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Abstract: Vaccination is a key component of public health policy with demonstrated cost-effective
benefits in protecting both human and animal populations. Vaccines can be manufactured under
multiple forms including, inactivated (killed), toxoid, live attenuated, Virus-like Particles, synthetic
peptide, polysaccharide, polysaccharide conjugate (glycoconjugate), viral vectored (vector-based),
nucleic acids (DNA and mRNA) and bacterial vector/synthetic antigen presenting cells. Several
processes are used in the manufacturing of vaccines and recent developments in medical/biomedical
engineering, biology, immunology, and vaccinology have led to the emergence of innovative nucleic
acid vaccines, a novel category added to conventional and subunit vaccines. In this review, we have
summarized recent advances in vaccine technologies and platforms focusing on their mechanisms of
action, advantages, and possible drawbacks.

Keywords: vaccine; vaccine types; vaccine platforms; inactivated vaccine; live attenuated vaccine;
Virus-like Particles; toxoid vaccine; polysaccharide vaccine; next generation vaccines; viral vectored
vaccine; DNA vaccine; mRNA vaccine

1. Introduction

Vaccine administration, also known as vaccination, is one of the most effective ap-
proaches to prevent and control serious, and sometimes deadly, infectious diseases. Surveil-
lance, ring, and mass vaccination campaigns have helped eradicate diseases such as
smallpox [1] and significantly reduce morbidity and mortality caused by several pathogens
including SARS-CoV-2 [2]. In the United States and other high-income countries, vac-
cines have proven instrumental in eliminating debilitating diseases such as poliomyelitis,
haemophilus influenzae b (Hib), rotaviral enteritis, hepatitis, parotitis (mumps), pertussis,
varicella (chickenpox), tetanus, measles, and diphtheria. According to the World Health
Organization (WHO), vaccines prevent between 2–3 million deaths every year despite
the considerable disparity in access to vaccines, especially in low- and middle-income
countries [3].

As evident from the Ebola epidemic, and the COVID-19 pandemic, emerging infec-
tious diseases with high incidence or fatality rates pose a substantial threat to public health
in addition to the local and global economy. The ability to respond to such threats in a
short period depends on multiple factors including monitoring, pandemic preparedness
programs, government/non-government cooperation, national policies, and current tech-
nologies and platforms to produce and distribute vaccines. Immediate response strategies
such as social distancing, quarantine, and lockdown, control the spread of an emerging
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pathogen effectively but are practically challenging to enforce long-term. Rapid rollout
of mass vaccination programs reduces treatment costs and prevent overwhelming the
healthcare system by limiting disease transmission, preventing the clinical manifestation of
infection in a short period, and establishing herd immunity.

Vaccine manufacturing technologies and platforms have evolved over the years to
overcome limitations, reflect technological advancements, and address ongoing concerns.
The goal of this review is to provide an overview of our current understanding of vaccine
technologies and platforms with a focus on immune response mechanisms, benefits, and
potential limitations of conventional and next-generation vaccine technologies and plat-
forms. We believe that this review will assist in improving understanding of the safety and
benefits of vaccination for a broad section of society and potentially reduce misinformation
and hesitation associated with vaccination.

2. What Are Vaccines?

Vaccines are biological compositions intended to stimulate and prepare the immune
system against infection or disease. They utilize the ability of the highly evolved mam-
malian immune system to recognize, respond to and remember pathogens. The primary
component of vaccines are antigens that are derived from the pathogen of interest or
biomanufactured. Additional components may include preservatives, stabilizers, excipi-
ents, and traces of products carried over during manufacturing (Figure 1). Often, adjuvants
are added to improve immunogenicity (ability to induce an immune response) and efficacy
in some populations (e.g., infants, elderly, and immunocompromised individuals) and/or
to allow antigen dose sparing (increase the global supply of vaccines).

Figure 1. Schematic representation of common vaccine components, showing the typical vaccine components, including the
active ingredients, stabilizers, adjuvants, preservatives, antibiotics, and trace components.

Vaccines may be applied as a prophylactic or therapeutic modality. Prophylactic
vaccines prevent disease through the administration of antigens to healthy individuals
and are primarily developed for infectious diseases. Prophylactic vaccines are generally
designed to generate antibodies that neutralize the pathogen (neutralizing antibodies or
NAbs). In contrast, therapeutic vaccines are administered as a post-exposure therapy to
bolster the subject’s immune system against a chronic infection, premalignant condition, or
a preexisting disease such as cancer. They are designed to induce cell-mediated immunity
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resulting in the elimination of infected cells. Therapeutic vaccines are out of the scope of this
review paper and the interested reader is referred to an excellent review by Saxena et al. [4].

Unlike therapeutic drugs meant for ailing individuals, vaccines are typically admin-
istered to infants and healthy adults. They are subject to stringent testing and quality
standards from local and international regulatory agencies such as the United States Food
and Drug Administrations (FDA), the European Medicine Agency (EMA), and WHO, to
ensure efficacy and safety. Pre-clinical and clinical vaccine data are closely monitored be-
fore recommendation for public use followed by post-market surveillance to continuously
evaluate the safety, efficacy, and any long-term side effects.

3. Immune Responses to Vaccines

The main objective of a vaccine is to generate a long-lasting antigen-specific protective
immune memory. A detailed understanding of the immune system, pathogen biology, and
the ensuing host-pathogen interactions is important for vaccine development. Here we
introduce concepts of immune responses to vaccines and highlight elements that need to
be explored further for the development of vaccine platforms to produce more potent, and
safer vaccines (Figure 2).

Following administration, vaccine antigens are recognized by a heterogeneous popu-
lation of immune cells known as antigen-presenting cells (APCs) comprised of dendritic
cells (DCs), macrophages (Mφ), Langerhans cells, and B-lymphocytes (B cells). Antigen
recognition is mediated by a set of proteins capable of sensing macromolecular struc-
tures associated with pathogens i.e., Pathogen-Associated Molecular Patterns—PAMPs.
These PAMP sensors known as Pattern Recognition Receptors (PRRs) are present on the
surface (e.g., Toll-like receptors) and in the cytoplasm (e.g., Retinoic inducible gene I) of
APCs (Table 1).

Table 1. List of four major sub-families of Pattern Recognition Receptors (PRRs).

PRRs Role Ref

Cytoplasmic Retinoic acid-inducible gene I
(RIG-I) like receptors (RLRs)

Key components for pathogenic RNA recognition and modulate an
antiviral immune response. [5,6]

Cytosolic nucleotide-binding oligomerization
domain (NOD)- Leucine Rich Repeats
(LRR)-containing receptors (NLR)

Regulation of inflammasome reaction and cytokine production. [7,8]

Toll-like receptors (TLRs)

Represent an essential innate immune sensor, can be largely
classified into two categories. Cell surface TLRs: mainly recognize
microbial membrane components such as proteins, lipoproteins,
and lipids; Endosomal TLRs: mainly recognize pathogen-derived
nucleic acids.

[9,10]

C-type lectin-like receptors (CLRs)
Expressed on DCs and have a key role in orchestrating the
stimulation of signaling pathways that regulate adaptive
immune responses.

[11]

The interaction between vaccine antigens and PRRs on APCs triggers intracellular
signaling events that promote phagocytosis, maturation, and secretion of cytokines [12].
Internalized antigens are processed (digested) into peptide fragments and displayed on a
set of cell surface receptors known as major histocompatibility complex (MHC). Vaccine
antigens that are produced in or enter the cytoplasm (e.g., live attenuated viruses) are dis-
played on MHC-I through a process known as the endogenous antigen-processing pathway.
MHC-I-displayed antigens are recognized by the T cell receptor (TCR) of a particular subset
of lymphocytes known as CD8+ T cells (cytotoxic T cells—Tc). In contrast, antigens that
enter cells via phagocytosis (e.g., inactivated pathogens, recombinant proteins, or antigens
that are secreted/shed from infected cells) are displayed on MHC-II by the exogenous
antigen processing pathway and are recognized by another subset of lymphocytes known
as CD4+ T cells (T helper cells—Th) [13]. In some cases, extracellular antigens can also
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be presented (cross presented) on MHC-I through the vacuolar and/or the endosome-to-
cytoplasm cross-presentation pathways [14]. For further details, the interested reader is
encouraged to consult a review on the subject [14].

Figure 2. Basics of the immune response to vaccines following intramuscular administration. Vaccine components (e.g.,
antigen, and/or adjuvant) are recognized and phagocytosed (or uptaken) by tissue resident innate immune cells, or antigen
presenting cells (APCs), such as dendritic cells (DCs) and macrophages (Mφs). The process of antigen and/or adjuvant
recognition, phagocytosis, and intracellular processing of antigens induce APCs to mature (e.g., increased expression
of clusters of differentiation (CDs) such as CD80, CD40, MHC . . . ), and migrate to secondary lymphoid organs (SLO;
e.g., draining lymph nodes (dLN), and the spleen). Incoming APCs encounter and interact with T lymphocytes through
molecular recognition between the APCs major histocompatibility complex (MHC) and the T cell receptor (TCR); also
known as signal 1. This interaction is stabilized through an additional set of interactions between receptors, or co-receptors,
on both cell types (i.e., CD40-CD40L); also known as signal 2. Interaction between MHC-II and the TCR, co-receptors,
and APC secreted cytokines (also known as signal 3) induces the activation of helper T cells (Th or CD4+ T cells). In some
cases, antigens may be cross-presented on class I MHC in addition to the canonical class II MHC presentation. The former
interacts with the TCR of CD8+ T cells, leading to their differentiation into effector (cytotoxic) T cells and memory CD8+ T
cells. CD4+ T cells differentiate into one of the subclasses (e.g., Th2, Tfh, Th17, Th9 . . . ).
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Activated APCs displaying vaccine antigens on MHCs migrate to secondary lymphoid
organs such as the draining lymph nodes, and spleen to encounter naïve T cells in specific
locations known as T cell zones [15]. Interaction between antigen-presenting APCs and
T cells through MHC/TCR binding leads to the differentiation and proliferation of naïve
T cells into effector cells. For activation and differentiation, both CD4+ and CD8+ T
cells require two additional signals from co-stimulation and cytokines. Co-stimulation
is provided by the interaction of ligands and co-receptors on APCs (e.g., CD80) and T
cells (e.g., CD28). In contrast, cytokines are either secreted by the APCs or are present in
the microenvironment.

In response to MHC-II/TCR binding, ligand-receptor interaction, and environmental
cues from cytokines, CD4+ T-helper (Th) cells differentiate into distinct effector Th lineages
or subsets. Th subsets polarize the immune response through the patterns of cytokines
they produce. T helper 1 (Th1) and 2 (Th2) cells are primarily responsible for cellular
and humoral immunity, respectively. Th1 cells secrete Interferon-gamma (IFN-γ) as their
signature cytokine to stimulate the activation and expansion of cytotoxic T cells. CD8+ T
cells differentiate into cytotoxic (killer) following TCR/MHC-I interaction, and help from
Th1 cells (e.g., INF-γ). Induction of cytotoxic T cells following vaccination is important as
they recognize and eliminate infected cells, protecting against intracellular pathogens (e.g.,
viruses). In addition to the effector cells that are generated in response to the presentation
and recognition of vaccine antigens, both CD4+ and CD8+ lymphocytes also differentiate
into memory cells (e.g., central memory, effector memory, etc.). The memory cells are critical
in responding and expanding the clonal pool upon antigen re-stimulation or subsequent
encounter with the pathogen.

Several subsets of T cells play an important role in vaccine-mediated humoral immu-
nity. Th1 cells are involved in the production of IgG1 and IgG3 antibodies by B cells [13].
Th2 cells secrete IL-4, IL-5, and IL-13 as their signature cytokines to promote the de-
velopment, maturation, and differentiation of B cells into memory B cells (MBCs) and
antibody-secreting plasma cells (PCs). Follicular T helper (Tfh), and Th17, discovered a few
decades ago, are two essential Th subtypes for the generation of high-affinity antibodies
and mucosal immunity, respectively. Tfh regulates B cell affinity maturation (somatic
hypermutation), selection of high-affinity germinal center (GC) B cells, and the duration
of GC reaction [16,17]. Durable GC reaction favors the differentiation of GC B cells into
high-affinity MBCs and Ab-secreting long-lived PCs (LLPCs) [18–20]. MBCs are important
in vaccine-induced immunity, as they can rapidly expand, and differentiate into antibody-
secreting plasma cells upon antigen re-encounter to provide protection. LLPCs move from
the draining lymph nodes (dLNs) germinal centers to the bone marrow to produce anti-
bodies over a few months to decades. LLPCs are terminally differentiated, and in contrast
to MBCs do not require reactivation or antigen re-encounter. High levels of neutralizing
antibodies produced by LLPCs protect against reinfection.

B cells are also able to recognize and respond to vaccine antigen before the engagement
of help from T cells (Th). Following vaccine administration, B cells recognize and internalize
antigens, and upon PRR activation differentiate into short-lived antibody-secreting cells,
plasmablasts, that produce the first wave of antibodies. In the absence of help from T cells
(described above), B cells fail to class switch into high-affinity antibody IgG secreting cells
and continue to secrete IgM [13].

The above elements of the immune response help guide the development of vac-
cines and vaccine technologies or platforms to befit the intended use. For instance, the
development of vaccines against intracellular infectious agents such as viruses must use
technology, or a platform that promotes the endogenous antigen processing pathway or
cross-presentation to induce potent cytotoxic T cell responses to eliminate intracellular
pathogens. In addition, identification of vaccine technologies or platforms and/or adju-
vants that strongly promote Tfh cell and GC responses, as well as the LLPCs, is essential to
developing effective vaccines to target current and emerging infectious diseases.
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In addition to preparing the body against potential infections, vaccines may produce
transient mild to moderate side effects. These potential side effects typically manifest
between 24–48 h after administration and include injection site pain, soreness, muscle ache,
and fever. These manifestations are generated because of the inflammatory component of
innate immune cells (e.g., APCs) and indicate that the body is responding to the vaccine.
The absence of side effects does not suggest that the vaccine was ineffective, but merely
that every human responds differently. Of note, serious side effects are extremely rare, and
the protection offered by the vaccine against deadly diseases far outweigh the side effects
associated with vaccination.

4. Vaccine Types

Vaccines can be classified based on their ability to replicate in the host (e.g., live versus
dead vaccines) and/or the technology/platform used in their manufacturing (Figure 3).
Conventional vaccines use one or several antigens derived from inactivated or weakened
pathogens, or their components such as protein subunits or toxins to generate an immune
response. Many licensed vaccines are produced using conventional vaccines technologies.
However, these technologies have been unsuccessful in creating vaccines against complex
pathogens that can evade the immune system, and/or display extensive variability [21].
Conventional vaccines are also more time-consuming to produce, involve a greater risk
of reversion to virulence, and need more customized development against emerging or
rapidly evolving pathogens. New strategies for immunogen design and genetic engineering
(including recombinant DNA technologies) have contributed to the rise of next-generation
vaccine platforms that enable a more potent immune response. Since next-generation
vaccines rely on the genetic sequence of a pathogen, they can be developed much faster
than conventional technologies. In this manuscript, we have categorized vaccine types
based on the manufacturing technology or platform, discuss their production, mechanisms
of action, benefits, limitations, and share examples of vaccines licensed for human use.

4.1. Conventional (Classical) Vaccine Technologies
4.1.1. Live-Attenuated, or Replication-Competent Attenuated Vaccines

Live attenuated, or replication-competent attenuated vaccines are prepared from
weakened pathogens, where the virulence indicated by severity or harmfulness of the dis-
ease is considerably reduced. However, the attenuated pathogens mimic natural infection
in their ability to infect, replicate, and release in the host [22]. The ability to maintain the
pathogens’ replication potential without causing disease or reversion to virulence is a key
consideration for this technology.

Attenuation methods involve serial passaging of the virulent pathogens in suboptimal
conditions [23,24] or temperatures to induce a selective pressure that favors mutations
incapacitating disease potential [22,25,26]. While serial passaging has been applied to
develop vaccines for clinical use, other methods such as increasing replication fidelity, and
codon de-optimization, are currently being investigated to improve the safety of replication
competent attenuated viruses. Using small animal models, Vignuzzi et al. demonstrated
that decreasing the number of errors generated from the virus replication machinery (e.g.,
RNA dependent RNA polymerase) attenuated poliovirus and prevented its reversion to the
pathogenic wild-type phenotype [27]. Based on the concept of quasi-species, this method
relies on the principle that the pathogenicity of RNA viruses is linked to genome diversity
and not necessarily the growth rate. The idea of generalizing the approach of increasing
replication fidelity (i.e., reducing error rates) to other viruses is an exciting one but needs
further assessment and validation. Another promising method of genetic engineering to
attenuate viruses involves altering the positions of synonymous codons to recode the virus
genome, thereby increasing the number of suboptimal codon pairs and CpG dinucleotides.
This codon de-optimization method was shown to reduce mRNA stability and translation
efficiency, in addition to reduced protein production, increased errors in translation, and
attenuation of the de-optimized virus [28].



Vaccines 2021, 9, 1490 7 of 31

Figure 3. Schematic representation of the different vaccine platforms for infectious diseases, showing
different vaccine technologies against (A) viral, and (B) bacterial pathogens.
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Improved immunogenicity of this vaccine technology is derived from activation of
molecular sensors of the innate immune cells (Table 1), sustained antigen expression, and
presentation/shedding. Activation of PRRs on DCs induces the upregulation of costimula-
tory molecules [29], interferon/cytokine expression, and subsequent differentiation and
activation of the Th1 subset leading to potent cellular immune responses [11]. For instance,
the live attenuated yellow fever vaccine 17D (YF-17D) elicits an effective innate immune
response through activation of TLR 2, 7, 8, and 9 and the release of pro-inflammatory
cytokines such as interleukin IL-12p40, IL-6, and interferon-alpha (INF-α) [30]. Most at-
tenuated vaccines do not need an adjuvant [29] and a single dose is sufficient to confer
lifelong immunity. For instance, the smallpox vaccine offers humoral protection for up to
75 years and antiviral T cell protection for up to 15 years [22,31]. The major disadvantage
of this technology lies in its disease-causing potential in normal and immunocompro-
mised individuals. Rare cases of disease were recorded following administration of oral
poliovirus [22,32,33] and animal rabies live-attenuated vaccines [34,35]. In addition, this
technology is labor-intensive, and requires stringent quality control as well as qualified,
trained personnel, resulting in increased manufacturing costs and slow response in the
event of a pandemic [36]. Despite these disadvantages, live-attenuated vaccines continue
to be used since the benefits outweigh the risk of being unvaccinated. Moreover, this
technology has led to the successful development of several older and highly effective
vaccines protecting from serious diseases (Table 2, e.g., Ebola, Polio, etc.).

Table 2. Examples of FDA-approved live attenuated vaccines.

Pathogen Vaccine
Tradename

Route of
Administration Adjuvant Manufacturer

Adenovirus Type 4 and 7
Vaccine * - Oral - Barr Labs, Inc. Montvale,

NJ, USA

Measles, Mumps, and Rubella
Virus Vaccine M-M-R® II Subcutaneous - Merck & Co., Inc.

Kenilworth, NJ, USA

Tuberculosis (Bacillus of
Calmette and Guerin (BCG))

Vaccine
BCG Vaccine Percutaneous - Organon Teknika Corp., LLC.

Durham, NC, USA

Cholera Vaccine Vaxchora® Oral - Emergent Travel Health, Inc.
Gaithersburg, MD, USA

Dengue Tetravalent Vaccine DENGVAXIA® Subcutaneous - Sanofi Pasteur Inc. Lyon,
France

Ebola Zaire Vaccine ERVEBO® Intramuscular - Merck & Co., Inc.
Kenilworth, NJ, USA

Influenza Vaccine FluMist® Intranasal - Medimmune, LLC.
Gaithersburg, MD, USA

Rotavirus Vaccine Rotarix® Oral - GlaxoSmithKline Biologicals,
Brentford, UK

Varicella Virus Vaccine VARIVAX® Subcutaneous - Merck & Co., Inc.
Kenilworth, NJ, USA

Smallpox (Vaccinia) Vaccine ACAM2000® Percutaneous - Sanofi Pasteur Biologics Co.
Cambridge, MA, USA

* Approved for use in military populations 17 through 50 years of age.

4.1.2. Whole Inactivated Vaccines (Killed Vaccine)

Inactivated vaccines are derived from a killed form of virulent pathogens and typically
stimulate an antibody-mediated immune response. The inactivation process is mediated
by chemical or physical methods or a combination of both. Examples of chemical medi-
ators used for pathogen inactivation include formaldehyde [37], glutaraldehyde [37–39],
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ascorbic acid [40], hydrogen peroxide [41], β-propiolactone [42], and ethylenimine deriva-
tives [43]. Physical inactivation is typically accomplished by heat [44,45] and/or pH
denaturation [46,47], ultraviolet light and/or gamma irradiation [48], or other methods [49].

Formaldehyde, or formalin (37% saturated form of formaldehyde), an aldehyde-based
cross-linker, has been widely used to inactivate pathogens. Inactivation by formaldehyde
involves a multitude of chemical modifications with methylol groups, Schiff bases, and
methylene bridges to crosslink biological macromolecules. Formaldehyde inactivation
methods differ considerably with respect to formalin concentrations (0.009 to 0.08% w/v),
duration of inactivation (days to months), and temperatures (4 or 37 ◦C). Higher for-
malin concentrations and temperatures lead to faster inactivation but decrease vaccine
efficacy/immunogenicity through increased crosslinking and loss of key epitopes. On
the other hand, high temperatures induce accelerated antigen degradation and aggrega-
tion [50,51]. As a result, it is important to consider an inactivation period long enough to
ensure proper inactivation while maintaining immunogenicity [50].

Whole inactivated vaccines are safer than their attenuated counterparts because inacti-
vation prevents replication and gain of function mutations that could lead to reversion to
virulence. These vaccines generate a broad immune response against multiple targets since
the whole pathogen is used for immunization. Inactivated vaccines are typically inexpen-
sive to produce and are thermostable, permitting long-term storage. The major drawback
of vaccines produced using this technology lies in their limited ability to trigger cellular
immune responses against intracellular pathogens. In addition, larger doses and regular
booster injections are required for lasting protection due to lower immunogenicity. Higher
doses and repeated administration increase potential adverse events and manufacturing
costs and reduce vaccine compliance. Notably, the efficacy of inactivated vaccines can be
enhanced by increasing the dose or the addition of an adjuvant in the formulation [52].
Finally, chemical, and physical inactivation methods rely on empirical optimization of pa-
rameters to achieve a balance between inactivation and immunogenicity. As a consequence
of increased development time, research and manufacturing costs are increased which
impedes responsiveness to emerging pathogens.

Examples of vaccines prepared by formaldehyde-induced inactivation include Po-
liovirus (IPOL®), Hepatitis A Virus (HAVRIX® and VAQTA®), and Japanese Encephalitis
Virus (IXIARO®) [50] (Table 3). Purified inactivated Zika virus vaccine (PIZV) prepared us-
ing 0.02% formaldehyde for 14 days with aluminum hydroxide as an adjuvant is currently
being tested in clinical trials. Preclinical immunogenicity and efficacy evaluation in mice
showed protection against lethal challenge with the live virus (ZIKV). Additionally, the
study showed that unadjuvanted vaccines failed to mount a sufficient humoral response,
highlighting the significance of the adjuvants in the formulation of the inactivated vac-
cines [53]. PIZV vaccine conferred complete protection to rhesus macaque by eliciting a
dose-dependent neutralizing antibody response that negatively correlated with the ZIKV
RNA after challenge and lasted for at least one year post-vaccination [54]. These stud-
ies helped advance this vaccine candidate towards phase 1 clinical trials (NCT03343626),
where it was shown to be well-tolerated with an acceptable safety profile. This technology
is also being explored for vaccines against SARS-CoV-2 [55,56].

Table 3. Examples of FDA-approved inactivated vaccines.

Pathogen Vaccine Tradename Route of
Administration Adjuvant Manufacturer

Poliovirus Vaccine IPOL® Intramuscularly or
subcutaneously - Sanofi Pasteur, SA.

Lyon, France

Japanese Encephalitis
Vaccine IXIARO® Intramuscular - Valneva Austria GmbH.

Vienna, Austria

Hepatitis A Vaccine HAVRIX® Intramuscular -
GlaxoSmithKline

Biologicals. Brentford,
United Kingdom
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Table 3. Cont.

Pathogen Vaccine Tradename Route of
Administration Adjuvant Manufacturer

Diphtheria and Tetanus
Toxoid Vaccine - Intramuscular - Sanofi Pasteur, Inc.

Lyon, France

Diphtheria and Tetanus
Toxoids and Acellular

Pertussis Vaccine
INFANRIX® Intramuscular Aluminum Hydroxide

GlaxoSmithKline
Biologicals. Brentford,

United Kingdom

Diphtheria and Tetanus
Toxoids and Acellular

Pertussis Adsorbed and
Inactivated Poliovirus

Vaccine

KINRIX® Intramuscular Aluminum Hydroxide
GlaxoSmithKline

Biologicals. Brentford,
United Kingdom

Diphtheria and Tetanus
Toxoids and Acellular

Pertussis Vaccine
Adsorbed

DAPTACEL® Intramuscular Aluminum phosphate Sanofi Pasteur, Inc.
Lyon, France

4.1.3. Virus-like Particles (VLPs) Vaccines

Virus-like Particles (VLPs) are macromolecular assemblies designed to mimic the mor-
phology of a native virus (e.g., size, shape, and surface epitopes). VLPs can be subdivided
based on the presence or absence of a lipid envelope and the number of protein layers
forming the rigid structure known as capsid [57] (Figures 4B, 5). VLP-derived vaccines are
typically manufactured in bioreactors following transfection of insect, yeast, bacterial, plant,
or mammalian cells with one or multiple genetic constructs (Figure 4A). The constructs
encode at least two structural components of the original virus allowing self-assembly into
replication-incompetent particles [58–61]. The immunogenicity of VLPs can be fine-tuned
during the design and manufacturing phases using chemical modifications of the surface,
addition of immunogenic/dominant peptides and/or adjuvants, or through the choice
of the VLP system [62,63]. Precise and targeted modifications of the surface using simple
chemistries improve potency, modulate tropism, and allow repurposing of the technology
for targeted drug or nucleic acid delivery, imaging (e.g., Positron Emission Tomography
and Magnetic Resonance Imaging), and chemical catalysis, among other applications [63].

VLP-based vaccines have been designed to target B cells and induce potent antibody
responses following antigen presentation on MHC-II and activation of CD4+ cells. VLPs
display multivalent epitopes with specific geometries on their surface that facilitate interac-
tion with and crosslinking of B cell receptors (BCR). High-avidity binding with multivalent
components of the innate immune system also mediates effective opsonization and uptake
by APCs. In vivo studies have shown that the VLPs are actively internalized by different
subsets of dendritic cells (e.g., cDC1, cDC2, and follicular DCs), sub-capsular macrophages,
and B cells. The macromolecular structure, particulate nature, and nanometer size (e.g.,
20–200 nm) facilitate extravasation and rapid draining into the lymphatic system and
enable efficient cross-presentation of VLP-derived peptides on MHC-I molecules and
subsequent activation of CD8+ T cells [64,65].

This technology has been used to develop several licensed vaccines such as the human
papillomavirus vaccine (Table 4) and is being explored against Chikungunya, ZIKV, and
SARS-CoV-2 viruses [66–68]. Compared with other traditional vaccines, the increased
potency of this vaccine technology has been attributed to multivalent interaction (increased
avidity) with cells of the innate immune system and their subsequent activation. The pres-
ence of carry-over agonists (e.g., nucleic acids, and lipids, etc.) naturally packaged during
assembly of VLPs also increases the immunogenic potential of these vaccines [59,69]. How-
ever, manufacturing challenges in design, purification, and storage impede the practical
utility of this technology and increase cost [70].
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Figure 4. Schematic representation of the production and purification process during manufacturing of Virus-like Particles
(VLPs), shows (A) the manufacturing process of VLPs and (B) their expression in cell systems.
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Figure 5. Schematic representation of viral and bacterial structures, showing the typical components of enveloped and
non-enveloped viruses (Left), and bacteria (Right).

Table 4. Examples of FDA-approved virus-like particle (VLP) vaccines.

Pathogen Vaccine Tradename Route of
Administration Adjuvant Manufacturer

Human Papillomavirus
Bivalent (Types 16 and

18) Vaccine
CERVARIX® Intramuscular AS04

GlaxoSmithKline
Biologicals. Brentford,

United Kingdom

Human Papillomavirus
Quadrivalent (Types 6,

11, 16, 18) Vaccine
GARDASIL® Intramuscular

Amorphous Aluminum
Hydroxyphosphate

Sulfate (AAHS)

Merck & Co., Inc.
Kenilworth, USA

Human Papillomavirus
9-valent Vaccine GARDASIL® 9 Intramuscular AAHS Merck & Co., Inc.

Kenilworth, USA

4.1.4. Synthetic Peptide Vaccines

Immune responses to pathogens are dominated by effector cells that recognize either
one or multiple epitopes on an antigen. Identification and synthesis of these immun-
odominant peptide sequences are used to develop novel vaccine modalities. The design
of synthetic peptides involves extensive in vitro screening and modeling (i.e., atomistic
interactions) to identify appropriate immunodominant peptides with suitable manufac-
turing characteristics [71]. Peptide vaccines are synthesized using fragment condensation
techniques or solid-phase synthesis, and are subject to stringent purification and characteri-
zation [72]. Due to their small size, peptide vaccines are typically mixed with or conjugated
to an adjuvant to enhance their immune response and uptake by APCs. Adjuvants must be
carefully chosen, since engineered epitopes are sensitive to denaturation or emulsification
that might occur in the presence of specific adjuvants.

Peptide vaccines are safer than live-attenuated or killed vaccines [73] and have demon-
strated efficacy against infectious [74] and non-infectious diseases (e.g., Alzheimer, and
cancer) (Table 5). The control over peptide engineering, synthesis, and quality offers many
advantages including comprehensive knowledge of the molecular composition of the
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vaccine antigens and the ability to elicit a focused, epitope-specific immune response. In
addition, rapid modification of sequences to generate strain-specific responses, and the
absence of pathogenic/toxic contaminants, are easily achieved using this technology. Syn-
thetic peptides can be modified and/or conjugated to macromolecular structures to reduce
unwanted side effects [71] or to improve physicochemical stability and immunogenicity.

Table 5. Examples of FDA-approved synthetic peptide vaccines.

Pathogen Vaccine Tradename Route of Administration Adjuvant Manufacturer

Meningococcal Group B Vaccine TRUMENBA® Intramuscular - Pfizer Inc, Inc. New
York, USA

However, this vaccine approach presents practical and theoretical difficulties. Restrict-
ing the immune response to a few epitopes reduces breadth and selects for effector clones
that are unable to respond to escape variants. The use of multiple, or promiscuous T cell
epitopes, and the inclusion of B cell epitopes helps cover MHC variation in the population,
address antigenic diversity, and increase immune breadth [21,71,75,76]. In addition, since
the choice of the epitope is restricted to linear epitopes, conformational B cell epitopes are
difficult to mimic. Fortunately, the assembly of peptides on suitable backbones, either to
reconstitute the native epitope conformation or to create peptide nanoparticles, has enabled
improved immune responses. Antibodies elicited in response to peptides may cross-react
with normal tissues, especially if the targeted pathogens display host mimicry to evade
the immune response. Despite these practical and theoretical considerations, the synthetic
peptide vaccine technology is highly flexible and holds great potential as a standalone
strategy or in combination with other technologies.

4.1.5. Fractional Inactivated Vaccines: Toxoid Vaccines

Toxoid vaccines are derived from the inactivation of toxins—a harmful substance pro-
duced and secreted by bacteria (not viruses). These vaccines generate an immune response
against the disease-causing agent rather than the pathogen itself. Toxins cause several
diseases such as diphtheria, tetanus, botulism, cholera, pseudomembranous colitis, etc.

Inactivation is typically mediated by chemical treatments (e.g., formaldehyde) to
alter specific amino acids and induce minor conformational changes in the toxin structure.
In general, mild inactivation procedures are applied to ablate the biological effects of
these toxins while preserving physicochemical properties, overall structure, and immuno-
genicity [77,78]. Formaldehyde inactivation under specific conditions is superior to heat
treatment as it preserves secondary/tertiary structures, improves thermal stability, and
reduces aggregation [51]. Physical methods with heat and pH effectively inactivate toxins
but tend to decrease immunogenicity and increase aggregation [51,79]. Repeated dosing,
and/or formulation with adjuvants such as aluminum salts, may be used to improve the
immunogenicity of this vaccine technology.

Immunization with inactivated toxins generates antibody-mediated immune responses
that prevent and neutralize cytopathologic effects of bacterial toxins on tissues, reduce bacte-
rial invasiveness, and render the invading microorganism harmless [80]. Since anti-toxin re-
sponses typically do not target the bacterium, decolonization (or elimination of the disease-
causing bacteria) occurs. The latter is mediated by one or all of the following—engagement
of innate immune cells, use of treatment modalities (e.g., antibiotics), and competition
between the bacterial pathogen and the normal microbiota. Toxoid-specific T cell responses
are mostly restricted to CD4+ cells [81] and play an important role in promoting potent
antigen-specific B cell responses (including memory B cell response).

Vaccines prepared using the aforementioned methods are safe, stable, and suitable
for long-term storage, but need to be formulated with adjuvants in most cases. Toxoid
vaccines often induce local injection site reactions that resolves 48–72 h after immunization.
These mild side effects are caused by either the adjuvant or type III (Arthus) reaction
(Type III reactions results from excess antibody complexing with the injected toxoids and
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activating the classical complement pathway causing an acute local inflammatory reaction).
In conclusion, the optimization of toxin inactivation procedure and choice of adjuvants
are key factors in ensuring the success of this technology. Diphtheria and Tetanus Toxoids
and Acellular Pertussis (DTaP) vaccines such as Daptacel®, Infanrix®, and Kinrix®, are
examples of clinically used toxoid vaccines (Table 3).

4.1.6. Polysaccharide, and Polysaccharide Conjugate Vaccines

These vaccines are derived from carbohydrate-based polymers such as teichoic-acids,
peptidoglycans, and glycoproteins, that form the capsular structure of certain bacterial
pathogens (Figure 5). Polysaccharide-encapsulated bacteria such as Haemophilus influenzae,
Neisseria meningitidis, and Streptococcus pneumoniae cause life-threatening infections such
as meningitis, sepsis, and pneumoniae [82]. Several vaccines have been licensed against
bacterial capsular polysaccharides, such as Menomune®, to provide protection against
invasive meningococcal disease (Table 6).

Table 6. Examples of FDA-approved polysaccharide vaccines.

Pathogen Vaccine Tradename Route of
Administration Adjuvant Manufacturer

Meningococcal Polysaccharide
Vaccine, Groups A, C, Y, W-135

Combined

Menomune®-
A/C/Y/W-135

Subcutaneous - Sanofi Pasteur Inc.
Lyon, France

Typhoid Vi Polysaccharide Vaccine Typhim Vi® Intramuscular - Sanofi Pasteur SA.
Lyon, France

Polysaccharides are potential targets for vaccine development when inactivation
methods are ineffective. Since polysaccharides are not processed and displayed on MHC
molecules like proteins, immune responses are T cell independent and not mediated by
CD4+ and CD8+ T cells (Section 3). Instead, a particular subtype of B cells in the spleen
known as the marginal zone CD21+ B cells (MZB) play an essential role in the detection
and binding of naked or complement-coated polysaccharide antigens [83]. The interaction
between the polysaccharide antigen and the BCR activates B cells to secrete IgM. As
discussed in Section 3, Th cells play an important role in the adaptive immune response,
and their absence prevents class switching, production of high-affinity IgG, and formation
of durable B cell memory responses [84,85].

Despite relative efficacy in adults, this vaccine technology fails to induce protective
responses in individuals that are most vulnerable to bacterial infections (e.g., <2 years
of age). Infant MZB cells are not fully developed and are therefore unable to recognize
bacterial polysaccharides and induce IgM responses [86]. The addition of adjuvants and
the formation of glycoconjugates have been used to induce T cell response and improve
the immunogenicity of this platform. Polysaccharide conjugates are produced by covalent
attachment of the polysaccharide with a carrier protein such as diphtheria or tetanus
toxoids (among others) to increase immunogenicity and improve protection in infants
and children [87,88]. The mechanism of action of the conjugate vaccine is similar to
that of a polysaccharide vaccine. However, in this case, both conjugate protein and the
polysaccharide are presented on MHC-II, leading to recognition by TCR and activation
of the Th response [77,85]. The interaction between Th and B cells improves titers and
the quality of antibodies as well as B cell memory. The detailed mechanism of action of
this vaccine technology has been reviewed elsewhere [89]. Examples of FDA-approved
polysaccharide conjugate vaccines are listed in Table 7.
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Table 7. Examples of FDA-approved polysaccharide conjugate vaccines.

Pathogen Vaccine Tradename Route of
Administration Adjuvant Manufacturer

Haemophilus B Vaccine
(Meningococcal Protein

Conjugate)
Liquid PedvaxHIB® Intramuscular - Merck & Co., Inc.

Kenilworth, NJ, USA

Haemophilus b Conjugate
Vaccine (Tetanus Toxoid

Conjugate)
HIBERIX® Intramuscular -

GlaxoSmithKline
Biologicals.

Brentford, UK

Pneumococcal 13-valent
Conjugate Vaccine

(Diphtheria CRM197
Protein)

Prevnar 13® Intramuscular Aluminum Phosphate Pfizer Inc, Inc. New
York, NY, USA

Pneumococcal 15-valent
Conjugate Vaccine VAXNEUVANCE® Intramuscular Aluminum Phosphate Merck & Co., Inc.

Kenilworth, NJ, USA

Haemophilus b Conjugate
Vaccine (Tetanus Toxoid

Conjugate)
ActHIB® Intramuscular - Sanofi Pasteur, SA.

Lyon, France

Meningococcal (Groups A,
C, Y, W) Conjugate Vaccine MenQuadfi® Intramuscular - Sanofi Pasteur, Inc.

Lyon, France

Next-Generation Vaccine Platforms

The development of vaccines against emerging pathogens with pandemic potential
is not feasible using conventional technologies, due to inherent manufacturing issues dis-
cussed in the previous section (Conventional (Classical) vaccine technologies). As a result,
it is important to develop platforms that can be applied to respond rapidly to biowarfare
and pandemic threats and adapted effectively to address emerging escape variants. In
addition, such platforms would implement plug-and-play modular design (or recipe-like)
to enable rapid response and large-scale manufacturing associated with a smaller footprint,
lower cost, and easier deployment in most geographical areas. The development of viral
vectors for gene therapy, and the use of nucleic acids to encode antigens (such as mRNA
vaccines), coupled with advances in molecular biology, bioinformatics, and technologies
such as NexGen sequencing, have enabled the development of novel vaccine platforms
that meet the above criteria. However, next-generation platforms are not feasible to pro-
duce vaccines using non-protein antigens (such as polysaccharides), since they cannot be
encoded by the nucleic acids. Conventional technologies will remain the method of choice
to produce such vaccines.

In the following sections, we introduce next-generation vaccine platforms and dis-
cuss their mechanisms of action, advantages, and limitations along with examples of
approved vaccines.

4.1.7. Bacterial Vectored Vaccines

Using live bacterial cells as carriers has emerged as an intriguing approach to produce
novel vaccines [90] with promising results in ongoing research. Bacterial carriers are
classified into non-pathogenic and attenuated pathogenic bacteria. Bacteria use the mucous
membranes to gain entry for infection, making them suitable for mucosal administration
and induction of mucosal immunity. The biggest downside, however, is the risk of infection,
especially in children, the elderly, and immunocompromised individuals. As a result, non-
pathogenic bacteria such as Lactobacillus sp. may be better suited as vaccine vectors [91].
Genetic engineering techniques have enabled the identification and deletion of critical
bacterial virulence genes, allowing attenuation of dangerous bacteria such as Yersinia pestis
to be used as vectors that cannot regain virulence [92].
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4.1.8. Viral Vector-Based Vaccines

Viral vector-based vaccines are derived from viruses engineered to encode genes for
one or several antigens cloned into the vector backbone (Figure 6). Viral vectors can be
engineered to be replication deficient (replication incompetent), while maintaining the
ability to infect cells and express the encoded antigen. Replication-competent vectors are
considered true infections akin to live-attenuated vaccines. The manufacturing of viral
vectors has been streamlined in a multistep process comprising of plug-and-play types of
genetic engineering approaches, large-scale transfection followed by expansion of cultured
mammalian cells, collection, purification, concentration, diafiltration, and formulation
(Figure 6). The vesicular stomatitis virus (VSV)-derived Ebola vaccine encoding the Ebola
surface glycoprotein (Gp) (Table 8) is an example of a replication competent vaccine. The
vaccine was FDA-approved in December 2019 and used in the Kivu Ebola epidemic as
part of a ring vaccination strategy. In contrast, replication-incompetent viral vectors do
not generate productive infection and are generally safer and easier to manufacture [93].
Replication deficient human and chimpanzee adenoviruses (Ad, and ChAd), Adeno-
associated virus (AAV), modified vesicular stomatitis virus, modified vaccinia virus Ankara
(MVA), poxvirus, and Newcastle disease virus (NDV), are additional examples of viruses
that are being heavily used in the development of safe, viral-based vaccines [94,95].

Figure 6. Schematic representation of the production and purification process during manufacturing of viral vectors.
Modified viral plasmids that code for the vector components and the vaccine immunogen (transgene) are designed to
co-transfect packaging cells. Within the cells, the plasmids are expressed, resulting in viral particles containing the vaccine
immunogen. Particles assemble in the cytoplasm and are released into the media via cellular lysis before further purification,
concentration, diafiltration, and characterization.
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Table 8. Examples of FDA-approved viral vector vaccines.

Pathogen Vaccine Tradename ** Route of
Administration Adjuvant Manufacturer

Ebola Zaire Vaccine ERVEBO® Intramuscular - Merck & Co., Inc.
Kenilworth, NJ, USA

SARS-CoV-2
(Janssen COVID-19 Vaccine) * JNJ-78436735 Intramuscular - Janssen Biotech Inc.

Horsham, PA, USA

* Vaccine based on Ad.26 and authorized for emergency use in the United States. ** The Oxford/AstraZeneca vaccine (trade name
Vaxzevria®) was approved for emergency use by the World Health Organization, and in Europe but has not received FDA approval.

Typically, this platform mimics natural infection to generate potent humoral and
cellular (CD4+ and CD8+) responses [96]. Strong immune responses observed with this
platform are due to broad tropism, the high transduction efficiency of the vectors into target
cells, potent antigen expression due to the use of strong promoters to drive transcription,
the longevity of antigen expression, and the inherent immunogenicity of the virus used as
vector (e.g., presence of pathogen-associated molecular patterns on the vector, or as carry
over during production) [94].

Viral vectors are being increasingly used in the production of prophylactic vaccines
due to the versatility of the manufacturing platform and the ability for rapid deployment
in the event of an epidemic or pandemic. In addition to being highly immunogenic, viral
vector-based vaccines are easier to manufacture, and in some instances safer in comparison
with the inactivated, live-attenuated, and recombinant protein technologies. Since viral
vector-based vaccines induce a strong immune response, they are typically meant for
either a single administration or as a component of a mix and match heterologous vaccine
regimen [97].

Despite high immunogenicity in preclinical studies, data from clinical trials indicate
lower than expected efficacy of the platform. Noticeably, the use of adjuvants positively
modulates both immunogenicity and efficacy of tested vaccines [96]. Major caveats of this
platform include pre-existing immunity to the viral vector and reduced efficacy of subse-
quent administrations due to anti-vector immunity. Strategies developed to circumvent
such drawbacks include the use of chimeric vectors, vectors from other species (e.g., chim-
panzees, cattle, and pigs), or vector serotypes that are known to have low seroprevalence
among the human population. Seroprevalence can differ across different regions and needs
to be carefully considered during the development of such vaccines. SARS-CoV-2 vaccines
were developed using vectors with low seroprevalence such as human adenovirus serotype
26 (Ad.26) used by Janssen/Johnson & Johnson, and chimpanzee adenovirus (ChAd) vector
used by Oxford/AstraZeneca (Table 8). The vaccines were well tolerated and demonstrated
an overall efficacy of 66% and 75% respectively in preventing symptomatic COVID-19
disease [98–101]. However, several countries paused vaccination campaigns around March-
April 2021 following rare cases of thrombosis with thrombocytopenia syndrome (TTS)
affecting some populations [102]. Upon further consideration, major regulatory agencies
including the Center for Disease Control (CDC), the US FDA, EMA, and WHO concluded
that the benefits of vaccination outweighed the risk significantly due to a very low risk of
developing TTS in response to these vaccines [103]. However, these rare clotting events
remain a significant concern that needs to be addressed to fully exploit the potential of
this platform. The reader is invited to consult this excellent review for more details about
the different adenovirus vectors used for the development of SARS-CoV-2 vaccines and a
discussion on TTS [104].

4.1.9. Synthetic DNA Vaccines

Since their emergence in the early 1990s [105–108], the application of synthetic DNA
(synDNA) vaccines has been investigated against several pathogens (e.g., HIV, Ebola,
HPV, Zika) and is currently being tested in various clinical trials, including SARS-CoV-
2 [109,110]. DNA vaccines are large, polyanionic, sensitive to nucleases, and exhibit less
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efficient passive entry into cells. Delivery methods such as gene gun, jet, electroporation
(EP), and nanoparticle-based systems have increased synDNA uptake in vivo [111]. EP uses
short-lived electrical impulses to create transient and reversible permeabilization of cell
membranes and increase the nucleic acid uptake by 100–1000× [109,112]. EP also facilitates
leukocyte extravasation due to enhanced blood vessel permeability [113]. Portable EP
devices are being used in most clinical trials [112].

SynDNA delivered into the muscle is believed to transfect myocytes [114], ker-
atinocytes [115], and tissue-resident APCs. Internalized DNA is translocated into the
nucleus, transcribed into messenger RNA (mRNA), and exported for protein translation.
The antigen generated can be presented on both MHC-I and II, partially explaining robust
T cell response. Tissue-resident APCs expressing the antigen of interest can directly traffic
to the draining lymph node to initiate immune responses. On the other hand, antigen
expression on myocytes may generate immune responses by translation and secretion (or
shedding) of the antigen into the local environment. This promotes the uptake and cross-
presentation (MHC-II) by un-transfected APCs. B cells may also recognize secreted/shed
protein, leading to their T cell independent activation. Irrespective of being secreted or
shed, the soluble antigen can drain to lymph nodes, extending antigen presentation locally
and in distal tissues, resulting in improved GC reactions and re-expansion of LN primed
CD4+ and CD8+ T cells. Transfected myocytes upregulate MHC-I and other co-stimulatory
molecules such as CD80, and may contribute to T cell responses by priming naïve CD8+

T cells [116]. SynDNA vaccines can induce both humoral and the cellular components of
the immune responses with several preclinical and clinical studies demonstrating potent
antigen-specific CD4+ and CD8+ T cell responses [109,117]. The ability to induce both
immune responses differentiate this platform from the more conventional technologies
described in previous sections of this manuscript (e.g., inactivated virus).

Compared with the conventional inactivated, attenuated, and recombinant subunit
vaccine platforms, synDNA vaccines are faster, cheaper, and easier to manufacture [117]
(Figure 7). They are also amenable to lyophilization, thermostable, and display high phar-
maceutical stability (long-term storage) [118]. Recent advancements in codon optimization,
molecular and structural biology, immunoinformatics, immunogen design, and technolog-
ical advancement in purification methods, along with discovery/development of novel
adjuvants, and efficient delivery systems, have improved the potency and safety record for
this platform [119–121].

Long-lived antigen expression following delivery of synDNA into the muscle or
the dermis, mediates potent immune response due to sustained Tfh responses and GC
phenotypes [122,123]. However, the persistence of DNA in the nucleus raises safety
concerns since, in theory, it could increase the possibility of integration into genomic
DNA (gDNA). However, experimental data suggest that integration into gDNA is only
speculative as indicated by extremely rare events that are well below the FDA limit for
non-persistence (<100 copies of plasmid/mg of host DNA) [124]. Despite positive clinical
data, no DNA-based vaccine is licensed for human use, likely because generation of
robust B and T cell responses with this platform requires at least a prime, and two-three
booster administration. However, several DNA vaccines have been licensed for veterinary
applications, e.g., Melanoma in dogs [125] and West Nile virus in horses. Safe and effective
application of these vaccines in animals will likely be instrumental in providing proof-of-
concept assisting in eventual application for clinical use in humans.

4.1.10. mRNA Based Vaccines

The concept of mRNA-based therapeutics emerged more than three decades ago when
Dimitriadis [126], Malone et al. [127], and Wolff et al. [107] provided the first evidence
that endogenously produced (extracted from cells) and in vitro transcribed (IVT) mRNA
could be delivered to cells and animals for protein expression. Despite encouraging re-
sults from subsequent studies [128,129], major limitations such as potent inflammation
and reduced in vivo translation due to mRNA short half-life were quickly recognized.
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Inflammation-mediated inhibition of protein translation, physicochemical instability, in-
creased sensitivity to nucleases, and poor transfection [130] further limited the potential
clinical and therapeutic application (e.g., protein replacement) of the platform. Overcoming
these shortcomings significantly improved the platform enabling the successful develop-
ment of vaccines and/or adjuvants (e.g., CureVac RNActive® platform). Martinon et al.
and Conry et al. [129] showed that mRNA loaded into liposomes elicited antigen-specific
cytotoxic T lymphocytes (Tc) and humoral responses paving the way for mRNA vaccine
development and early human trials [130].

Figure 7. Schematic representation of the production and purification process during manufacturing of DNA and mRNA
vaccines. (Top): Plasmid DNA production: Designing the sequence is the first step in developing a genomic vaccine
followed by high cell-density fermentation, gene synthesis, and subcloning. Cells are harvested, lysed, and purified using
chromatography. DNA plasmids are then sequenced for quality assurance before being concentrated, filtered, and sterilized
for DNA vaccine formulations. (Bottom): mRNA production: mRNA synthesis for RNA-based vaccines requires the
linearization of the DNA plasmid to ensure a run-off transcription. Synthesis of mRNA from the DNA plasmid template
is catalyzed by an in vitro transcription (IVT) enzymatic process. RNA polymerase (ex. T7 Polymerase), nucleotide
triphosphates (NTPs) substrates, polymerase cofactor MgCl2, a pH buffer containing polyamine, and antioxidants are all
components of the IVT procedure. Following QC check, the mRNA is concentrated, filtered, and sterilized.

Recent technological advances, including the incorporation of modified nucleosides
into in vitro transcribed (IVT) mRNA [131–133] and removal of contaminants using pu-
rification chromatography pioneered by Kariko and Weissman [134–136], were critical
for the development of safe and potent mRNA vaccine platform. Further improvements
in sequence engineering and codon optimization [137], and innovations in cap moieties
and capping strategies [138], in addition to the evolution of potent and relatively safe
delivery systems such as lipid nanoparticles [139–145], have significantly advanced the
development and regulatory approval of mRNA-based vaccines. For instance, nucleoside
modifications and elimination of double-stranded RNA contaminants generated during
IVT have abrogated the intrinsic adjuvant effect of the IVT mRNA, improved tolerabil-
ity, and increased antigen/protein expression (translation) by several folds [131,146,147].
Novel cap analogs and capping strategies have increased the yield of properly capped
mRNA molecules and alleviated recognition by cytoplasmic innate immune sensors (e.g.,
RIG-I and MDA5) [148], simultaneously improving translation, safety, and cost of goods.
Examples of approved mRNA vaccines are listed in Table 9.
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Table 9. Examples of FDA-approved mRNA vaccines.

Pathogen Vaccine Tradename Route of Administration Adjuvant Manufacturer

SARS-CoV-2
(COVID-19) Vaccine * COMIRNATY® Intramuscular LNP

Pfizer Inc. New York,
USA/BioNTech

SE.Mainz Germany

SARS-CoV-2
(COVID-19) Vaccine ** SpikeVax® Intramuscular LNP ModernaTx, Inc.

Massachusetts, USA

* Comirnaty was granted additional approval for the use in 5–16 years old. ** Authorized for emergency use as of publication date.

mRNA vaccines can be divided into three major categories: (i) conventional mRNA,
(ii) self-amplifying mRNA (SAM), and (iii) circular RNA (circRNA). Conventional in vitro
transcribed (IVT) mRNAs are relatively simple in their architecture and manufactured
at high yield using a cell-free template-directed enzymatic synthesis [130]. Linearized
plasmid DNAs are typically used as templates for mRNA synthesis, and contain a promoter
sequence, 5′ and 3′ untranslated regions (UTRs), and the gene of interest. The polyadenine
tail (PolyA), an important element in mRNA stability and expression can be engineered
into the plasmid or enzymatically added after synthesis. The 5′ cap structure is either
co-transcriptionally (e.g., CleanCap™) or enzymatically (e.g., Vaccinia Capping system)
added to improve mRNA stability and protein expression, and reduce immunogenicity
(e.g., intracellular RIG-I sensing) [149,150].

Depending upon the use of nucleoside modifications during manufacturing and
synthesis, the conventional mRNA vaccine platform can be further divided into nucleoside
modified or non-modified mRNA (Figure 8A). Nucleoside modifications have proven
essential in successful clinical application of conventional mRNA vaccines. The significance
of nucleoside modifications in ensuring the success of this platform was indicated by
interim data from CureVac that showed disappointing results (47% protection compared to
over 94% with the Pfizer/BioNTech and Moderna’s vaccines). This was likely due to the use
of unmodified mRNA, which has higher innate immunogenicity than nucleoside-modified
mRNA [151], thereby limiting the dose to 12 µg in the CureVac trial compared to 30 and
100 µg for the Pfizer/BioNTech and Moderna trials respectively.

Self-amplifying mRNA is engineered to include viral-derived molecular machines
such as alphavirus-derived replicases and conserved sequence elements (CSEs) to enable
intracellular amplification of the mRNA sequence [152]. Typical SAM architecture is
built from an expression cassette (e.g., sub-genomic promoter and the antigen of interest)
cloned between sequences that encode alphavirus-derived nonstructural proteins 1–4 (e.g.,
VEEV nsP1-4) and a poly adenosine tail (Figure 8B). nsP1-4 proteins assemble into an
RNA-dependent RNA polymerase (RdRP) complex that recognizes conserved sequence
elements (CSEs) included in the design of the construct (Figure 8B). It then replicates the
mRNA vaccine in the cytoplasm, resulting in the efficient and long-lived transcription and
protein expression. SAMs are typically large in size (e.g., 6000–12,000 nucleotides), and
their manufacturing is more complex and challenging compared with conventional mRNA
vaccines due to low yield, difficulty in purification, and susceptibility to autocatalysis and
physical degradation.

SAM format is not amenable to nucleoside modification due to impaired interaction
between the RdRP and the nucleoside modified sequences resulting in reduced mRNA
amplification in target cells [153]. Therefore, potent type I interferon response due to endo-
somal (e.g., TLR3, 7, and 8) and cytoplasmic sensing (e.g., RIG-1, PKR, etc.) of unmodified
nucleosides in SAMs creates a potential hurdle for clinical translation. However, vaccine
dosage with SAMs could be 100-fold lower than those used with conventional mRNA
vaccines and therefore may offer protection from disease with fewer adverse events in a
clinical setting. Preclinical data using a SAM mRNA developed by the Imperial College
and Acuitas therapeutic administered at extremely low doses (10 ng, prime boost) showed
potent cell and antibody responses in mice [154] and is now under clinical evaluation
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at doses 300–1000× lower than those used in the approved nucleoside modified mRNA
vaccines [141,155].

Figure 8. Conventional, self-amplifying, trans-amplifying, and circular RNA vaccine designs. 5′ 7-
methylguanosine triphosphate (m7G), 5′ Untranslated region (5′UTR), 3′ untranslated region (3′UTR),
and poly A tail are common in all RNA designs. (A) Conventional unmodified, and nucleoside
modified mRNA encoding vaccine immunogen. (B) Self-amplifying RNA encoding replicase gene, a
subgenomic promoter, and the vaccine immunogen. Replicase genes (e.g., Alphavirus nsP1-4) code
for RNA dependent RNA polymerase complex (RdRP) that recognizes the subgenomic promoter
sequences and amplifies vaccine immunogen. (C) Trans-amplifying mRNA relies on the same
concept of the self-amplifying mRNA but uses two different RNA transcripts: a conventional RNA
encoding replicase genes and, an RNA encoding subgenomic promoter along with the vaccine
immunogen. (D) Circular RNA engineered to enable protein expression through the addition of
internal ribosomal entry sites (IRES) (e.g., encephalomyocarditis virus IRES) and/or the incorporation
of specific nucleoside modifications in the 5′ UTR.
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Trans-amplifying mRNAs (transmRNA) prepared by splitting SAM into two different
transcripts followed by co-delivery into target cells were introduced for easier manufactur-
ing. In this approach, the nsP1-4 genes are encoded into a separate conventional transcript
and co-delivered with a transcript that contains CSEs, subgenomic promoter, and the
antigen sequence (Figure 8C). Expression of the nsP1-4 and their subsequent assembly
into RdRP allows in-trans (on a different molecule) amplification of the antigen encoding
transcript. This approach was shown to induce a strong immune response in mice [156]
and effectively overcame several limitations of SAMs outlined above.

Circular RNA (circRNA) is a class of non-coding single-stranded RNAs generated
through a non-canonical splicing event known as back-splicing in eukaryotic cells [157,158].
circRNAs have been engineered to enable protein expression through the addition of
internal ribosomal entry sites (IRES) and/or the incorporation of specific nucleoside modi-
fications in the 5′ UTR [158] (Figure 8D). This novel platform has been shown to generate
potent and stable translation in eukaryotic cells [157] because of extended transcript half-
life (e.g., decreased nuclease resistance). Recent studies have suggested that circRNA can
evade intracellular immune sensors such as RIG-I without nucleoside modifications [158].
Qu et al. [159] showed that circRNA generates potent antigen-specific CD4+ and CD8+

cellular and humoral immune responses in mice against SARS-CoV-2 and its emerging
variants, therefore, providing proof of concept for vaccine applications.

Immune responses to the mRNA vaccines rely greatly on the delivery system [130],
the immunogenicity of the encoded antigen, and the longevity and subcellular localization
of antigen expression. Intramuscular and intradermal administration of mRNA vaccines is
highly immunogenic and induces local cytokine and chemokine production that initiates
prompt recruitment of neutrophils, monocytes, and other cells to prime the immune
response/s. Injection of mRNA encapsulated in lipid nanoparticles (mRNA-LNP) has been
shown to induce robust infiltration of neutrophils, monocytes, and dendritic cells as well
as the activation of pro-inflammatory cytokines (e.g., IL-1β, PTX3, NLRP3, IL-6, GM-CSF)
and chemokines (e.g., CXCL-10, CXCL-11, MIP-2) in mice and rhesus macaques [160–162].
In contrast to synDNA, mRNA vaccines are directly translated in the cytoplasm, and
the ensuing proteins are processed and presented on MHC-I and II, followed by the
presentation to CD8+ T cells and CD4+ T helper cells in the draining lymph nodes (Figure 2).
Since mRNA does not need to enter the nucleus, the expression kinetics is much faster,
with the onset typically peaking at 4 h after administration.

mRNA vaccines used in preclinical and clinical studies induced Th1 skewed responses,
and potent induction of antigen-specific germinal center (GCs) and T-follicular helper cells
(Tfh) responses [160,163,164]. In our previous studies, we have shown that the adjuvant
activity of the LNP relies on the ionizable lipid component and IL-6 cytokine induction,
but not on MyD88- or MAVS-dependent sensing of LNPs [160]. Improved GC reaction
and Tfh proliferation/activation compared to inactivated and recombinant protein-based
vaccines are likely due to the profile and magnitude of the cytokine response induced by
the adjuvant (LNP versus traditional adjuvants such as alum or MF59) and a sustained
antigen expression up to ten days after intramuscular and intradermal injections [165],
leading to longer antigen presentation [123].

In comparison with viral and synDNA vaccine platforms, mRNA presents virtually
no risk of integration into the genome. mRNA vaccines are also more cost-effective,
and relatively easier to manufacture (Figure 7). Issues with long-term stability at room
temperature, dependence on ultra-low cold chain transport, high reactogenicity, and a
relatively narrow safety window are major limitations of the platform. The development
of potent and biodegradable lipids, as well as new formulations, will most likely address
the shortcomings for a new platform.

5. Challenges and Opportunities in Vaccine Development

One of the most significant challenges in public health is posed by the emergence of
new pathogens with higher transmissibility, fatality rate, or immune evasion potential.
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Vaccine development against pathogens that evade the immune response (e.g., HIV, Tu-
berculosis, and malaria) has not been very successful and continues to be an on-going
challenge. Genomic variability of certain pathogens, and their ability to rapidly mutate
creates challenges for vaccine development, and could lead to evasion, making current
vaccines less effective. Depending upon the platform used, next-generation platforms that
can be quickly adapted to emerging variants could help resolve this issue to a certain extent.
Global surveillance and monitoring efforts are key factors in gaining quick and effective
control over pathogens with epidemic and pandemic potential. Partnership efforts such as
“Coalition for Epidemic Preparedness Innovations (CEPI)” are instrumental in accelerating
the development and equitable access of vaccines. Increased funding and resource provi-
sion from central agencies such as National Institute of Allergy and Infectious Diseases
(NIAID) are needed to maintain research activities, testing, and development of vaccines.
In addition, national, and international efforts to resolve supply chain issues with raw
materials, such as those needed for production of mRNA and lipid nanoparticles, along
with an increased willingness to share intellectual property and prepared vaccines, will
help resolve challenges with vaccine access.

Next-generation platforms could also be used to identify more conserved sequences as
immunogens to overcome the antigenic diversity in these pathogens. Moreover, approach
of quality by design combining a novel qualitative methodology with a quantitative biopro-
cess model could be used to enhance robustness and scalability of manufacturing. Finally,
the structure and the immunogenic component of a pathogen can be better understood
and predicted with the help of machine learning and computational analyses. Artificial
intelligence can also help predict the evolution patterns of viruses and help address emerg-
ing variants. Generating potent immune response in immunocompromised and older
individuals is another field of opportunity for future vaccine development. Better under-
standing of immune biology, including immunosenescence, inflamm-aging, and selection
of adjuvants could drive the development of vaccines capable of generating more potent
response in the aged and immunocompromised population. The choice among established
adjuvants (i.e., Alum, MF59, CpG, etc.) is relatively limited. Therefore, developing novel
and effective adjuvants is becoming increasingly necessary. The immunogenicity can be
further improved through modification of the delivery system, engineering of the antigen
for higher immunogenicity (i.e., design of nanoparticle forming immunogens or fusion
with immunogenic domains, etc.), and modulation of expression.

6. Conclusions

Recent widespread emergence of highly infectious diseases such as Ebola, MERS,
and SARS-CoV-2 has once again highlighted the importance of vaccination against deadly
diseases. In this review, we have discussed several vaccine manufacturing technologies
and platforms, both conventional as well as next generation.

Conventional manufacturing technologies have defined the past century of vaccine
development, effectively protecting against diseases with high disability and fatality rates
such as smallpox, polio, measles, etc. The infrastructure and resources needed for these
technologies have been well established and the development costs have been amortized.
Though well understood and effective, these technologies are limited by slow, empirical,
and expensive development in addition to short-lived protection against several pathogens.
Technological advances such as genetic engineering and superior cell-culture techniques
could help reduce cost, improve production output, augment knowhow, and enhance their
ability to respond faster to emerging threats as we transition to the next-generation vaccine
manufacturing platforms.

Next-generation platforms such as mRNA and DNA derived vaccines offer an exciting
and promising avenue for vaccine development owing to low costs, safety, high potency,
and rapid mass deployment. These platforms are especially relevant for complex pathogens
with immune evasion potential. Moreover, unlike conventionally derived vaccines, these
platforms are also likely to offer successful solutions for non-infectious diseases such as
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cancer. Prototype pathogen preparedness can significantly improve response time in the
event of a pandemic. Undoubtedly, further funding and effective monitoring of new data
will help define a new era of vaccinology and vaccinomics to mitigate present and emerging
public health threats.
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Glossary

Abbreviation Definition
AAV Adeno-associated virus
Ad Adenovirus
APCs Antigen-presenting cells
CD Cluster of differentiation
CDC Center for Disease Control
CEPI Coalition for Epidemic Preparedness Innovations
ChAd Chimpanzee adenovirus
circRNA Circular RNA
CLRs C-type lectin-like receptors
COVID-19 Coronavirus disease 2019
CSE Conserved sequence elements
DC Dendritic Cells
dLN Draining lymph node
DNA Deoxyribonucleic acid
DTaP Diphtheria and Tetanus Toxoids and Acellular Pertussis
EMA European Medicine Agency
EP Electroporation
FDA United States Food and Drug Administrations
GC Germinal center
HIV Human immunodeficiency virus
IFN-γ Interferon-gamma
Ig Immunoglobulin
IL Interleukin
INF-α interferon-alpha
IRES Internal ribosomal entry sites
IVT in vitro transcribed
LLPCs long-lived PCs
LNP Lipid nanoparticle
LRR Leucine Rich Repeats
MAVS Mitochondrial antiviral-signaling protein
MBCs Memory B cells
MERS Middle east respiratory syndrome
MHC Major histocompatibility complex
mRNA Messenger RNA
MVA Modified vaccinia virus Ankara
MyD88 Myeloid differentiation primary response 88
MZB Marginal Zone B cells
Mφ Macrophages
NAbs Neutralizing antibodies
NDV Newcastle disease virus
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NIAID National Institute of Allergy and Infectious Diseases
NLR Cytosolic nucleotide-binding oligomerization domain (NOD)- Leucine Rich

Repeats (LRR)-containing receptors
NOD Nucleotide-binding oligomerization domain
PAMPs Pathogen-Associated Molecular Patterns
PCs Plasma cells
PIZV Purified inactivated Zika virus vaccine
PolyA Polyadenine
PRRs Pattern Recognition Receptors
RdRP RNA-dependent RNA polymerase
RIG-I Retinoic acid-inducible gene I
RLRs Retinoic acid-inducible gene I (RIG-I) like receptors
RNA Ribonucleic acid
SAM self-amplifying mRNA
SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2
synDNA Synthetic DNA
Tc Cytotoxic T cells
TCR T cell receptor
Tfh Follicular T helper cells
Th T helper cells
TLR Toll-Like receptors
transmRNA Trans-amplifying mRNAs
TTS Thrombosis with thrombocytopenia syndrom
UTRs Untranslated regions
VLPs Virus-like Particles
WHO World Health Organization
ZIKV Zika virus

References
1. Strassburg, M.A. The global eradication of smallpox. Am. J. Infect. Control. 1982, 10, 53–59. [CrossRef]
2. Haas, E.J.; Angulo, F.J.; McLaughlin, J.M.; Anis, E.; Singer, S.R.; Khan, F.; Brooks, N.; Smaja, M.; Mircus, G.; Pan, K.; et al. Impact

and effectiveness of mRNA BNT162b2 vaccine against SARS-CoV-2 infections and COVID-19 cases, hospitalisations, and deaths
following a nationwide vaccination campaign in Israel: An observational study using national surveillance data. Lancet 2021, 397,
1819–1829. [CrossRef]

3. W.H.O. Vaccines and Immunization. Available online: https://www.who.int/health-topics/vaccines-and-immunization#tab=
tab_1 (accessed on 10 December 2021).

4. Saxena, M.; van der Burg, S.H.; Melief, C.J.M.; Bhardwaj, N. Therapeutic cancer vaccines. Nat. Rev. Cancer 2021, 21, 360–378.
[CrossRef] [PubMed]

5. Ireton, R.C.; Gale, M., Jr. RIG-I like receptors in antiviral immunity and therapeutic applications. Viruses 2011, 3, 906–919.
[CrossRef]

6. Loo, Y.-M.; Gale, M., Jr. Immune signaling by RIG-I-like receptors. Immunity 2011, 34, 680–692. [CrossRef] [PubMed]
7. Lupfer, C.; Kanneganti, T.D. The expanding role of NLRs in antiviral immunity. Immunol. Rev. 2013, 255, 13–24. [CrossRef]
8. Ting, J.P.; Duncan, J.A.; Lei, Y. How the noninflammasome NLRs function in the innate immune system. Science 2010, 327, 286–290.

[CrossRef] [PubMed]
9. Kawai, T.; Akira, S. The role of pattern-recognition receptors in innate immunity: Update on Toll-like receptors. Nat. Immunol.

2010, 11, 373–384. [CrossRef] [PubMed]
10. Akira, S.; Takeda, K.; Kaisho, T. Toll-like receptors: Critical proteins linking innate and acquired immunity. Nat. Immunol. 2001, 2,

675–680. [CrossRef] [PubMed]
11. Geijtenbeek, T.B.H.; Gringhuis, S.I. Signalling through C-type lectin receptors: Shaping immune responses. Nat. Rev. Immunol.

2009, 9, 465–479. [CrossRef] [PubMed]
12. Mogensen, T.H. Pathogen recognition and inflammatory signaling in innate immune defenses. Clin. Microbiol. Rev. 2009, 22,

240–273. [CrossRef]
13. Pollard, A.J.; Bijker, E.M. A guide to vaccinology: From basic principles to new developments. Nat. Rev. Immunol. 2021, 21,

83–100. [CrossRef] [PubMed]
14. Embgenbroich, M.; Burgdorf, S. Current Concepts of Antigen Cross-Presentation. Front. Immunol. 2018, 9, 1643. [CrossRef]
15. Chauveau, A.; Pirgova, G.; Cheng, H.W.; De Martin, A.; Zhou, F.Y.; Wideman, S.; Rittscher, J.; Ludewig, B.; Arnon, T.I. Visualization

of T Cell Migration in the Spleen Reveals a Network of Perivascular Pathways that Guide Entry into T Zones. Immunity 2020, 52,
794–807.e7. [CrossRef] [PubMed]

16. Crotty, S. T follicular helper cell biology: A decade of discovery and diseases. Immunity 2019, 50, 1132–1148. [CrossRef] [PubMed]

http://doi.org/10.1016/0196-6553(82)90003-7
http://doi.org/10.1016/S0140-6736(21)00947-8
https://www.who.int/health-topics/vaccines-and-immunization#tab=tab_1
https://www.who.int/health-topics/vaccines-and-immunization#tab=tab_1
http://doi.org/10.1038/s41568-021-00346-0
http://www.ncbi.nlm.nih.gov/pubmed/33907315
http://doi.org/10.3390/v3060906
http://doi.org/10.1016/j.immuni.2011.05.003
http://www.ncbi.nlm.nih.gov/pubmed/21616437
http://doi.org/10.1111/imr.12089
http://doi.org/10.1126/science.1184004
http://www.ncbi.nlm.nih.gov/pubmed/20075243
http://doi.org/10.1038/ni.1863
http://www.ncbi.nlm.nih.gov/pubmed/20404851
http://doi.org/10.1038/90609
http://www.ncbi.nlm.nih.gov/pubmed/11477402
http://doi.org/10.1038/nri2569
http://www.ncbi.nlm.nih.gov/pubmed/19521399
http://doi.org/10.1128/CMR.00046-08
http://doi.org/10.1038/s41577-020-00479-7
http://www.ncbi.nlm.nih.gov/pubmed/33353987
http://doi.org/10.3389/fimmu.2018.01643
http://doi.org/10.1016/j.immuni.2020.03.010
http://www.ncbi.nlm.nih.gov/pubmed/32298648
http://doi.org/10.1016/j.immuni.2019.04.011
http://www.ncbi.nlm.nih.gov/pubmed/31117010


Vaccines 2021, 9, 1490 26 of 31

17. Vinuesa, C.G.; Linterman, M.A.; Yu, D.; MacLennan, I.C. Follicular helper T cells. Annu. Rev. Immunol. 2016, 34, 335–368.
[CrossRef]

18. Griffiths, G.M.; Berek, C.; Kaartinen, M.; Milstein, C. Somatic mutation and the maturation of immune response to 2-phenyl
oxazolone. Nature 1984, 312, 271–275. [CrossRef] [PubMed]

19. McKean, D.; Huppi, K.; Bell, M.; Staudt, L.; Gerhard, W.; Weigert, M. Generation of antibody diversity in the immune response of
BALB/c mice to influenza virus hemagglutinin. Proc. Natl. Acad. Sci. USA 1984, 81, 3180–3184. [CrossRef] [PubMed]

20. Weigert, M.G.; Cesari, I.M.; Yonkovich, S.J.; Cohn, M. Variability in the lambda light chain sequences of mouse antibody. Nature
1970, 228, 1045–1047. [CrossRef]

21. Koff, W.C.; Burton, D.R.; Johnson, P.R.; Walker, B.D.; King, C.R.; Nabel, G.J.; Ahmed, R.; Bhan, M.K.; Plotkin, S.A. Accelerating
next-generation vaccine development for global disease prevention. Science 2013, 340, 1232910. [CrossRef] [PubMed]

22. Mak, T.W.; Saunders, M.E. 23—Vaccines and Clinical Immunization. In The Immune Response; Mak, T.W., Saunders, M.E., Eds.;
Academic Press: Burlington, MA, USA, 2006; pp. 695–749.

23. Ward, R.L.; Bernstein, D.I. Rotarix: A rotavirus vaccine for the world. Clin. Infect. Dis. 2009, 48, 222–228. [CrossRef] [PubMed]
24. Folorunso, O.S.; Sebolai, O.M. Overview of the Development, Impacts, and Challenges of Live-Attenuated Oral Rotavirus

Vaccines. Vaccines 2020, 8, 341. [CrossRef] [PubMed]
25. Resch, T.K.; Wang, Y.; Moon, S.; Jiang, B. Serial passaging of human rotavirus CDC-9 strain in cell culture leads to attenuation:

Characterization from in vitro and in vivo studies. J. Virol. 2020. [CrossRef]
26. Glezen, W.P. Cold-adapted, live attenuated influenza vaccine. Expert. Rev. Vaccines 2004, 3, 131–139. [CrossRef] [PubMed]
27. Vignuzzi, M.; Wendt, E.; Andino, R. Engineering attenuated virus vaccines by controlling replication fidelity. Nat. Med. 2008, 14,

154–161. [CrossRef]
28. Groenke, N.; Trimpert, J.; Merz, S.; Conradie, A.M.; Wyler, E.; Zhang, H.; Hazapis, O.-G.; Rausch, S.; Landthaler, M.; Osterrieder,

N.; et al. Mechanism of Virus Attenuation by Codon Pair Deoptimization. Cell Rep. 2020, 31, 107586. [CrossRef]
29. Pulendran, B.; Ahmed, R. Immunological mechanisms of vaccination. Nat. Immunol. 2011, 12, 509–517. [CrossRef] [PubMed]
30. Querec, T.; Bennouna, S.; Alkan, S.; Laouar, Y.; Gorden, K.; Flavell, R.; Akira, S.; Ahmed, R.; Pulendran, B. Yellow fever vaccine

YF-17D activates multiple dendritic cell subsets via TLR2, 7, 8, and 9 to stimulate polyvalent immunity. J. Exp. Med. 2006, 203,
413–424. [CrossRef] [PubMed]

31. Hammarlund, E.; Lewis, M.W.; Hansen, S.G.; Strelow, L.I.; Nelson, J.A.; Sexton, G.J.; Hanifin, J.M.; Slifka, M.K. Duration of
antiviral immunity after smallpox vaccination. Nat. Med. 2003, 9, 1131–1137. [CrossRef]

32. Shimizu, H.; Thorley, B.; Paladin, F.J.; Brussen, K.A.; Stambos, V.; Yuen, L.; Utama, A.; Tano, Y.; Arita, M.; Yoshida, H.; et al.
Circulation of type 1 vaccine-derived poliovirus in the Philippines in 2001. J. Virol. 2004, 78, 13512–13521. [CrossRef] [PubMed]

33. McCarthy, K.A.; Chabot-Couture, G.; Famulare, M.; Lyons, H.M.; Mercer, L.D. The risk of type 2 oral polio vaccine use in
post-cessation outbreak response. BMC Med. 2017, 15, 175. [CrossRef] [PubMed]

34. Müller, T.; Bätza, H.J.; Beckert, A.; Bunzenthal, C.; Cox, J.H.; Freuling, C.M.; Fooks, A.R.; Frost, J.; Geue, L.; Hoeflechner, A.; et al.
Analysis of vaccine-virus-associated rabies cases in red foxes (Vulpes vulpes) after oral rabies vaccination campaigns in Germany
and Austria. Arch. Virol. 2009, 154, 1081–1091. [CrossRef] [PubMed]

35. Fehlner-Gardiner, C.; Nadin-Davis, S.; Armstrong, J.; Muldoon, F.; Bachmann, P.; Wandeler, A. Era Vaccine-Derived Cases of
Rabies in Wildlife and Domestic Animals in Ontario, Canada, 1989–2004. J. Wildl. Dis. 2008, 44, 71–85. [CrossRef] [PubMed]

36. Frederiksen, L.S.F.; Zhang, Y.; Foged, C.; Thakur, A. The Long Road Toward COVID-19 Herd Immunity: Vaccine Platform
Technologies and Mass Immunization Strategies. Front. Immunol. 2020, 11, 1817. [CrossRef]

37. Bedino, J.H. Embalming chemistry: Glutaraldehyde versus formaldehyde. Champion Expand. Encycl. Mortu. Pract. 2003, 649,
2614–2632.

38. Richards, F.M.; Knowles, J.R. Glutaraldehyde as a protein cross-linkage reagent. J. Mol. Biol. 1968, 37, 231–233. [CrossRef]
39. McGucken, P.V.; Woodside, W. Studies on the mode of action of glutaraldehyde on Escherichia coli. J. Appl Bacteriol. 1973, 36,

419–426. [CrossRef]
40. Madhusudana, S.N.; Shamsundar, R.; Seetharaman, S. In vitro inactivation of the rabies virus by ascorbic acid. Int. J. Infect. Dis.

2004, 8, 21–25. [CrossRef]
41. Dembinski, J.L.; Hungnes, O.; Hauge, A.G.; Kristoffersen, A.C.; Haneberg, B.; Mjaaland, S. Hydrogen peroxide inactivation of

influenza virus preserves antigenic structure and immunogenicity. J. Virol. Methods 2014, 207, 232–237. [CrossRef] [PubMed]
42. Uittenbogaard, J.P.; Zomer, B.; Hoogerhout, P.; Metz, B. Reactions of beta-propiolactone with nucleobase analogues, nucleosides,

and peptides: Implications for the inactivation of viruses. J. Biol. Chem. 2011, 286, 36198–36214. [CrossRef]
43. Wu, P.; Rodríguez, Y.Y.; Hershey, B.J.; Tadassa, Y.; Dodd, K.A.; Jia, W. Validation of a binary ethylenimine (BEI) inactivation

procedure for biosafety treatment of foot-and-mouth disease viruses (FMDV), vesicular stomatitis viruses (VSV), and swine
vesicular disease virus (SVDV). Vet. Microbiol. 2021, 252, 108928. [CrossRef]

44. Jonges, M.; Liu, W.M.; van der Vries, E.; Jacobi, R.; Pronk, I.; Boog, C.; Koopmans, M.; Meijer, A.; Soethout, E. Influenza Virus
Inactivation for Studies of Antigenicity and Phenotypic Neuraminidase Inhibitor Resistance Profiling. J. Clin. Microbiol. 2010, 48,
928–940. [CrossRef] [PubMed]

45. Swayne, D.E.; Beck, J.R. Heat inactivation of avian influenza and Newcastle disease viruses in egg products. Avian Pathol. 2004,
33, 512–518. [CrossRef] [PubMed]

http://doi.org/10.1146/annurev-immunol-041015-055605
http://doi.org/10.1038/312271a0
http://www.ncbi.nlm.nih.gov/pubmed/6504141
http://doi.org/10.1073/pnas.81.10.3180
http://www.ncbi.nlm.nih.gov/pubmed/6203114
http://doi.org/10.1038/2281045a0
http://doi.org/10.1126/science.1232910
http://www.ncbi.nlm.nih.gov/pubmed/23723240
http://doi.org/10.1086/595702
http://www.ncbi.nlm.nih.gov/pubmed/19072246
http://doi.org/10.3390/vaccines8030341
http://www.ncbi.nlm.nih.gov/pubmed/32604982
http://doi.org/10.1128/JVI.00889-20
http://doi.org/10.1586/14760584.3.2.131
http://www.ncbi.nlm.nih.gov/pubmed/15056039
http://doi.org/10.1038/nm1726
http://doi.org/10.1016/j.celrep.2020.107586
http://doi.org/10.1038/ni.2039
http://www.ncbi.nlm.nih.gov/pubmed/21739679
http://doi.org/10.1084/jem.20051720
http://www.ncbi.nlm.nih.gov/pubmed/16461338
http://doi.org/10.1038/nm917
http://doi.org/10.1128/JVI.78.24.13512-13521.2004
http://www.ncbi.nlm.nih.gov/pubmed/15564462
http://doi.org/10.1186/s12916-017-0937-y
http://www.ncbi.nlm.nih.gov/pubmed/28974220
http://doi.org/10.1007/s00705-009-0408-7
http://www.ncbi.nlm.nih.gov/pubmed/19521660
http://doi.org/10.7589/0090-3558-44.1.71
http://www.ncbi.nlm.nih.gov/pubmed/18263823
http://doi.org/10.3389/fimmu.2020.01817
http://doi.org/10.1016/0022-2836(68)90086-7
http://doi.org/10.1111/j.1365-2672.1973.tb04123.x
http://doi.org/10.1016/j.ijid.2003.09.002
http://doi.org/10.1016/j.jviromet.2014.07.003
http://www.ncbi.nlm.nih.gov/pubmed/25025814
http://doi.org/10.1074/jbc.M111.279232
http://doi.org/10.1016/j.vetmic.2020.108928
http://doi.org/10.1128/JCM.02045-09
http://www.ncbi.nlm.nih.gov/pubmed/20089763
http://doi.org/10.1080/03079450400003692
http://www.ncbi.nlm.nih.gov/pubmed/15545031


Vaccines 2021, 9, 1490 27 of 31

46. Durno, L.; Tounekti, O. Viral Inactivation: Low pH and Detergent. PDA J. Pharm. Sci. Technol. 2015, 69, 163–172. [CrossRef]
[PubMed]

47. Nishide, M.; Tsujimoto, K.; Uozaki, M.; Ikeda, K.; Yamasaki, H.; Koyama, A.H.; Arakawa, T. Effects of electrolytes on virus
inactivation by acidic solutions. Int J. Mol. Med. 2011, 27, 803–809. [CrossRef]

48. Hume, A.J.; Ames, J.; Rennick, L.J.; Duprex, W.P.; Marzi, A.; Tonkiss, J.; Mühlberger, E. Inactivation of RNA Viruses by Gamma
Irradiation: A Study on Mitigating Factors. Viruses 2016, 8, 204. [CrossRef] [PubMed]

49. Stauffer, F.; El-Bacha, T.; Da Poian, A.T. Advances in the development of inactivated virus vaccines. Recent Pat. Antiinfect Drug
Discov. 2006, 1, 291–296. [CrossRef]

50. Sanders, B.; Koldijk, M.; Schuitemaker, H. Inactivated Viral Vaccines. Vaccine Anal. Strateg. Princ. Control. 2014, 45–80. [CrossRef]
51. Paliwal, R.; London, E. Comparison of the conformation, hydrophobicity, and model membrane interactions of diphtheria toxin to

those of formaldehyde-treated toxin (diphtheria toxoid): Formaldehyde stabilization of the native conformation inhibits changes
that allow membrane insertion. Biochemistry 1996, 35, 2374–2379. [CrossRef]

52. Green, M.D.; Al-Humadi, N.H. Chapter 27—Preclinical Toxicology of Vaccines. In A Comprehensive Guide to Toxicology in
Nonclinical Drug Development, 2nd ed.; Faqi, A.S., Ed.; Academic Press: Boston, MA, USA, 2017; pp. 709–735.

53. Baldwin, W.R.; Livengood, J.A.; Giebler, H.A.; Stovall, J.L.; Boroughs, K.L.; Sonnberg, S.; Bohning, K.J.; Dietrich, E.A.; Ong, Y.T.;
Danh, H.K.; et al. Purified Inactivated Zika Vaccine Candidates Afford Protection against Lethal Challenge in Mice. Sci. Rep.
2018, 8, 16509. [CrossRef]

54. Young, G.; Bohning, K.J.; Zahralban-Steele, M.; Hather, G.; Tadepalli, S.; Mickey, K.; Godin, C.S.; Sanisetty, S.; Sonnberg, S.; Patel,
H.K.; et al. Complete Protection in Macaques Conferred by Purified Inactivated Zika Vaccine: Defining a Correlate of Protection.
Sci. Rep. 2020, 10, 3488. [CrossRef] [PubMed]

55. Iversen, P.L.; Bavari, S. Inactivated COVID-19 vaccines to make a global impact. Lancet Infect. Dis. 2021, 21, 746–748. [CrossRef]
56. Zhang, Y.; Zeng, G.; Pan, H.; Li, C.; Hu, Y.; Chu, K.; Han, W.; Chen, Z.; Tang, R.; Yin, W.; et al. Safety, tolerability, and

immunogenicity of an inactivated SARS-CoV-2 vaccine in healthy adults aged 18–59 years: A randomised, double-blind,
placebo-controlled, phase 1/2 clinical trial. Lancet Infect. Dis. 2021, 21, 181–192. [CrossRef]

57. Nooraei, S.; Bahrulolum, H.; Hoseini, Z.S.; Katalani, C.; Hajizade, A.; Easton, A.J.; Ahmadian, G. Virus-like Particles: Preparation,
immunogenicity and their roles as nanovaccines and drug nanocarriers. J. Nanobiotechnology 2021, 19, 59. [CrossRef]

58. Ding, X.; Liu, D.; Booth, G.; Gao, W.; Lu, Y. Virus-Like Particle Engineering: From Rational Design to Versatile Applications.
Biotechnol. J. 2018, 13, 1700324. [CrossRef]

59. Lua, L.H.L.; Connors, N.K.; Sainsbury, F.; Chuan, Y.P.; Wibowo, N.; Middelberg, A.P.J. Bioengineering Virus-like Particles as
vaccines. Biotechnol. Bioeng. 2014, 111, 425–440. [CrossRef]

60. Roldão, A.; Mellado, M.C.; Castilho, L.R.; Carrondo, M.J.; Alves, P.M. Virus-like Particles in vaccine development. Expert. Rev.
Vaccines 2010, 9, 1149–1176. [CrossRef]

61. Syomin, B.V.; Ilyin, Y.V. Virus-like Particles as an Instrument of Vaccine Production. Mol. Biol. 2019, 53, 323–334. [CrossRef]
62. Cimica, V.; Galarza, J.M. Adjuvant formulations for virus-like particle (VLP) based vaccines. Clin. Immunol. 2017, 183, 99–108.

[CrossRef]
63. Mohsen, M.O.; Zha, L.; Cabral-Miranda, G.; Bachmann, M.F. Major findings and recent advances in virus-like particle (VLP)-based

vaccines. Semin. Immunol. 2017, 34, 123–132. [CrossRef]
64. Harding, C.V.; Song, R. Phagocytic processing of exogenous particulate antigens by macrophages for presentation by class I MHC

molecules. J. Immunol. 1994, 153, 4925–4933.
65. Kovacsovics-Bankowski, M.; Clark, K.; Benacerraf, B.; Rock, K.L. Efficient major histocompatibility complex class I presentation

of exogenous antigen upon phagocytosis by macrophages. Proc. Natl. Acad. Sci. USA 1993, 90, 4942–4946. [CrossRef]
66. Swann, H.; Sharma, A.; Preece, B.; Peterson, A.; Eldredge, C.; Belnap, D.M.; Vershinin, M.; Saffarian, S. Minimal system for

assembly of SARS-CoV-2 virus like particles. Sci. Rep. 2020, 10, 21877. [CrossRef] [PubMed]
67. Xu, R.; Shi, M.; Li, J.; Song, P.; Li, N. Construction of SARS-CoV-2 Virus-like Particles by Mammalian Expression System. Front.

Bioeng. Biotechnol. 2020, 8. [CrossRef]
68. Garg, H.; Mehmetoglu-Gurbuz, T.; Joshi, A. Virus Like Particles (VLP) as multivalent vaccine candidate against Chikungunya,

Japanese Encephalitis, Yellow Fever and Zika Virus. Sci. Rep. 2020, 10, 4017. [CrossRef]
69. Grgacic, E.V.; Anderson, D.A. Virus-like Particles: Passport to immune recognition. Methods 2006, 40, 60–65. [CrossRef]
70. Dai, S.; Wang, H.; Deng, F. Advances and challenges in enveloped virus-like particle (VLP)-based vaccines. J. Immunol. Sci.

2018, 2. [CrossRef]
71. Li, W.; Joshi, M.D.; Singhania, S.; Ramsey, K.H.; Murthy, A.K. Peptide Vaccine: Progress and Challenges. Vaccines 2014, 2, 515–536.

[CrossRef] [PubMed]
72. W.H.O. Guidelines for the Prodution and Quality Control of Synthetic Peptide Vaccines, Annex 1, TRS No 889; WHO: Geneva,

Switzerland, 1999; pp. 1–20.
73. Malonis, R.J.; Lai, J.R.; Vergnolle, O. Peptide-Based Vaccines: Current Progress and Future Challenges. Chem. Rev. 2020, 120,

3210–3229. [CrossRef] [PubMed]
74. El Bissati, K.; Zhou, Y.; Paulillo, S.M.; Raman, S.K.; Karch, C.P.; Reed, S.; Estes, A.; Estes, A.; Lykins, J.; Burkhard, P.; et al.

Engineering and characterization of a novel Self Assembling Protein for Toxoplasma peptide vaccine in HLA-A*11:01, HLA-
A*02:01 and HLA-B*07:02 transgenic mice. Sci. Rep. 2020, 10, 16984. [CrossRef] [PubMed]

http://doi.org/10.5731/pdajpst.2015.01040
http://www.ncbi.nlm.nih.gov/pubmed/25691724
http://doi.org/10.3892/ijmm.2011.668
http://doi.org/10.3390/v8070204
http://www.ncbi.nlm.nih.gov/pubmed/27455307
http://doi.org/10.2174/157489106778777673
http://doi.org/10.1007/978-3-662-45024-6_2
http://doi.org/10.1021/bi952469q
http://doi.org/10.1038/s41598-018-34735-7
http://doi.org/10.1038/s41598-020-60415-6
http://www.ncbi.nlm.nih.gov/pubmed/32103097
http://doi.org/10.1016/S1473-3099(21)00020-7
http://doi.org/10.1016/S1473-3099(20)30843-4
http://doi.org/10.1186/s12951-021-00806-7
http://doi.org/10.1002/biot.201700324
http://doi.org/10.1002/bit.25159
http://doi.org/10.1586/erv.10.115
http://doi.org/10.1134/S0026893319030154
http://doi.org/10.1016/j.clim.2017.08.004
http://doi.org/10.1016/j.smim.2017.08.014
http://doi.org/10.1073/pnas.90.11.4942
http://doi.org/10.1038/s41598-020-78656-w
http://www.ncbi.nlm.nih.gov/pubmed/33318562
http://doi.org/10.3389/fbioe.2020.00862
http://doi.org/10.1038/s41598-020-61103-1
http://doi.org/10.1016/j.ymeth.2006.07.018
http://doi.org/10.29245/2578-3009/2018/2.1118
http://doi.org/10.3390/vaccines2030515
http://www.ncbi.nlm.nih.gov/pubmed/26344743
http://doi.org/10.1021/acs.chemrev.9b00472
http://www.ncbi.nlm.nih.gov/pubmed/31804810
http://doi.org/10.1038/s41598-020-73210-0
http://www.ncbi.nlm.nih.gov/pubmed/33046728


Vaccines 2021, 9, 1490 28 of 31

75. Mak, T.W.; Saunders, M.E.; Jett, B.D. Primer Immune response; Academic Press Cell/Elsevier: Burlington, MA, USA, 2013.
76. Singh, A.; Thakur, M.; Sharma, L.K.; Chandra, K. Designing a multi-epitope peptide based vaccine against SARS-CoV-2. Sci. Rep.

2020, 10, 16219. [CrossRef]
77. Baxter, D. Active and passive immunity, vaccine types, excipients and licensing. Occup. Med. 2007, 57, 552–556. [CrossRef]

[PubMed]
78. Bizzini, B.; Blass, J.; Turpin, A.; Raynaud, M. Chemical characterization of tetanus toxin and toxoid. Amino acid composition,

number of SH and S-S groups and N-terminal amino acid. Eur. J. Biochem. 1970, 17, 100–105. [CrossRef]
79. Salnikova, M.S.; Joshi, S.B.; Howard Rytting, J.; Warny, M.; Russell Middaugh, C. Physical Characterization of Clostridium

Difficile Toxins and Toxoids: Effect of the Formaldehyde Crosslinking on Thermal Stability. J. Pharm. Sci. 2008, 97, 3735–3752.
[CrossRef] [PubMed]

80. Angsantikul, P.; Fang, R.H.; Zhang, L. Toxoid Vaccination against Bacterial Infection Using Cell Membrane-Coated Nanoparticles.
Bioconjug. Chem. 2018, 29, 604–612. [CrossRef]

81. Mayer, S.; Laumer, M.; Mackensen, A.; Andreesen, R.; Krause, S.W. Analysis of the Immune Response against Tetanus Toxoid:
Enumeration of Specific T Helper Cells by the Elispot Assay. Immunobiology 2002, 205, 282–289. [CrossRef] [PubMed]

82. Kaijalainen, T.; Kharit, S.M.; Kvetnaya, A.S.; Sirkiä, K.; Herva, E.; Parkov, O.V.; Nohynek, H. Invasive infections caused by
Neisseria meningitidis, Haemophilus influenzae and Streptococcus pneumoniae among children in St Petersburg, Russia. Clin.
Microbiol. Infect. 2008, 14, 507–510. [CrossRef] [PubMed]

83. Lesinski, G.B.; Westerink, M.A. Novel vaccine strategies to T-independent antigens. J. Microbiol. Methods 2001, 47, 135–149.
[CrossRef]

84. Nanduri, S.A.; Sutherland, A.R.; Gordon, L.K.; Santosham, M. 23—Haemophilus influenzae Type Vaccines. In Plotkin’s Vaccines,
7th ed.; Plotkin, S.A., Orenstein, W.A., Offit, P.A., Edwards, K.M., Eds.; Elsevier: Philadelphia, PA, USA, 2018; pp. 301–318.

85. Kelly, D.F.; Moxon, E.R.; Pollard, A.J. Haemophilus influenzae type b conjugate vaccines. Immunology 2004, 113, 163–174.
[CrossRef]

86. Kruetzmann, S.; Rosado, M.M.; Weber, H.; Germing, U.; Tournilhac, O.; Peter, H.H.; Berner, R.; Peters, A.; Boehm, T.; Plebani, A.;
et al. Human immunoglobulin M memory B cells controlling Streptococcus pneumoniae infections are generated in the spleen.
J. Exp. Med. 2003, 197, 939–945. [CrossRef] [PubMed]

87. Pichichero, M.E. Protein carriers of conjugate vaccines: Characteristics, development, and clinical trials. Hum. Vaccin. Immunother
2013, 9, 2505–2523. [CrossRef]

88. Rappuoli, R. Glycoconjugate vaccines: Principles and mechanisms. Sci. Transl. Med. 2018, 10, eaat4615. [CrossRef] [PubMed]
89. Rappuoli, R.; De Gregorio, E.; Costantino, P. On the mechanisms of conjugate vaccines. Proc. Natl. Acad. Sci. 2019, 116, 14–16.

[CrossRef] [PubMed]
90. Cardenas, L.; Clements, J.D. Oral immunization using live attenuated Salmonella spp. as carriers of foreign antigens. Clin.

Microbiol Rev. 1992, 5, 328–342. [CrossRef]
91. Yurina, V. Live Bacterial Vectors-A Promising DNA Vaccine Delivery System. Med. Sci. 2018, 6. [CrossRef] [PubMed]
92. da Silva, A.J.; Zangirolami, T.C.; Novo-Mansur, M.T.; Giordano Rde, C.; Martins, E.A. Live bacterial vaccine vectors: An overview.

Braz. J. Microbiol. 2014, 45, 1117–1129. [CrossRef] [PubMed]
93. Humphreys, I.R.; Sebastian, S. Novel viral vectors in infectious diseases. Immunol. 2018, 153, 1–9. [CrossRef] [PubMed]
94. Ertl, H.C.J. Viral vectors as vaccine carriers. Curr. Opin. Virol. 2016, 21, 1–8. [CrossRef] [PubMed]
95. Olbert, M.; Römer-Oberdörfer, A.; Herden, C.; Malberg, S.; Runge, S.; Staeheli, P.; Rubbenstroth, D. Viral vector vaccines

expressing nucleoprotein and phosphoprotein genes of avian bornaviruses ameliorate homologous challenge infections in
cockatiels and common canaries. Sci. Rep. 2016, 6, 36840. [CrossRef]

96. Milicic, A.; Rollier, C.S.; Tang, C.K.; Longley, R.; Hill, A.V.S.; Reyes-Sandoval, A. Adjuvanting a viral vectored vaccine against
pre-erythrocytic malaria. Sci. Rep. 2017, 7, 7284. [CrossRef] [PubMed]

97. Kunal, S.; Sakthivel, P.; Gupta, N.; Ish, P. Mix and match COVID-19 vaccines: Potential benefit and perspective from India.
Postgrad Med. J. 2021. [CrossRef]

98. Folegatti, P.M.; Ewer, K.J.; Aley, P.K.; Angus, B.; Becker, S.; Belij-Rammerstorfer, S.; Bellamy, D.; Bibi, S.; Bittaye, M.;
Clutterbuck, E.A.; et al. Safety and immunogenicity of the ChAdOx1 nCoV-19 vaccine against SARS-CoV-2: A preliminary report
of a phase 1/2, single-blind, randomised controlled trial. Lancet 2020, 396, 467–478. [CrossRef]

99. Feng, L.; Wang, Q.; Shan, C.; Yang, C.; Feng, Y.; Wu, J.; Liu, X.; Zhou, Y.; Jiang, R.; Hu, P.; et al. An adenovirus-vectored COVID-19
vaccine confers protection from SARS-COV-2 challenge in rhesus macaques. Nat. Commun. 2020, 11, 4207. [CrossRef] [PubMed]

100. Zhu, F.-C.; Li, Y.-H.; Guan, X.-H.; Hou, L.-H.; Wang, W.-J.; Li, J.-X.; Wu, S.-P.; Wang, B.-S.; Wang, Z.; Wang, L.; et al. Safety,
tolerability, and immunogenicity of a recombinant adenovirus type-5 vectored COVID-19 vaccine: A dose-escalation, open-label,
non-randomised, first-in-human trial. Lancet 2020. [CrossRef]

101. Sanchez-Felipe, L.; Vercruysse, T.; Sharma, S.; Ma, J.; Lemmens, V.; Van Looveren, D.; Arkalagud Javarappa, M.P.; Boudewijns, R.;
Malengier-Devlies, B.; Liesenborghs, L.; et al. A single-dose live-attenuated YF17D-vectored SARS-CoV-2 vaccine candidate.
Nature 2021, 590, 320–325. [CrossRef]

102. Mallapaty, S.; Callaway, E. What scientists do and don’t know about the Oxford-AstraZeneca COVID vaccine. Nature 2021, 592,
15–17. [CrossRef] [PubMed]

http://doi.org/10.1038/s41598-020-73371-y
http://doi.org/10.1093/occmed/kqm110
http://www.ncbi.nlm.nih.gov/pubmed/18045976
http://doi.org/10.1111/j.1432-1033.1970.tb01141.x
http://doi.org/10.1002/jps.21261
http://www.ncbi.nlm.nih.gov/pubmed/18257030
http://doi.org/10.1021/acs.bioconjchem.7b00692
http://doi.org/10.1078/0171-2985-00131
http://www.ncbi.nlm.nih.gov/pubmed/12182454
http://doi.org/10.1111/j.1469-0691.2008.01967.x
http://www.ncbi.nlm.nih.gov/pubmed/18318743
http://doi.org/10.1016/S0167-7012(01)00290-1
http://doi.org/10.1111/j.1365-2567.2004.01971.x
http://doi.org/10.1084/jem.20022020
http://www.ncbi.nlm.nih.gov/pubmed/12682112
http://doi.org/10.4161/hv.26109
http://doi.org/10.1126/scitranslmed.aat4615
http://www.ncbi.nlm.nih.gov/pubmed/30158151
http://doi.org/10.1073/pnas.1819612116
http://www.ncbi.nlm.nih.gov/pubmed/30578318
http://doi.org/10.1128/CMR.5.3.328
http://doi.org/10.3390/medsci6020027
http://www.ncbi.nlm.nih.gov/pubmed/29570602
http://doi.org/10.1590/S1517-83822014000400001
http://www.ncbi.nlm.nih.gov/pubmed/25763014
http://doi.org/10.1111/imm.12829
http://www.ncbi.nlm.nih.gov/pubmed/28869761
http://doi.org/10.1016/j.coviro.2016.06.001
http://www.ncbi.nlm.nih.gov/pubmed/27327517
http://doi.org/10.1038/srep36840
http://doi.org/10.1038/s41598-017-07246-0
http://www.ncbi.nlm.nih.gov/pubmed/28779101
http://doi.org/10.1136/postgradmedj-2021-140648
http://doi.org/10.1016/S0140-6736(20)31604-4
http://doi.org/10.1038/s41467-020-18077-5
http://www.ncbi.nlm.nih.gov/pubmed/32826924
http://doi.org/10.1016/S0140-6736(20)31208-3
http://doi.org/10.1038/s41586-020-3035-9
http://doi.org/10.1038/d41586-021-00785-7
http://www.ncbi.nlm.nih.gov/pubmed/33762708


Vaccines 2021, 9, 1490 29 of 31

103. Agency, E.M. Annex to Vaxzevria Art.5.3—Visual Risk Contextualization. Available online: https://www.ema.europa.eu/en/
documents/chmp-annex/annex-vaxzevria-art53-visual-risk-contextualisation_en.pdf (accessed on 23 April 2021).

104. Mendonça, S.A.; Lorincz, R.; Boucher, P.; Curiel, D.T. Adenoviral vector vaccine platforms in the SARS-CoV-2 pandemic. NPJ
Vaccines 2021, 6, 97. [CrossRef] [PubMed]

105. Tang, D.C.; DeVit, M.; Johnston, S.A. Genetic immunization is a simple method for eliciting an immune response. Nature 1992,
356, 152–154. [CrossRef]

106. Fynan, E.F.; Webster, R.G.; Fuller, D.H.; Haynes, J.R.; Santoro, J.C.; Robinson, H.L. DNA vaccines: Protective immunizations by
parenteral, mucosal, and gene-gun inoculations. Proc. Natl. Acad. Sci. USA 1993, 90, 11478–11482. [CrossRef] [PubMed]

107. Wolff, J.A.; Malone, R.W.; Williams, P.; Chong, W.; Acsadi, G.; Jani, A.; Felgner, P.L. Direct gene transfer into mouse muscle
in vivo. Science 1990, 247, 1465–1468. [CrossRef]

108. Panicali, D.; Paoletti, E. Construction of poxviruses as cloning vectors: Insertion of the thymidine kinase gene from herpes
simplex virus into the DNA of infectious vaccinia virus. Proc. Natl. Acad. Sci USA 1982, 79, 4927–4931. [CrossRef] [PubMed]

109. Gary, E.N.; Weiner, D.B. DNA vaccines: Prime time is now. Curr. Opin. Immunol. 2020, 65, 21–27. [CrossRef]
110. Silveira, M.M.; Moreira, G.M.S.G.; Mendonça, M. DNA vaccines against COVID-19: Perspectives and challenges. Life Sci. 2021,

267, 118919. [CrossRef] [PubMed]
111. Jorritsma, S.H.T.; Gowans, E.J.; Grubor-Bauk, B.; Wijesundara, D.K. Delivery methods to increase cellular uptake and immuno-

genicity of DNA vaccines. Vaccine 2016, 34, 5488–5494. [CrossRef] [PubMed]
112. Lambricht, L.; Lopes, A.; Kos, S.; Sersa, G.; Préat, V.; Vandermeulen, G. Clinical potential of electroporation for gene therapy and

DNA vaccine delivery. Expert Opin. Drug. Deliv. 2016, 13, 295–310. [CrossRef]
113. Bellard, E.; Markelc, B.; Pelofy, S.; Le Guerroué, F.; Sersa, G.; Teissié, J.; Cemazar, M.; Golzio, M. Intravital microscopy at the single

vessel level brings new insights of vascular modification mechanisms induced by electropermeabilization. J. Control. Release 2012,
163, 396–403. [CrossRef] [PubMed]

114. Marino, M.; Scuderi, F.; Provenzano, C.; Bartoccioni, E. Skeletal muscle cells: From local inflammatory response to active
immunity. Gene. Ther. 2011, 18, 109–116. [CrossRef] [PubMed]

115. Hengge, U.R.; Chan, E.F.; Foster, R.A.; Walker, P.S.; Vogel, J.C. Cytokine gene expression in epidermis with biological effects
following injection of naked DNA. Nat. Genet. 1995, 10, 161–166. [CrossRef]

116. Shirota, H.; Petrenko, L.; Hong, C.; Klinman, D.M. Potential of transfected muscle cells to contribute to DNA vaccine immuno-
genicity. J. Immunol. 2007, 179, 329–336. [CrossRef] [PubMed]

117. Tombácz, I.; Weissman, D.; Pardi, N. Vaccination with Messenger RNA: A Promising Alternative to DNA Vaccination. Methods
Mol. Biol. 2021, 2197, 13–31. [CrossRef]

118. Prazeres, D.M.F.; Monteiro, G.A. Plasmid Biopharmaceuticals. Microbiol. Spectr. 2014, 2. [CrossRef] [PubMed]
119. Smith, J.M.; Amara, R.R.; Campbell, D.; Xu, Y.; Patel, M.; Sharma, S.; Butera, S.T.; Ellenberger, D.L.; Yi, H.; Chennareddi, L.; et al.

DNA/MVA vaccine for HIV type 1: Effects of codon-optimization and the expression of aggregates or Virus-like Particles on the
immunogenicity of the DNA prime. AIDS Res. Hum. Retrovir. 2004, 20, 1335–1347. [CrossRef] [PubMed]

120. Yan, J.; Yoon, H.; Kumar, S.; Ramanathan, M.P.; Corbitt, N.; Kutzler, M.; Dai, A.; Boyer, J.D.; Weiner, D.B. Enhanced cellular
immune responses elicited by an engineered HIV-1 subtype B consensus-based envelope DNA vaccine. Mol. Ther. 2007, 15,
411–421. [CrossRef] [PubMed]

121. Sheets, R.L.; Stein, J.; Manetz, T.S.; Andrews, C.; Bailer, R.; Rathmann, J.; Gomez, P.L. Toxicological safety evaluation of DNA
plasmid vaccines against HIV-1, Ebola, Severe Acute Respiratory Syndrome, or West Nile virus is similar despite differing
plasmid backbones or gene-inserts. Toxicol. Sci. 2006, 91, 620–630. [CrossRef] [PubMed]

122. Baumjohann, D.; Preite, S.; Reboldi, A.; Ronchi, F.; Ansel, K.M.; Lanzavecchia, A.; Sallusto, F. Persistent antigen and germinal
center B cells sustain T follicular helper cell responses and phenotype. Immunity 2013, 38, 596–605. [CrossRef] [PubMed]

123. Tam, H.H.; Melo, M.B.; Kang, M.; Pelet, J.M.; Ruda, V.M.; Foley, M.H.; Hu, J.K.; Kumari, S.; Crampton, J.; Baldeon, A.D.; et al.
Sustained antigen availability during germinal center initiation enhances antibody responses to vaccination. Proc. Natl. Acad. Sci.
USA 2016, 113, E6639–E6648. [CrossRef]

124. Wang, Z.; Troilo, P.J.; Wang, X.; Griffiths, T.G.; Pacchione, S.J.; Barnum, A.B.; Harper, L.B.; Pauley, C.J.; Niu, Z.; Denisova, L.; et al.
Detection of integration of plasmid DNA into host genomic DNA following intramuscular injection and electroporation. Gene.
Ther. 2004, 11, 711–721. [CrossRef]

125. Bergman, P.J.; Camps-Palau, M.A.; McKnight, J.A.; Leibman, N.F.; Craft, D.M.; Leung, C.; Liao, J.; Riviere, I.; Sadelain, M.;
Hohenhaus, A.E.; et al. Development of a xenogeneic DNA vaccine program for canine malignant melanoma at the Animal
Medical Center. Vaccine 2006, 24, 4582–4585. [CrossRef]

126. Dimitriadis, G.J. Translation of rabbit globin mRNA introduced by liposomes into mouse lymphocytes. Nature 1978, 274, 923–924.
[CrossRef]

127. Malone, R.W.; Felgner, P.L.; Verma, I.M. Cationic liposome-mediated RNA transfection. Proc. Natl. Acad. Sci. USA 1989, 86,
6077–6081. [CrossRef]

128. Hoerr, I.; Obst, R.; Rammensee, H.G.; Jung, G. In vivo application of RNA leads to induction of specific cytotoxic T lymphocytes
and antibodies. Eur. J. Immunol. 2000, 30, 1–7. [CrossRef]

129. Conry, R.M.; LoBuglio, A.F.; Wright, M.; Sumerel, L.; Pike, M.J.; Johanning, F.; Benjamin, R.; Lu, D.; Curiel, D.T. Characterization
of a messenger RNA polynucleotide vaccine vector. Cancer. Res. 1995, 55, 1397–1400. [PubMed]

https://www.ema.europa.eu/en/documents/chmp-annex/annex-vaxzevria-art53-visual-risk-contextualisation_en.pdf
https://www.ema.europa.eu/en/documents/chmp-annex/annex-vaxzevria-art53-visual-risk-contextualisation_en.pdf
http://doi.org/10.1038/s41541-021-00356-x
http://www.ncbi.nlm.nih.gov/pubmed/34354082
http://doi.org/10.1038/356152a0
http://doi.org/10.1073/pnas.90.24.11478
http://www.ncbi.nlm.nih.gov/pubmed/8265577
http://doi.org/10.1126/science.1690918
http://doi.org/10.1073/pnas.79.16.4927
http://www.ncbi.nlm.nih.gov/pubmed/6289324
http://doi.org/10.1016/j.coi.2020.01.006
http://doi.org/10.1016/j.lfs.2020.118919
http://www.ncbi.nlm.nih.gov/pubmed/33352173
http://doi.org/10.1016/j.vaccine.2016.09.062
http://www.ncbi.nlm.nih.gov/pubmed/27742218
http://doi.org/10.1517/17425247.2016.1121990
http://doi.org/10.1016/j.jconrel.2012.09.010
http://www.ncbi.nlm.nih.gov/pubmed/23017380
http://doi.org/10.1038/gt.2010.124
http://www.ncbi.nlm.nih.gov/pubmed/20927136
http://doi.org/10.1038/ng0695-161
http://doi.org/10.4049/jimmunol.179.1.329
http://www.ncbi.nlm.nih.gov/pubmed/17579053
http://doi.org/10.1007/978-1-0716-0872-2_2
http://doi.org/10.1128/microbiolspec.PLAS-0022-2014
http://www.ncbi.nlm.nih.gov/pubmed/26104457
http://doi.org/10.1089/aid.2004.20.1335
http://www.ncbi.nlm.nih.gov/pubmed/15650426
http://doi.org/10.1038/sj.mt.6300036
http://www.ncbi.nlm.nih.gov/pubmed/17235321
http://doi.org/10.1093/toxsci/kfj170
http://www.ncbi.nlm.nih.gov/pubmed/16569728
http://doi.org/10.1016/j.immuni.2012.11.020
http://www.ncbi.nlm.nih.gov/pubmed/23499493
http://doi.org/10.1073/pnas.1606050113
http://doi.org/10.1038/sj.gt.3302213
http://doi.org/10.1016/j.vaccine.2005.08.027
http://doi.org/10.1038/274923a0
http://doi.org/10.1073/pnas.86.16.6077
http://doi.org/10.1002/1521-4141(200001)30:1&lt;1::AID-IMMU1&gt;3.0.CO;2-
http://www.ncbi.nlm.nih.gov/pubmed/7882341


Vaccines 2021, 9, 1490 30 of 31

130. Alameh, M.-G.; Weissman, D.; Pardi, N. Messenger RNA-Based Vaccines Against Infectious Diseases; Springer: Berlin/Heidelberg,
Germany, 2020; pp. 1–35.

131. Karikó, K.; Muramatsu, H.; Welsh, F.A.; Ludwig, J.; Kato, H.; Akira, S.; Weissman, D. Incorporation of Pseudouridine Into mRNA
Yields Superior Nonimmunogenic Vector With Increased Translational Capacity and Biological Stability. Mol. Ther. 2008, 16,
1833–1840. [CrossRef] [PubMed]

132. Karikó, K.; Buckstein, M.; Ni, H.; Weissman, D. Suppression of RNA Recognition by Toll-like Receptors: The Impact of Nucleoside
Modification and the Evolutionary Origin of RNA. Immunity 2005, 23, 165–175. [CrossRef] [PubMed]

133. Andries, O.; Mc Cafferty, S.; De Smedt, S.C.; Weiss, R.; Sanders, N.N.; Kitada, T. N(1)-methylpseudouridine-incorporated mRNA
outperforms pseudouridine-incorporated mRNA by providing enhanced protein expression and reduced immunogenicity in
mammalian cell lines and mice. J. Control. Release 2015, 217, 337–344. [CrossRef]

134. Kariko, K.; Muramatsu, H.; Ludwig, J.; Weissman, D. Generating the optimal mRNA for therapy: HPLC purification eliminates
immune activation and improves translation of nucleoside-modified, protein-encoding mRNA. Nucleic Acids Res. 2011, 39, e142.
[CrossRef] [PubMed]

135. Baiersdörfer, M.; Boros, G.; Muramatsu, H.; Mahiny, A.; Vlatkovic, I.; Sahin, U.; Karikó, K. A Facile Method for the Removal of
dsRNA Contaminant from In Vitro-Transcribed mRNA. Mol. Ther. -Nucleic Acids. 2019, 15, 26–35. [CrossRef] [PubMed]

136. William, J.I.; Joseph, L.B.; John, G.A.; Afeyan, N.B. Ion exchange purification of. mRNA. Patent US10590161B2, 17 March 2020.
137. Asrani, K.H.; Farelli, J.D.; Stahley, M.R.; Miller, R.L.; Cheng, C.J.; Subramanian, R.R.; Brown, J.M. Optimization of mRNA

untranslated regions for improved expression of therapeutic mRNA. RNA Biol. 2018, 15, 756–762. [CrossRef] [PubMed]
138. Trotman, J.B.; Schoenberg, D.R. A recap of RNA recapping. Wiley Interdiscip. Rev. RNA 2019, 10, e1504. [CrossRef] [PubMed]
139. Mascellino, M.T.; Di Timoteo, F.; De Angelis, M.; Oliva, A. Overview of the Main Anti-SARS-CoV-2 Vaccines: Mechanism of

Action, Efficacy and Safety. Infect. Drug Resist. 2021, 14, 3459–3476. [CrossRef] [PubMed]
140. Mevorach, D.; Anis, E.; Cedar, N.; Bromberg, M.; Haas, E.J.; Nadir, E.; Olsha-Castell, S.; Arad, D.; Hasin, T.; Levi, N.; et al.

Myocarditis after BNT162b2 mRNA Vaccine against Covid-19 in Israel. N. Engl. J. Med. 2021. [CrossRef]
141. Chaudhary, N.; Weissman, D.; Whitehead, K.A. mRNA vaccines for infectious diseases: Principles, delivery and clinical

translation. Nat. Rev. Drug Discov. 2021, 20, 817–838. [CrossRef] [PubMed]
142. Ali, K.; Berman, G.; Zhou, H.; Deng, W.; Faughnan, V.; Coronado-Voges, M.; Ding, B.; Dooley, J.; Girard, B.; Hillebrand, W.; et al.

Evaluation of mRNA-1273 SARS-CoV-2 Vaccine in Adolescents. N. Engl. J. Med. 2021. [CrossRef] [PubMed]
143. Sahin, U.; Muik, A.; Vogler, I.; Derhovanessian, E.; Kranz, L.M.; Vormehr, M.; Quandt, J.; Bidmon, N.; Ulges, A.; Baum, A.; et al.

BNT162b2 vaccine induces neutralizing antibodies and poly-specific T cells in humans. Nature 2021, 595, 572–577. [CrossRef]
[PubMed]

144. Vogel, A.B.; Kanevsky, I.; Che, Y.; Swanson, K.A.; Muik, A.; Vormehr, M.; Kranz, L.M.; Walzer, K.C.; Hein, S.; Guler, A.; et al.
BNT162b vaccines protect rhesus macaques from SARS-CoV-2. Nature 2021, 592, 283–289. [CrossRef] [PubMed]

145. Baden, L.R.; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R.; Diemert, D.; Spector, S.A.; Rouphael, N.; Creech, C.B.; et al.
Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N. Engl. J. Med. 2021, 384, 403–416. [CrossRef]

146. Hartmann, G. Nucleic Acid Immunity. Adv. Immunol. 2017, 133, 121–169. [CrossRef]
147. Weissman, D.; Pardi, N.; Muramatsu, H.; Karikó, K. HPLC purification of in vitro transcribed long RNA. Methods Mol. Biol. 2013,

969, 43–54. [CrossRef]
148. Ramanathan, A.; Robb, G.B.; Chan, S.-H. mRNA capping: Biological functions and applications. Nucleic Acids Res. 2016, 44,

7511–7526. [CrossRef]
149. Beckert, B.; Masquida, B. Synthesis of RNA by in vitro transcription. Methods Mol. Biol. 2011, 703, 29–41. [CrossRef]
150. Miliotou, A.N.; Papadopoulou, L.C. In Vitro-Transcribed (IVT)-mRNA CAR Therapy Development. In Chimeric Antigen Recept. T

Cells; Springer: New York, NY, USA, 2020; pp. 87–117.
151. Dolgin, E. CureVac COVID vaccine let-down spotlights mRNA design challenges. Nature 2021, 594, 483. [CrossRef] [PubMed]
152. Magini, D.; Giovani, C.; Mangiavacchi, S.; Maccari, S.; Cecchi, R.; Ulmer, J.B.; De Gregorio, E.; Geall, A.J.; Brazzoli, M.; Bertholet,

S. Self-Amplifying mRNA Vaccines Expressing Multiple Conserved Influenza Antigens Confer Protection against Homologous
and Heterosubtypic Viral Challenge. PLoS ONE 2016, 11, e0161193. [CrossRef] [PubMed]

153. Maruggi, G.; Zhang, C.; Li, J.; Ulmer, J.B.; Yu, D. mRNA as a Transformative Technology for Vaccine Development to Control
Infectious Diseases. Mol. Ther. 2019, 27, 757–772. [CrossRef]

154. McKay, P.F.; Hu, K.; Blakney, A.K.; Samnuan, K.; Brown, J.C.; Penn, R.; Zhou, J.; Bouton, C.R.; Rogers, P.; Polra, K.; et al.
Self-amplifying RNA SARS-CoV-2 lipid nanoparticle vaccine candidate induces high neutralizing antibody titers in mice. Nat.
Commun. 2020, 11, 3523. [CrossRef] [PubMed]

155. Buschmann, M.D.; Carrasco, M.J.; Alishetty, S.; Paige, M.; Alameh, M.G.; Weissman, D. Nanomaterial Delivery Systems for
mRNA Vaccines. Vaccines 2021, 9, 65. [CrossRef]

156. Beissert, T.; Perkovic, M.; Vogel, A.; Erbar, S.; Walzer, K.C.; Hempel, T.; Brill, S.; Haefner, E.; Becker, R.; Türeci, Ö.; et al. A
Trans-amplifying RNA Vaccine Strategy for Induction of Potent Protective Immunity. Mol. Ther. 2020, 28, 119–128. [CrossRef]
[PubMed]

157. Zhou, W.-Y.; Cai, Z.-R.; Liu, J.; Wang, D.-S.; Ju, H.-Q.; Xu, R.-H. Circular RNA: Metabolism, functions and interactions with
proteins. Mol. Cancer 2020, 19, 172. [CrossRef]

http://doi.org/10.1038/mt.2008.200
http://www.ncbi.nlm.nih.gov/pubmed/18797453
http://doi.org/10.1016/j.immuni.2005.06.008
http://www.ncbi.nlm.nih.gov/pubmed/16111635
http://doi.org/10.1016/j.jconrel.2015.08.051
http://doi.org/10.1093/nar/gkr695
http://www.ncbi.nlm.nih.gov/pubmed/21890902
http://doi.org/10.1016/j.omtn.2019.02.018
http://www.ncbi.nlm.nih.gov/pubmed/30933724
http://doi.org/10.1080/15476286.2018.1450054
http://www.ncbi.nlm.nih.gov/pubmed/29578372
http://doi.org/10.1002/wrna.1504
http://www.ncbi.nlm.nih.gov/pubmed/30252202
http://doi.org/10.2147/IDR.S315727
http://www.ncbi.nlm.nih.gov/pubmed/34511939
http://doi.org/10.1056/NEJMoa2109730
http://doi.org/10.1038/s41573-021-00283-5
http://www.ncbi.nlm.nih.gov/pubmed/34433919
http://doi.org/10.1056/NEJMoa2109522
http://www.ncbi.nlm.nih.gov/pubmed/34379915
http://doi.org/10.1038/s41586-021-03653-6
http://www.ncbi.nlm.nih.gov/pubmed/34044428
http://doi.org/10.1038/s41586-021-03275-y
http://www.ncbi.nlm.nih.gov/pubmed/33524990
http://doi.org/10.1056/NEJMoa2035389
http://doi.org/10.1016/bs.ai.2016.11.001
http://doi.org/10.1007/978-1-62703-260-5_3
http://doi.org/10.1093/nar/gkw551
http://doi.org/10.1007/978-1-59745-248-9_3
http://doi.org/10.1038/d41586-021-01661-0
http://www.ncbi.nlm.nih.gov/pubmed/34145413
http://doi.org/10.1371/journal.pone.0161193
http://www.ncbi.nlm.nih.gov/pubmed/27525409
http://doi.org/10.1016/j.ymthe.2019.01.020
http://doi.org/10.1038/s41467-020-17409-9
http://www.ncbi.nlm.nih.gov/pubmed/32647131
http://doi.org/10.3390/vaccines9010065
http://doi.org/10.1016/j.ymthe.2019.09.009
http://www.ncbi.nlm.nih.gov/pubmed/31624015
http://doi.org/10.1186/s12943-020-01286-3


Vaccines 2021, 9, 1490 31 of 31

158. Kristensen, L.S.; Andersen, M.S.; Stagsted, L.V.W.; Ebbesen, K.K.; Hansen, T.B.; Kjems, J. The biogenesis, biology and characteriza-
tion of circular RNAs. Nat. Rev. Genet. 2019, 20, 675–691. [CrossRef] [PubMed]

159. Qu, S.; Yang, X.; Li, X.; Wang, J.; Gao, Y.; Shang, R.; Sun, W.; Dou, K.; Li, H. Circular RNA: A new star of noncoding RNAs. Cancer
Lett. 2015, 365, 141–148. [CrossRef]

160. Alameh, M.-G.; Tombácz, I.; Bettini, E.; Lederer, K.; Sittplangkoon, C.; Wilmore, J.R.; Gaudette, B.T.; Soliman, O.Y.; Pine, M.; Hicks,
P.; et al. Lipid nanoparticles enhance the efficacy of mRNA and protein subunit vaccines by inducing robust T follicular helper
cell and humoral responses. Immunity 2021, 54, 2877–2892. [CrossRef] [PubMed]

161. Liang, F.; Lindgren, G.; Lin, A.; Thompson, E.A.; Ols, S.; Röhss, J.; John, S.; Hassett, K.; Yuzhakov, O.; Bahl, K.; et al. Efficient
Targeting and Activation of Antigen-Presenting Cells In Vivo after Modified mRNA Vaccine Administration in Rhesus Macaques.
Mol. Ther. 2017, 25, 2635–2647. [CrossRef] [PubMed]

162. Ndeupen, S.; Qin, Z.; Jacobsen, S.; Estanbouli, H.; Bouteau, A.; Igyártó, B.Z. The mRNA-LNP platform’s lipid nanoparticle
component used in preclinical vaccine studies is highly inflammatory. bioRxiv 2021, 24. [CrossRef] [PubMed]

163. Lindgren, G.; Ols, S.; Liang, F.; Thompson, E.A.; Lin, A.; Hellgren, F.; Bahl, K.; John, S.; Yuzhakov, O.; Hassett, K.J.; et al. Induction
of Robust B Cell Responses after Influenza mRNA Vaccination Is Accompanied by Circulating Hemagglutinin-Specific ICOS+
PD-1+ CXCR3+ T Follicular Helper Cells. Front. Immunol. 2017, 8, 1539. [CrossRef] [PubMed]

164. Pardi, N.; Secreto, A.J.; Shan, X.; Debonera, F.; Glover, J.; Yi, Y.; Muramatsu, H.; Ni, H.; Mui, B.L.; Tam, Y.K.; et al. Administration
of nucleoside-modified mRNA encoding broadly neutralizing antibody protects humanized mice from HIV-1 challenge. Nat.
Commun. 2017, 8, 14630. [CrossRef] [PubMed]

165. Pardi, N.; Tuyishime, S.; Muramatsu, H.; Kariko, K.; Mui, B.L.; Tam, Y.K.; Madden, T.D.; Hope, M.J.; Weissman, D. Expression
kinetics of nucleoside-modified mRNA delivered in lipid nanoparticles to mice by various routes. J. Control. Release 2015, 217,
345–351. [CrossRef] [PubMed]

http://doi.org/10.1038/s41576-019-0158-7
http://www.ncbi.nlm.nih.gov/pubmed/31395983
http://doi.org/10.1016/j.canlet.2015.06.003
http://doi.org/10.1016/j.immuni.2021.11.001
http://www.ncbi.nlm.nih.gov/pubmed/34852217
http://doi.org/10.1016/j.ymthe.2017.08.006
http://www.ncbi.nlm.nih.gov/pubmed/28958578
http://doi.org/10.1016/j.isci.2021.103479
http://www.ncbi.nlm.nih.gov/pubmed/34841223
http://doi.org/10.3389/fimmu.2017.01539
http://www.ncbi.nlm.nih.gov/pubmed/29181005
http://doi.org/10.1038/ncomms14630
http://www.ncbi.nlm.nih.gov/pubmed/28251988
http://doi.org/10.1016/j.jconrel.2015.08.007
http://www.ncbi.nlm.nih.gov/pubmed/26264835

	Introduction 
	What Are Vaccines? 
	Immune Responses to Vaccines 
	Vaccine Types 
	Conventional (Classical) Vaccine Technologies 
	Live-Attenuated, or Replication-Competent Attenuated Vaccines 
	Whole Inactivated Vaccines (Killed Vaccine) 
	Virus-like Particles (VLPs) Vaccines 
	Synthetic Peptide Vaccines 
	Fractional Inactivated Vaccines: Toxoid Vaccines 
	Polysaccharide, and Polysaccharide Conjugate Vaccines 
	Bacterial Vectored Vaccines 
	Viral Vector-Based Vaccines 
	Synthetic DNA Vaccines 
	mRNA Based Vaccines 


	Challenges and Opportunities in Vaccine Development 
	Conclusions 
	References

