptide molecules with the help of Ub-specific
hydrolases. These peptides are then taken up by the ER (endoplasmic
reticulum) and ultimately recognized by the CD8+ T lymphocytes to
generate immune responses (Stewart et al., 2016). It is known that
proteosome is generally responsible for the degradation of proteins
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(e.g., Tumor antigens) to generate Class | MHC ligands. The poly-
ubiquitin chains can covalently attach to the vaccine molecule by
enzymatic reactions to attain protective immunity and enhance the
epitopes' proteasome processing. Rodriguez et al. (1997) in the Year
1997 has reported that the fusion of ubiquitin molecule with lym-
phocytic choriomeningitis virus nucleoprotein at N-terminus helps in
the generation of CTL epitopes and is capable of providing protective
immunity against viral infection. With this study, they have con-
cluded that ubiquitination may improve the DNA immunization
practice. In relation to this, Zhang et al. (2005) have performed a
study for designing a DNA vaccine against melanoma cancer. Here,
they have covalently fused the tyrosinase-related protein 2 (mela-
nocyte lineage differentiation antigen) with the ubiquitin moiety
(self-antigen) N-terminus. When injected in mice C57BL/6, they
found improvement in metastasis and survival rate due to the in-
duction of protective immunity. They have concluded that targeting
the self-antigens expressed by tumors can generate the CTL epitopes
(MHC-I ligands), processed through the ubiquitin-proteasome path-
way could be a great strategy against various carcinomas.

The proteasomal targeting/Ub targeting of proteins has been
pragmatically studied in several mammalian vaccine designing to
achieve enhanced epitope processing and potential T cell (CD8+)
immune responses. However, in various gene-based vaccine studies,
the Ub targeting had failed to target the proteasome and raise the
immune response, but on the other side, mammalian vaccines ex-
pressed in the yeast system have shown robust immune responses.
Nevertheless, to prove this, Andersson and Barry (2004) in the Year
2004 have reported the aspects of antigen targeting to the protea-
some to maximize the immune response via gene-based vaccines.
They have performed a comparative study between the Ub con-
structs expressed in yeast and mammalian system. To achieve the
results, they have green fluorescent protein tagged several Ub genes
to detect the enhanced CD8+ T cell response and have found that
the response was not due to the translation of proteins but it was
because of proteasome targeting. But they have also observed that
some of the Ub constructs expressed in the yeast system had the
poor ability to target the mammalian cell proteasome and hence,
failed to achieve the CD8+ response in mice. Whereas the Ub con-
structs expressed in the mammalian system had the ability to target
the nucleoprotein of the flu virus. Overall, this study's data suggested
that Ub fusion/targeting has the efficiency to augment CD8+ re-
sponses against both dominant and subdominant antigenic epitopes.

Apart from gene-based vaccines, virus-like particles (VLPs) have
proved to be better vaccine candidates in many diseases and are also
used as carriers for the exogenous antigenic molecules. VLPs are
similar to viruses but lack the genetic material and nucleus and
formed assemblages of capsid and envelop protein of several viruses
together. The capsid and envelop proteins of viruses are mainly
susceptible to posttranslational modifications, and one of the com-
mon modifications is the SUMO. The SUMOylation mechanism gets
activated by the E1 enzyme and transferred to enzyme E2 and then
ligated to target protein with or without enzyme E3. SUMOylation
modification was seen to be very useful in producing foot and mouth
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disease VLPs, by applying a SUMO fusion protein approach in the
bacterial expression system of E. coli. In 2009, Lee et al. (2009) have
shown that the fusion of three SUMO-modified FMDV capsid pro-
teins VO, V1, and V3 was able to form a stable heterotrimeric
complex, preventing inappropriate aggregation and embracing water
solubility. This study showed that the addition of SUMO fractions
was able to prevent the aggregation of capsid protein; however, on
removing these fractions, the capsid proteins reassemble into their
native form. Following the same approach, in 2013, Guo et al. (2013)
reported the FMDV VLPs generated by SUMO fusion protein in the
bacterial expression system of E. coli. In this study, they have gen-
erated VLPs SUMO fusion proteins (VO, V1, V3) corresponding to the
study done by Lee et al. (2009). Although the study done by Lee et al.
(2009) has not shown the in vivo testing of the SUMO modified
VLPs; so, has been done by Guo et al. (2013) group. They immunized
guinea pigs, cattle, and swine with FMD VLP (SUMO fusion proteins)
through an intramuscular immunization mode. It was found that
FMD VLPs were able to generate the B-cell (specific antibody re-
sponse) and T cell immune responses with the secretion of IFN-y,
leading to the stimulation of both adaptive and innate immunity. This
data suggested that SUMOylated FMD VLPs confers complete pro-
tection in many model organisms and hence, upholds the property of
VLPs as promising vaccine candidates.

3.7 | Lipidation/palmitoylation

This kind of posttranslational modification is the covalent attach-
ment of fatty acid/lipid moiety to the cysteine residue and is referred
to as S palmitoylation. In contrast, fatty acid attachment to the Ser
and Thr is acknowledged as O-palmitoylation (rare palmitoylation).
Lipidation has an indispensable role in regulating the cell signaling,
moderates the target protein's binding affinity with the lipid mem-
brane by changing the subcellular protein localizations, and im-
proving the function of proteins related to intrinsic and extrinsic
signals. One more promising role of palmitoylation is enhancing
protein stability and protecting it from proteasomal degradation. In
terms of vaccines, it has been reported that the lipidation of proteins
plays a pivotal role in enhancing the vaccine candidates' im-
munogenicity. One of the studies by Zeng et al. (2011) investigated
that the covalent attachment of Pam2-Cys to the vaccine protein
could generate a tremendous humoral immune response. In this
study, they have modified hen egg-white lysozyme (HEL) and bovine
insulin by coupling them with three different moieties of soluble
Pam2Cys (the first group comprises of Pam2Cys; in the second group
HEL coupled with Freund, whereas the third group was coupled with
Alum) and administered in mice to check the immune responses. The
study data suggested that both lipidated proteins have shown much
sturdier humoral immune response, i.e., antibody production, com-
pared to proteins administered in coupled with Freund and Alum.
The lipidated protein has also shown a similar immune response
when administered in different mice strains; this concludes that the
posttranslationally modified vaccine candidate has guaranteed
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T-cell-dependent immune response across the MHC (major histo-
compatibility complex) barricade.

Further, it was reported that the lipidated pneumococcal anti-
gens (DacB and PnrA) have shown ameliorated humoral immune
responses when administered in mice. Compared to non-lipidated
proteins, the lipidated modified protein was responsible for the in-
duction of high antibody titers, hence accountable for suppressing
Pneumococcus colonization (VoRB et al., 2020).

Several studies were done to determine whether the enhanced
immune response is due to the protein's lipidation or delivery ve-
hicles, such as liposomes or immune stimulating complexes
(Konnings et al., 2002). After the comparative studies, it was found
that the candidate's enhanced immunogenicity was because of lipi-
dation without the involvement of any adjuvant or delivery carriers.
Hence, this concludes that lipidation modification is responsible for
maintaining the proteins' stability without disordering its integrity,
and it would be advantageous for the protein-based vaccine de-
signing and protect it from immediate proteasomal degradation.

3.8 | Formylation
Formylation is the addition of a formyl group to the compound. The
protein synthesis mechanism has great importance, as the process
originates with a formylated methionine residue. This modification
often occurs on histone proteins (lysine), involved in DNA binding
and modulating gene expression (Leder & Bursztyn, 1966). This
modification has been known to induce a tremendous protective
immune response against intracellular pathogens. Compared to MHC
Class 1a molecules, the Class 1b molecules remain active in the host
to fight against the infection. Mir and Sharma (2013), in a review
article, has summarized the role of H2-M3 (MHC Class 1b molecule),
which can recognize and represent the N-formylated peptides for the
activation of both innate (chemotactic property, ROS production, and
phagocyte activation to secrete antimicrobial peptides) and adaptive
(proliferation of T cell and the activation of CD8+ T-cells) immune
response against the infectious M. tuberculosis. MHC Class 1a re-
cognizes N-formylated methionine peptides by blocking both the C
and N terminus, whereas MHC Class 1b (H2-M3) recognizes only N
termini of N-formylated peptides by utilizing the frame-shifted
binding site. This H2-M3 can also recognize and bind to the non-
formylated peptides obtained from influenza viruses, but the for-
mylated peptides have a 10,0000-fold more possibility of binding
effectively with the H2-M3. Chun et al. (2001) have screened the
genome of Mtb and had found that N-formylated peptide sequences
have an excellent binding affinity for M3, and they have tested the
same by performing the peptide-binding assay. With this study, they
have come across that the mice immunized with M3-restricted
N-formylated peptides have provoked cell-mediated immunity,
which led to the lysis of infected Mtb macrophages.

Further, it was reported that the bone marrow-derived dendritic
cells pulsed with TB2 (H2-M3 binding peptide) when injected in
mice have elicited enduring CD8+ based T cell-mediated immune

response against the Mtb pathogen (Doi et al., 2007). However, the
vaccines that are already in the pipeline for Mtb, such as VMP1002,
Ag85b, and others, are not restricted. This concludes that
N-formylated peptides represented by MHC class 1a molecules
could be a groovy target and an innovative way to design vaccines
against infectious diseases like tuberculosis.

3.9 | Amidation

Amidation refers to amide formation by replacing or substituting the
hydroxyl group. This kind of modification influences the im-
munogenicity of epitopes-derived protein or peptide utilized to de-
sign vaccines. Peptide vaccines are the short antigenic fragments of
amino acids that are responsible for the targeted immune responses.
However, this type of vaccine is highly vulnerable to proteasomal
degradation, making them less efficient (Li et al., 2014). Nowadays,
the peptidomimetic approach is being used to overcome these kinds
of complications. These are the synthetic pseudo or small modified
peptide molecules (mimic peptide), which are engineered or modified
at the N or C terminals to gain the high stability and immunogenicity
of vaccine immunogens (Croft & Purcell, 2011). One of the studies
done by Cotton et al. has shown that the amidation or modification
at P[CH2-NH] or Pp[CO-NMe] (N-methylated) in the amide bonds of
epitopes (derived from snake venom; 24-36 peptides) at C-terminal
has the ability to bind with murine MHC Class Il I-Ed molecules,
which ultimately is responsible for activating the T helper cells and
leads to the generation of potential antibody immune responses
(Cotton et al., 1998). The nonnatural pseudo peptides (MHC1 and
MHCII ligands) can be generated with this approach, which directs to
T cell responses' augmentation.

The vaccine for Alzheimer's AN1792, composed of full-length
AB1-42, has come up with the threat of meningoencephalitis due to
the autoimmune Th1 response in contrast to all forms of AB (Fox
et al, 2005; Orgogozo et al, 2003). To overcome this risk and
minimize the accumulation of AB, the authors have utilized the
chemically synthesized ABpE3-8 and ABpE11-16 peptides that were
having C-terminal amidated and cysteine bridged with two-glycine
()EFRHDSGGC and pEVHHQKGGC,
(Vingtdeux et al, 2016). Targeting the N-terminal truncated

residues respectively)
pyroglutamate-3 AR (ABpE3), a potential AR product could be a
possible way for the acceptability of immunotherapy in Af of amyloid
plaques. The peptide vaccine formulated against ABpE3, composed of
ABpE3-8 and ABpE11-16 peptides with CRM197 (Shinefield, 2010), a
diphtheria toxin vaccine, used as a carrier protein and has proved its
immunogenicity in clinical trials. Further, the mice were immunized
with ABpE3:CRM197 vaccine to develop a unique anti-ABpE3 anti-
body, which shows no cross-reactivity with AB1-42, N-terminally
truncated pyroglutamate-11 AB (ABpE11), or ABE2 (noncyclized)
(Graham, 2013). Antiserum analysis suggested that the presence of
1gG1 isotype, anti-ABpE3 antibodies were an indicator of an antiin-
flammatory Th2 response generated by the ABpE3:CRM197 vaccine.
This study concluded that the C-terminal amidated peptide ABpE3-8
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and ABpE11-16 conjugated with CRM197 vaccine could be re-
sponsible for the generation of the potential immune response
against ABpE3 and ABpE11, respectively. It has also been reported
that few antigenic epitopes/peptides have more probabilities of
rousing long-lasting protection and proved to show more stability
than whole protein vaccines (Purcell et al., 2003). RTS, S a well-
known vaccine registered against malaria and has received a positive
response from the European Medicines Agency. This vaccine com-
prises CSP of sporozoites, T cell epitopes of CSP, and hepatitis B
surface antigen. Later, after immunization in children some side ef-
fects were noted, such as fever, swelling at the site of vaccination,
local pain, and convulsive seizures. The CSP protein has 37 reitera-
tions of NPNA (Asn-Pro-Asn-Ala), which was found to be a highly
immunogenic epitope for subunit vaccine designing. By considering
this protein, a peptidomimetic UK-39 (20 amino acids and 5 NPNA
reiterations) was designed, which is similar to native CSP NPNA
repeats in terms of structure, function, and antigenicity (Abdulhaqq
& Weiner, 2008). The amide bond was inserted between the gluta-
mate amino acid residue and 4-aminoproline, in addition to an
N-terminal phosphatidylethanolamine. The amide bond's purpose
was to achieve stable hydrogen bonding to be linked up with the
IRIV (immuno-potentiating influenza virosomes), vaccine delivery
system. When injected in mice, UK-39 resulted in parasite inhibition
by producing the sporozoite cross-reactive IgGs antibody and,
hence, found to be an effective therapeutic option (Okitsu
et al., 2007).

4 | CONCLUDING REMARKS AND FUTURE
PERSPECTIVE

The identification of antigenic sequences is the primary step in de-
signing next-generation vaccines. The efficacy of vaccines can be
enhanced by supplementation of adjuvant and by using the potential
delivery systems. Nevertheless, even after these strategies, there is
still some gap to achieve better quality and highly immunogenic
vaccines. The mechanism or molecular pathways associated with the
vaccine's immune response is still not clearly understood. We have
come across the current knowledge present on posttranscriptional/
translation modifications (chemically and naturally) in vaccine mac-
romolecules, searching for potential interventions for obtaining the
tremendous immune response and protective immunity. This review
is specifically focused on the relationship between the PTMs and
vaccine molecules in improving the rate of protective immune re-
sponses to combat both communicable and NCDs. A variety of PTMs
occur naturally and are responsible for regulating the various type of
cell functions.

In contrast, the unusual PTMs can lead to certain disorders in
humans and responsible for microorganism's pathogenicity. As the
classical vaccine approaches have proven ineffective, researchers
exploited the PTM to develop efficacious next-generation vaccines
against a broad range of pathogens. PTM modifications in the vac-
cine molecules are not standard in active research, although it can
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become very generous and successful immunotherapy. This updated
review article provides the vaccine candidates' collective informa-
tion, which naturally possesses the PTM at their specific site or
chemically synthesized to get a better immune response and protect
the degradation. For example, glycosylation has dramatically en-
hanced the immunogenicity of vaccines compared to nonglycosylated
and is in the pipeline of clinical trials. The newly generated or
modified peptides have shown great immune responses in various
infections and autoimmune diseases like influenza, malaria, arthritis,
HIV infection, multiple sclerosis, cancer immunotherapy, and many
more. Although this modification is responsible for enhancing im-
munity, the safety, efficacy, and quality standards of modified next-
generation vaccines should be assessed before their availability to
the population. We firmly believe that this review will deliver
fruitful information for vaccines' development as this is the current
need for society. It will encourage the researchers working in this
specific field and inspire basic and experimental molecular
biologists.
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