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Abstract 
Inactivated and live attenuated vaccines have improved human life and significantly reduced morbidity and mortality of sev-
eral human infectious diseases. However, these vaccines have faults, such as reactivity or suboptimal efficacy and expensive 
and time-consuming development and production. Additionally, despite the enormous efforts to develop vaccines against 
some infectious diseases, the traditional technologies have not been successful in achieving this. At the same time, the con-
cerns about emerging and re-emerging diseases urge the need to develop technologies that can be rapidly applied to combat 
the new challenges. Within the last two decades, the research of vaccine technologies has taken several directions to achieve 
safe, efficient, and economic platforms or technologies for novel vaccines. This review will give a brief overview of the cur-
rent state of the novel vaccine technologies, new vaccine candidates in clinical trial phases 1–3 (listed by European Medicines 
Agency (EMA) and Food and Drug Administration (FDA)), and vaccines based on the novel technologies which have already 
been commercially available (approved by EMA and FDA) with the special reference to pandemic COVID-19 vaccines.

Key points  
• Vaccines of the new generation follow the minimalist strategy.
• Some infectious diseases remain a challenge for the vaccine development.
• The number of new vaccine candidates in the late phase clinical trials remains low.

Keywords Vaccine · Immune response · Novel technologies · Infectious diseases · Clinical trials · Adjuvant

Introduction

Vaccination remains a very effective method of preventing 
infectious diseases and represents a relevant contribution to 
human health (Sallusto et al. 2010). The immense success of 
vaccines against polio, smallpox, measles, diphtheria, teta-
nus, and rabies demonstrates the potential of this phenom-
enal approach in reducing the global burden of infectious 
diseases and, in the case of smallpox, in completely eradi-
cating it (Breman and Arita 1980; WHO 1980; Strassburg 
1982). “Herd immunity” is a term describing threshold pro-
portion of immune individuals which should cause a decline 

in incidence of infection in population (Fine et al. 2011). 
The coverage rate needed to stop the infection transmission 
depends on the basic reproduction number (Ro) which is 
defined as average number of transmissions expected from a 
single case introduced into a totally susceptible population. 
(Andre et al. 2008). Successful illustrations of community 
immunity which led in prevention of infection spreading or 
its complete elimination were identified in above-mentioned 
diseases, such as smallpox, measles, and poliovirus (Shelly 
et al. 2020). Infectious diseases with pandemic potential 
have regularly occurred and spread throughout history 
(plague, cholera, influenza, different corona viruses) (Piret 
and Boivin 2021). We are currently witnessing SARS-CoV-2 
causing COVID-19 pandemic, which only proves that novel 
infectious agents with pandemic potential can emerge any 
time, any place. Still, every time it does emerge, it causes 
devastating consequences for human health and quality of 
life. Pandemic is the most dramatic form of emerging and 
spreading of infectious agents to which the effective vaccine 
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cannot be prepared ahead. However, despite the remarkable 
successes of vaccines against some infectious diseases, oth-
ers remain a major challenge, and there is an urgent need 
to develop vaccines against them. These are human patho-
gens causing a high rate of morbidity and mortality such 
as human immunodeficiency virus (HIV), Mycobacterium 
tuberculosis, Plasmodium falciparum, hepatitis C virus 
(HCV), respiratory syncytial virus (RSV), and others. Tra-
ditional approaches to vaccine development did not work for 
them. A long coexistence of host and pathogen has led to 
the evolution of the pathogen’s mechanisms enabling suc-
cessful adaptation to the host and evasion of its immune 
response. Immune evasion encompasses a variety of com-
plex mechanisms through which pathogen evades host anti-
pathogen immunity and escapes recognition. The most com-
mon immune system evasion mechanisms are suppression 
of antigen presentation and T cell costimulatory pathways, 
induction of immunosuppressive cytokines, obstruction of 
interferon and chemokine functions, the establishment of 
persistency or latency, and high level of genetic variability 
of the pathogen (Arens 2012). Since the discovery of the 
HIV and beginning of the AIDS pandemic several decades 
ago, scientists have been making efforts to make an effective 
vaccine that would yield sterilizing neutralizing antibodies. 
However, due to the rapid establishment of latent HIV res-
ervoir, heavy glycosylation of the envelope trimer thwart-
ing neutralizing antibody attack, and extremely rapid HIV 
evolution, a vaccine is still not on the horizon (Haynes et al. 
2019). A high mutational rate, structural plasticity of the 
immunodominant regions on the virion surface of diverse 
HCV genotypes, and constant amino acid substitutions on 
key structural components of envelope glycoproteins make 
the design of an effective HCV vaccine very challenging 
(Sevvana et al. 2021). Viruses evolved escape mechanisms 
by changing the antigenic regions at an extremely high 
rate. More than 250, 000 children under the age of five die 
from malaria every year (one child dies from malaria every 
two minutes), most of them in sub-Saharan Africa (https:// 
www. who. int/ publi catio ns/i/ item/ WHO- CDS- GMP- 2018. 
05). Despite these catastrophic numbers, the malaria vac-
cine is still not available. A complex life cycle of the Plas-
modium spp. and extensive polymorphism between strains 
from different geographical regions has only led to partial 
protection with some malaria vaccines in clinical trials (Bull 
et al. 1998; Sutherland 2007; Fowkes et al. 2010). The ulti-
mate example of the failure to make an efficient vaccine 
by the traditional approach is tuberculosis (TB). TB is still 
a deadly disease, with an estimated 1.2 million TB deaths 
as a single infectious agent in 2019 and an additional 208, 
000 deaths among HIV-positive patients (WHO 2020). The 
only licensed vaccine for the prevention of TB disease is the 
bacille Calmette-Guérin (BCG) vaccine developed a century 
ago. This vaccine prevents severe forms of TB in children 

and is widely used. There is currently no vaccine effective 
in preventing TB disease in adults, either before or after 
exposure to TB infection. The very complex physiology and 
pathogenesis of M. tuberculosis have so far led to unsuccess-
ful vaccine candidates. M. tuberculosis has evolved different 
mechanisms to evade recognition by immune cells. It does not 
have a classical virulence factor like other bacterial pathogens 
either (Smith 2003). The lack of a validated immune correlate 
of protection, together with uncertainty as to which animal 
model, if any, best represents human disease, means vaccine 
development, and predicting which candidate vaccine might 
protect in humans is very challenging (Davenne and McShane 
2016). New knowledge of M. tuberculosis genes and the pro-
teins they encode should provide new bacterial targets that can 
be used to create new vaccines in combination with new vac-
cine technologies. These research breakthroughs are needed to 
rapidly reduce TB incidence worldwide to the levels already 
achieved in low-burden countries. (WHO 2020).

There is a number of infectious diseases that are awaiting 
efficacious and safe vaccines. However, improvement of the 
vaccines in use is also anticipated, e.g., for infections in adult age 
not only in childhood, for pregnant women, or older adults. Many 
vaccines, especially viral vaccines, have been developed within 
the last 70 years. Pathogen evolution, meanwhile, has continued 
with an emphasized selection of new pathogen variants under 
the influence of vaccine-driven evolutionary pressure what can 
lead to the failure of vaccine strategy. Mumps vaccine seems 
to be such an example. Despite the remarkable public health 
success of the mumps vaccine, evidence of virus escape from 
vaccine-induced immunity causing mumps resurgence is piling 
up. Vanning immunity, lack of natural boost, and a reduced capacity 
of vaccine-induced neutralizing antibodies to cross-neutralize 
circulating strains have been suggested as factors facilitating 
mumps virus to escape from vaccine-induced immunity (Santak 
et al. 2006; Ivancic-Jelecki et al. 2008; Cortese et al. 2011; Smits 
et al. 2013; Šantak et al. 2013; Šantak et al. 2015a, b; May et al. 
2018; Ramanathan et al. 2018; Marshall and Plotkin 2019; Vermeire 
et al. 2019; Connell et al. 2020; Won et al. 2021) suggesting a new 
vaccine with better-matched epitopes will be needed soon. Hence, 
novel technologies for the development and production of vaccines 
are needed to effectively prevent and control infectious diseases in 
humans. The knowledge based on genomic analysis and systems 
biology and the novel vaccine technologies based on infectious 
pathogens can be applied to cancer vaccines and vice versa. This 
review will present significant and promising advances in cutting-
edge vaccine technologies over the past decades.

A brief history of vaccine

The first preventive immunization was used to prevent small-
pox. It was called variolation, and it was done by smearing 
skin tissue with smallpox pus. The description of variolation 
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originates probably from China or India, and from there, it 
spreads to Ottoman Empire and later to Europe (Boylston 
2012). The vaccine as we know it today dates back to the 
end of the eighteenth century. In 1796, an English physi-
cian Edward A. Jenner applied a common observation that 
milkmaids were immune to smallpox. He used a scraped pus 
from a cowpox blister from one milkmaid with cowpox (in 
Latin vacca means cow, hence the term vaccine) to inoculate 
a 13-year-old boy. Later on, he made a challenge with the 
variolous material to prove the effectiveness of the immu-
nization process. From that point on, the smallpox vaccine 
was implemented worldwide, culminating in the smallpox 
eradication in 1980 (Breman and Arita 1980; WHO 1980; 
Strassburg 1982).

Ever since the door of the vaccine world has been ajar, 
there were many researches and trials. Some of them being a 
success, but many of them were not. After Jenner’s first trial, 
almost a hundred years passed until Louis Pasteur developed 
another successful vaccines: live attenuated chicken cholera 
vaccine, inactivated anthrax vaccine, and inactivated rabies 
vaccine in humans (in 1879, 1881 and 1885, respectively). 
As bacteriology developed over time vaccines against diph-
theria, tetanus, anthrax, cholera, plague, typhoid, and tuber-
culosis rapidly followed (Aida et al. 2021).

The development of viral vaccines has awaited advances 
in modern technologies such as tissue culture and elec-
tron microscopy. Intensive research of new viral vaccines 
has been started since mid-twentieth century, and it lasts 
today. It is hard to single out vaccines with the most sig-
nificant impact since each of them dramatically reduced 
the disease burden and decreased mortality (www. who. int/ 
news- room/ featu re- stori es/ detail/ count ing- the- impact- of- 
vacci nes). However, the development of polio and measles 
vaccines is worth mentioning since both diseases had high 
morbidity and mortality rates with severe sequelae prior 

introduction of vaccination. Vaccination has reduced the 
number of cases of illness, which gives hope that both of 
these diseases could be eradicated as smallpox was eradi-
cated 40 years ago. Howe and Bodian (1941) observed 
that the virus which causes polio spreads by oral route. 
This observation led to the several vaccine candidates, all 
being oral vaccine candidates. One of them is Salk’s polio 
vaccine, a formaldehyde-inactivated (IPV) parenteral vac-
cine used from 1955 (Salk 1959). Another is Sabin’s live 
attenuated oral vaccine (OPV) used from the 1960s of the 
last century (Sabin et al. 1960). Although rarely, live atten-
uated polio vaccine was reported to cause vaccine-associ-
ated paralytic poliomyelitis. So today, IPV is preferred in 
most vaccination schedules (Wolbert and Higginbotham 
2020). Edmonston strain of measles virus was isolated in 
tissue culture in 1954 (Enders and Peebles 1954). Most 
live attenuated measles vaccines used today (Edmonston-
Zagreb, Schwartz, Moraten, and AIK-C) stem from this 
strain. Different regimes of virus attenuation in either 
chick embryo cells or human diploid cells are applied in 
different laboratories (Markowitz and Orenstein 1990). 
Attempts to make formaldehyde-inactivated measles vac-
cine failed because some individuals who received this 
vaccine developed atypical measles syndrome (Goodson 
and Seward 2015).

Vaccines for over twenty infectious diseases have been 
developed and successfully applied worldwide in the 
modern vaccinology era (Fig. 1). More than one vaccine 
type is available for some diseases, or better formulations 
replaced formulations with less efficacy and/or safety. In 
20 years of this century, new vaccines against meningo-
coccal disease, pneumococcal disease, rotavirus disease, 
herpes zoster, human papilloma virus, and COVID-19 
have been approved (Fig. 1, Plotkin 2014). This shows that 
scientists and the pharmaceutical industry have recognized 

Fig. 1  History timeline of the most important vaccines
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the potential and importance of vaccines as the human 
health improvement promoters.

How should vaccines work?

The vaccination paradigm is the generation of a long-term 
immunity against the pathogen-specific antigen(s) by devel-
oping antibodies and cytotoxic T cells. To generate efficient 
vaccine-mediated protection requires activation of a com-
plex network of cells and molecules of the immune system. 
Additionally, the vaccination should elicit a very similar 
immune response to one that develops upon resolving natu-
ral infection for those viruses that resolve on their own. Ide-
ally, the immune response should be triggered at the site of 
the infection, e.g., a mucosa of the respiratory or gastroin-
testinal tract. Taken together, it is a complex challenge to 
achieve that everything cooperates as intended.

The first encounter of the body with the pathogen will 
result in adaptive response. However, this will take some 
time, and in the meantime, the pathogen will prevail, caus-
ing a disease. Vaccination prevents disease caused by the 
particular microorganism by enabling a fast response to 
infection and enhancing the immune response so that the 
microorganism cannot replicate at all (e.g., desired steri-
lizing immunity for HIV vaccine) or it will replicate, but 
at the level that will not cause a disease or at least it will 
cause only minor symptoms. In this way, the severe disease 
will not develop. Long-term protection requires a successful 
development of specific adaptive immune response and the 
persistence of vaccine antibodies above protective thresholds 
and/or the maintenance of memory immune cells capable of 
rapid and effective reactivation upon subsequent microbial 
exposure. Without many details, the series of events follow-
ing the vaccination are (1) antigen-presenting cells (APC) 
(dendritic cells, monocytes, and neutrophils) are activated by 
the “danger signals”, (2) the activation changes the surface 
receptors on the APCs what initiate their migration to the 
local draining lymph nodes where (3) the activation of T 
and B lymphocytes will take place resulting in (4) specific 
B (antibody) and T (CD8 + T cell cytotoxicity) cell response 
and finally (5) development of memory cells (Siegrist 2008).

The very first requirement for effective response is for 
a vaccine to provide “danger signals” which will trigger 
reactions of the innate immune system. Antigen itself can 
be a trigger provider, but more often, it is the adjuvant. 
The primary role of the adjuvant is to enhance vaccine 
responses by inducing and modulating innate immunity, 
which will shape the adaptive responses. Most vaccines 
based on the live attenuated virus as an active substance 
do not require the addition of adjuvant because viral 
components and attenuated viral replication intensify and 
modulate immune response similar to natural infection, 

albeit to a slightly lower level (Markušić et al. 2014; Šantak 
et al. 2015a, b; Fleming 2016; Vasou et al. 2017; Nogales 
et al. 2018; Alsulaiman et al. 2020, reviewed in Griffin 2021 
and Laksono et al. 2021). Other forms of vaccines follow 
minimalistic principles devoid of all components other than 
antigen. These forms of vaccines may require the action of 
adjuvant to induce effective immune response by vaccine 
design. This approach ensures the safety of the vaccine but 
is faced with poor immunogenicity. An essential point in 
the immune response to foreign infectious microorganisms 
and vaccines is distinguishing between “self” and “non-
self”. This selectivity is achieved by the ability of the host 
to recognize (a) conserved products of microbial physiology 
and/or metabolism that are unique to microorganisms and 
are not produced by the host, (b) “markers of normal self”, 
or (c) “markers of abnormal self”. Conserved molecular 
patterns that are essential products of microbial physiology 
are called microbe-associated molecular patterns (MAMPs) 
and are recognized by receptors of the innate immune 
system cells called pattern recognition receptors (PRRs). 
The most common MAMPs are glycans, glycoconjugates, 
lipopolysaccharides, dsRNA, ssRNA, and unmethylated 
CpG motifs (Ramadan et al. 2017). The MAMPs are readily 
identified as “danger signals”, which lead to a series of events 
that develop adaptive immunity (Medzhitov and Janeway 
2002). The use of adjuvants compensates for the lack of the 
natural “danger signal” omitted by the minimalistic vaccine 
design and may shape the type, duration, and intensity of 
the immune response (Siegrist 2008). An optimal adjuvant 
will stimulate innate immunity without inducing systemic 
inflammation that could elicit severe side effects (Teijaro 
and Farber 2021).

APC prime T cells (both CD4 + and CD8 +) what leads 
to a massive proliferation of antigen-specific T cells and 
the production of inflammatory and cytotoxic mediators. T 
helper (Th) cells primed by antigen-presenting DC encoun-
ter specific B cells that capture and process native antigen. 
The antigen-specific T-B interaction leads to a rapid expan-
sion and differentiation of B cells into short-lived plasma 
cells producing unmutated IgM antibodies. T follicular 
helper (Tfh) cells and antigen trapped on follicular den-
dritic (FDC) networks drive proliferation, isotype switch, 
and affinity maturation of antigen-specific B cells. This 
proliferation leads to the generation of memory B cells and 
long-lived plasma cells that produce high affinity somati-
cally mutated antibodies of switched isotypes (Allen et al. 
2007). Upon infection, an immediate protection is mediated 
by neutralizing antibodies secreted by the long-lived plasma 
cells present in the bone marrow in an antigen-independent 
fashion and maintained at the constant level in serum and 
body fluids (Radbruch et al. 2006). Memory cells (B and T 
cells) confer immediate protection and generate secondary 
responses that are more rapid and of higher magnitude than 
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primary responses. Memory T and B cells are the progeny of 
antigen-specific naive cells that have been clonally expanded 
in the course of an immune response and survive once anti-
gen has been eliminated (Sallusto et al. 2010). Antigen-spe-
cific memory cells can take a few months to fully develop 
(Dogan et al. 2009).

Induction of solely neutralizing antibodies is very often 
considered as a correlate of the effective immune response. 
This may be true when the antibody is likely to be the main 
mechanism of protective immunity against bacteria and 
parasites with an exclusively extracellular lifestyle. But for 
viruses, bacteria, or parasites that spend most of their lives 
intracellularly, the induction of cytotoxic CD8 + T cells is 
a cornerstone, as CD8 + T cells are important for infection 
clearance (Siegrist 2008; Sallusto et al. 2010). Protection 
induced by vaccinations is mediated through a complex 
interplay between innate, humoral-, and cell-mediated 
immunity.

As mentioned earlier, live attenuated vaccines imitate 
natural infection, albeit at a level that disease symptoms are 
absent or less severe than in the natural infection. Hence, 
this type of vaccine will elicit an adequate immune response, 
but at the same time, it could pose a health risk due to the 
adverse effects upon vaccination. To avoid potential risk 
of serious adverse effects caused by live attenuated vac-
cines, individuals at risk are recommended not to be vac-
cinated. The risk is usually associated with allergy to any 
of the active substance or excipient, pregnancy, congenital 
or acquired immunodeficiency, and other underlying condi-
tions. In very rare cases, the risk can be associated with the 
residual pathogenic potential of the vaccine virus which has 
been observed for some mumps vaccine strains and OPV. 
Symptomatic horizontal transmission of the vaccine virus 
has been recorded among previously healthy household 
members of the vaccinees after vaccination with L-Zagreb 
mumps vaccine strain (Atrasheuskaya et al. 2006, 2012; 
Kaic et al. 2008; Tesović et al. 2008). The use of the Sabin 
live attenuated OPV decreased the number of poliovirus 
infections by > 99%. However, in the past, the use of live 
poliovirus in the vaccine led to reversion of its wild-type 
virulence during production process resulting with rare 
cases of vaccine-associated poliomyelitis (VAP) (Cann et al. 
1984). Ever since these events have been confirmed, strict 
measures have been undertaken during production and qual-
ity control procedures for OPV to maximally decrease the 
risk of VAP (Dörsam et al. 2000; Grachev et al. 2001). Also, 
a genetically divergent vaccine-derived poliovirus (VDPV) 
strains can emerge in vivo during vaccine use and spread in 
underimmunized populations, becoming circulating VDPV 
strain resulting in poliomyelitis outbreaks (Jorba et al. 2019).

In contrast to live attenuated vaccines, other types of vac-
cines will not jeopardize the health of the vaccines but are not 
able to completely activate the immune system. Inactivated 

vaccines are relatively simple and cheap to produce but 
induce B cell response primarily, while T cell response is 
mostly absent. In infections requiring a strong T cell-mediated 
response, this can be disadvantageous. Polysaccharide vac-
cines induce only a short-lived T cell-independent response, 
while polysaccharide-protein-conjugated vaccines show supe-
rior immunogenicity (Zimmermann and Curtis 2019). In the 
case of rapid spread of infections, which pose a risk to become 
pandemic threats, such as HIV, Ebola, Zika, and most recently 
COVID-19, fast development and distribution of vaccines are 
essential. Methods using live attenuated or inactivating patho-
gens require cultivation and propagation of a whole pathogen. 
Possible difficulties in cultivation of pathogens in vitro or 
biosafety requirements that specialized laboratories are obliga-
tory to have might slow down vaccine production. (Rauch et al. 
2018). A novel vaccine technologies, as will be described later 
in the text, are endeavor to overcome all these shortcomings.

One dose is rarely sufficient to provide effective and 
long-lasting protection. Hence, multiple dose regimes are 
recommended. Regardless of the type of the vaccine, there 
will always be a substantial variation between individuals 
in the immune response to vaccination, in both quantity 
and quality. As a result, there will be individuals who will 
receive a complete vaccination dose but remain susceptible 
to infection. Therefore, none of the vaccines will ever have 
100% efficacy. Factors others than the vaccine itself that may 
affect the effectiveness of vaccination are intrinsic host fac-
tors (age, sex, genetics, comorbidities), perinatal host fac-
tor (gestational age, birth weight, breastfeeding, maternal 
antibodies, maternal infection during pregnancy, maternal 
malnutrition), extrinsic factors (infections, parasites, antibi-
otics, probiotics, prebiotics, microbiota, preexisting immu-
nity), behavioral factors (smoking, alcohol consumption, 
exercise, acute physiological stress, chronic physiological 
stress, sleep), nutritional factors (body mass, nutritional 
status, micronutrients, enteropathy), environmental factors 
(rural vs. urban environment, geographic location, season, 
family size, toxins), vaccine factors (vaccine type and strain, 
adjuvants, dosage), and administration factors (schedule, 
vaccination site and route, co-administration with other vac-
cines or drugs) (reviewed in Zimmermann and Curtis 2019).

Despite the growing knowledge about how vaccines 
should work, the main challenge in the development of the 
new vaccines remains how to design the vaccine that will 
elicit adequate and effective immune response to confer a 
life-long immunity.

Novel vaccine technologies

Vaccines tailored by integrated approaches are urgently 
needed to address existing and new challenges in combat 
against human infectious diseases. A new era of vaccine 
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technology started in the 1970s owing to the advent of 
recombinant DNA technology. The new technology ena-
bled production of single protein or proteins constituting 
virus-like particles (VLP) potentially modified to achieve 
optimized vaccine. It also enabled the use of DNA or RNA 
encoding antigens as vaccines and the generation of modi-
fied vectors as carriers for antigens of different pathogens. 
Meanwhile, structural biology and systems biology have 
enabled the identification of key antigens and deciphered 
some aspects of the immune responses they generate. 
Rationally designed vaccines composed of antigens, delivery 
systems, and often adjuvants that elicit predictable immune 
responses against specific epitopes to protect against a par-
ticular pathogen are supposed to contain well-defined active 
substances and excipients. However, this is not always pos-
sible due to incomplete knowledge. There are no universally 
accepted strategies and tools to rationally design vaccines, 
and vaccine development is still generally a tedious and 
costly empiric process (Rueckert and Guzmán 2012).

In contrast to earlier generations of vaccines based on 
the whole microorganism (alive or inactivated) or toxoid, 

novel vaccine candidates are based on the minimalistic 
approaches to be devoid of the unwanted side effects. That, 
however, leads to suboptimal vaccine candidates in terms of 
immunogenicity or protection against different strains of the 
same pathogen (Table 1). The immunogenicity suffers due 
to the lack of the MAMPs in the vaccine formulation. To 
overcome this disadvantage of the novel vaccine technolo-
gies and achieve desirable and adequate efficacy, adjuvants 
are indispensable parts of most novel vaccine formulations.

In the next sections, a brief overview of the most com-
monly used technologies in the development of the new vac-
cine candidates will be presented, as well as vaccine candi-
dates currently under the status of active clinical trial phases 
1–3, and finally, the new generation vaccines which have 
been approved by the European Medicines Agency (EMA) 
and Food and Drug Administration (FDA) will be discussed.

Recombinant protein vaccines

Novel vaccine technology has been enabled by advances 
in recombinant DNA technology and genetic engineering, 

Table 1  Generalized comparisons of characteristics of novel vaccine technologies

a Estimated cost is based on commercially available prices which are not always the reflection of real costs of the production; bpoor, protection 
up to 1 year; good, protection 1–5 years or a booster dose required for long-term protection; excellent, protection longer than 5 years; cbased on 
clinical trials data
Data are obtained either from vaccines in use or of those in final stage of clinical trial. Please note that some exceptions may contradict this gen-
eralized comparisons

Protein vaccines Synthetic peptide vaccines Nucleic acid vac-
cines

Viral vector vaccines Nanoparticles

DNA RNA Replicative Non-replicative

Costa

(USD/dose)
35–200 20–50 6–10 20–40 100 5–10 20–40

Stability
(low/high)

Low Low High Low High High High

Immunogenicity:
B cell
(yes/no)

Yes Yes Yes Yes Yes Yes Yes

T cell
(yes/no)

Yes/no Yes Yes Yes Yes Yes/no Yes

Adjuvant (required/not 
required)

Required Required Required Required Not required Not required Not required

Number of doses (single/
multiple)

Multiple Multiple Multiple Multiple Multiple Multiple Multiple

Long-term  protectionb

(poor/good/excellent)
Good Poor Good Good Excellent Good Good

Adverse  effectsc: minor 
(frequency)

 < 1/5  < 1/3  < 1/2  < 1/2  < 1/3  < 1/2  < 1/2

Serious (frequency)  < 1/200 None declared  < 1/250  < 1/1000  < 1/10000  < 1/1000  < 1/1000
Autoimmune response
(yes/no)

No No Yes No No No No

Need for cold chain delivery
(yes/no)

Yes No No Yes Yes Yes Yes

30 Applied Microbiology and Biotechnology (2022) 106:25–56



1 3

and the first trials in the 1980s focused on the recombinant 
structural proteins of specific pathogens (Lasky et al. 1986; 
Hollingdale et al. 1987; van Wyke Coelingh et al. 1987). 
The knowledge of the biology of the pathogen, the main 
proteins involved in pathogenesis and highly conserved 
ones, and the immune mechanisms that should be elicited 
for protection and identification of protective antigens has 
enabled a rational design of the recombinant protein vac-
cines. Recombinant protein vaccines are subunit vaccines 
that use only a small part of the pathogen and target immune 
response focused against few protective antigens. Thus, the 
composition of this type of vaccine can be well-defined and 
controlled. Since a single protein cannot replicate, the risk 
of having side effects is negligible (Nascimento and Leite 
2012). That is the main advantage of using a single protein 
as a vaccine. However, there is a dark side to this concept. If 
applied alone, an antigen cannot provide an intrinsic “danger 
signal”, and the vaccine will not elicit an adequate and long-
term immunity (Bomford 1998; Beverley 2002). To elicit a 
vigorous immune response, a recombinant protein vaccine 
requires adjuvants, and often multiple doses are needed as 
well (Hansson et al. 2000). So, making an efficient recombi-
nant protein vaccine can be a challenge (Table 1).

Nowadays, there are various expression systems, each with 
its advantages and flaws, allowing the production of large-scale 
quantities of recombinant proteins. Which of the systems will 
be used depends on the desirable properties of the recombinant 
proteins as antigens: post-translational modifications, native 
or denatured/renatured protein, stability of the protein toward 
protease digestion, cost of the production etc. The most com-
monly used overexpression hosts used to produce recombinant 
proteins are bacteria (E. coli), yeast (S. cerevisiae, P. pastoris), 
insect, or mammalian cell lines. Transgenic plants as produc-
ers of recombinant vaccine protein hold promise as low-cost 
vaccine production systems as well (Mason et al. 1992; Kurup 
and Thomas 2020). Since each platform has been extensively 
reviewed many times, and they are not the main topic of this 
review, a brief comparison of each expression system will 
be given. The most popular platform is E. coli being easy to 
manipulate, genetically and physiologically well-defined, and 
yielding high expression levels (Rosano and Ceccarelli 2014). 
Yeast does not express proteins at the levels produced in E. 
coli, but the recombinant proteins have some post-translational 
modifications (Wang et al. 2016). Baculovirus-based expres-
sion in insect cells is relatively expensive, but the production 
level is higher than in yeast or mammalian cells and post-
translational modification occurs, although not as in mam-
malian systems (Gopal and Schneemann 2018; Grose et al. 
2021). A mammalian expression system would be an ideal 
choice because it will post-translationally modify expressed 
proteins in a human-like fashion. Still, the process involves 
the laborious and time-consuming generation of stable cell 
lines and the high cultivation costs, while the quantities of the 

expressed proteins are lowest compared to other expression 
systems (Gutiérrez-Granados et al. 2018; Tschorn et al. 2020).

Synthetic peptide vaccines

Synthetic peptide-based vaccine is technology using 
fragments of protein antigen sequences which are chemically 
synthesized and assembled into a single molecule with a 
potential to induce either T or B cells immune response, 
but preferably both (Moisa and Kolesanova 2011). 
Recombinant protein vaccine technology is tackling 
with certain problems such as the high price of protein 
overexpression, hosts cultivation and purification, possible 
induction of allergic and autoimmune responses, possible 
biological contaminants, and the need of special storage 
conditions, which should be overcome by using synthetic 
approach (Sobolev et  al. 2005; Skwarczynski and Toth 
2016). There are several crucial steps in synthetic peptide 
design. The first step is choosing an immunogen based 
on genome analysis and selection of potential targets of 
immune reaction. This step is followed by antigen mapping 
what means identification of antigenic determinants, testing 
the immune response and possible autoimmune reactions, 
and checking antigen determinants variability. Ideally, the 
vaccine should have both B and T cells epitope in order to 
stimulate B cell conversion and cytotoxic T cell immune 
response (Sobolev et al. 2005). B cell epitopes must retain 
native conformation so these epitopes must be significantly 
longer in order to achieve such conformation. Moreover, 
specific sequences have been used to flank or staple B cell 
epitopes. On the other hand, T cell epitopes can possess 
linear conformation and as such are presented to MHC-1 
molecules (Skwarczynski and Toth 2016). The frequently 
used T cell epitope is universal epitope of tetanus toxin 
(Moisa and Kolesanova 2011). T helper epitope can induce 
both innate and adaptive immunity so presentation of T 
helper epitopes in synthetic peptide vaccine design was a 
great finding. (Skwarczynski and Toth 2016). Synthetic 
peptide vaccines also contain added adjuvants which help 
in vaccine delivery and activation of non-specific immune 
response (Moisa and Kolesanova 2011). Typically selected 
immunogen is linked to a carrier by chemical conjugation. 
Synthetic peptide approach is used in development of several 
vaccines for infectious diseases like Malaria, HCV, influenza 
virus, HIV and more, and certain peptide vaccine candidates 
are under clinical development (Malonis et al. 2020).

Nucleic acid vaccines

DNA vaccines

DNA vaccines consist of plasmid DNA (pDNA) contain-
ing the transgene encoding the antigen of interest under the 
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control of a strong mammalian viral promoter. The transgene 
is expressed upon delivery of the pDNA to the cell, and an 
antigen-specific immune response could be elicited (Khatri 
et al. 2008). This very simple yet brilliant approach raised 
great interest. At the beginning of the research of the DNA 
vaccines, in the early 1990s, the scientific community had 
high expectations. Until 2010, the publication number 
showed constant growth, but then the growth stopped (Lee 
et al. 2018). There are three major limitations and/or dis-
advantages of DNA vaccines: (i) low level of intracellular/
intranuclear transport of pDNA, which results in low immu-
nogenicity (Hasson et al. 2015; Klimov 2019), (ii) safety 
issues regarding the possibility of integration of pDNA into 
the genomic DNA of the vaccinee and activation of onco-
genes (Wurtele et al. 2003), and (iii) potential development 
of autoimmunity by elicitation of anti-DNA antibodies (Lilic 
and Ghosh 1994; Zafrir et al. 2012) (Table 1).

The main barriers for the successful delivery of pDNA 
acting as a vaccine are the stability of the pDNA, cellular 
uptake, endolysosomal escape, decomplexation from the car-
rier, and nuclear envelope translocation. Major efforts have 
been put toward the improvement of delivery methods of 
pDNA to the targeted cellular compartments. Electropora-
tion, gene gun, and cationic lipid- or polymer-based nano-
particles were explored as more or less successful delivery 
technologies and showed promising results in eliciting both 
humoral and cell-mediated immune responses and gen-
erating protection against various pathogen challenges in 
small experimental animal models (Wolff et al. 1990; Fynan 
et al. 1993; Wang et al. 2008; reviewed in Lee et al. 2018). 
DNA vaccine may be taken up intracellularly by endocy-
tosis within APCs (Dobrovolskaia and McNeil 2007) or 
interact with the TLR2 or TLR4 at the cell surface, which 
results in the expression of proinflammatory cytokines and 
chemokines (IL-8, IL-10, TNFa). Within the cell, pDNA can 
be randomly encapsulated by the nuclear envelope reforming 
post-mitosis or actively transported to the nucleus through 
nuclear localization signals (Xu et al. 2016).

DNA vaccines may contain unmethylated CpG sequences 
that function as MAMPs and can activate TLR9 in the 
endosome, eventually releasing IL-4 and interferon-alpha 
(IFN-a) (Kojima et  al. 2002; Coban et  al. 2005). Thus, 
DNA vaccine encodes an antigen of interest and contains 
elements that act as adjuvants. Different strategies have been 
developed to further enhance the elicitation and duration 
of immune protection by DNA vaccine. One of them is 
the co-administration of a cocktail of pDNA encoding an 
antigen and pDNA encoding immunomodulatory proteins 
(cytokines, chemokines, etc.) commonly named molecular 
adjuvants. The expression of molecular adjuvants can be 
optimized to tailor the immune response toward a desirable 
outcome without the concerns of a systemic cytokine storm. 
Many molecular adjuvants have been used in combination 

with DNA vaccines. To mention few most prominent ones 
which increased vaccine immunogenicity and induced 
sustained memory response: IL-2 (Kim et al. 1998, 2000), 
IL-12 (Chattergoon et al. 2004; Halwani et al. 2008; Naderi 
et al. 2013), and GM-CSF (Weiss et al. 1998; Ahlers et al. 
2002; Yoon et al. 2006). For a more comprehensive review 
on molecular adjuvants, see Laddy and Weiner (2006), 
Abdulhaqq and Weiner (2008), and Suschak et al. (2017).

Furthermore, plasmid engineering and novel vector 
configurations can further enhance the effect of the DNA 
vaccine. Codon optimization adapts DNA sequences 
of transgene between species to augment its expression 
(Stachyra et  al. 2016; Latanova et  al. 2018). Bacterial 
regions that are not required for the transgene expression 
in mammalian cells can suppress the transgene’s promoter 
by heterochromatin formation. Removal of these bacterial 
regions generated mini circle vectors which have alleviated 
transgene silencing and show dramatically increased 
transgene’s expression (Chen et al. 2003). DNA vaccine 
production generally relies on a simple and inexpensive 
synthesis of the transgene in the plasmid vector, with 
reduced cost and time to manufacture. Plasmid DNA is also 
extremely stable at room temperature, canceling the need for 
a cold chain during transportation (Table 1). Given all this, 
after 30 years of intensive work on DNA vaccines, they have 
proven to be successful in small animal models. However, 
they appeared less successful in non-human primates and 
humans. Also, there are still some safety issues addressed, 
but without a final answer so far. As a result, there is no 
DNA vaccine approved for use in humans. Still, there are 
two prophylactic vaccines against infectious diseases for use 
in the veterinary vaccine: a vaccine against West Nile virus 
in horses and a vaccine against infectious hematopoietic 
necrosis virus in salmon (Bastos Pereira et al. 2014).

RNA vaccines

At the dawn of DNA vaccines in the early 1990s, also the 
concept of RNA vaccines appeared. RNA vaccines were 
reported to be effective for direct gene transfer for the first 
time by Woff et al. 1990. Initially, RNA vaccine technol-
ogy was not extensively explored because of the concerns 
regarding their stability (Table 1) which was jeopardized 
by omnipresent RNases and the low production capacities. 
Recent technical advances have answered how to protect and 
stabilize RNA vaccine and how to produce it economically.

Two types of RNA molecules have been explored as vac-
cines against infectious pathogens: non-replicating mRNA 
vaccines and self-amplifying RNA vaccines.

Non-replicating mRNA molecules can be synthetically 
produced at a large scale through a cell-free enzymatic 
transcription reaction. The in vitro transcription reaction 
includes a linearized plasmid DNA encoding the mRNA 
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vaccine as a template, a recombinant RNA polymerase, and 
nucleoside triphosphates as essential components. A cap 
structure is enzymatically added to the transcriptional prod-
uct at the end of the reaction or as a synthetic cap analogue 
in a single-step procedure. Finally, a poly(A) tail will be 
provided to form a mature mRNA sequence (Zhang et al. 
2019). To avoid digestion by RNases and higher expression 
of the heterogeneous antigen, various modification strate-
gies can be applied to make mRNA more stable and highly 
translatable (Kariko et al. 2008, 2011; Thess et al. 2015). 
Synthetic cap analogues and capping enzymes (Martin 
et al. 1975; Stepinski et al. 2001) act to stabilize mRNA 
and increase protein translation via binding to eukaryotic 
translation initiation factor 4E (EIF4E). Regulatory ele-
ments in the 5′-untranslated region (UTR) and the 3′-UTR 
(Holtkamp et al. 2006; Trepotec et al. 2018) stabilize mRNA 
and increase protein translation. Poly(A) tail (Gallie 1991) 
stabilizes mRNA and increases protein translation. Modi-
fied nucleosides, such as pseudouridine (Ψ) and 5-methyl-
cytidine (5-mC), decrease innate immune activation through 
innate immune sensors and improve translation (Kariko et al. 
2008; Pardi and Weissman 2017; Meyer et al. 2018). Codon 
optimization additionally increases translation (Gustafsson 
et al. 2004).

Self-replicating RNA vaccines are based on a viral 
genome that encodes the viral proteins required for RNA 
replication (such as RNA-dependent RNA polymerase). 
A heterogeneous gene for the antigen of interest is also 
inserted. These vaccines carry out self-replication and 
generate multiple copies of the antigen-encoding mRNA 
(Geall et al. 2012; Ljungberg and Liljestrom 2015; Tews 
and Meyers 2017). Self-amplifying mRNA is mainly based 
on the genomes of positive-stranded RNA viruses Sindbis 
virus, Semliki Forest virus, Kunjin virus, alphaviruses and 
others (Zhou et al. 1994; Johanning et al. 1995; Anraku et al. 
2002; Perri et al. 2003).

Non-replicating and self-replicating mRNA vaccines 
express high levels of the heterologous gene when they are 
introduced into the cytoplasm. The cell recognizes the newly 
expressed antigen as the antigen of intracellular pathogen 
that triggers both humoral and MHC-I-mediated CD8 + T 
cell responses (Ulmer and Geall 2016). Cell with the intro-
duced RNA vaccine presents antigen on MHC-I and elicits 
CTL response by cross-priming to dendritic cells (Brito 
et al. 2015; Schnee et al. 2016; Chahal et al. 2017). Addi-
tionally, APCs engulf cells expressing vaccine antigens and 
present the antigen on MHC-II complexes what elicits a 
CD4 + T cell response (Aida et al. 2021). RNA vaccines 
are unique in their double function; they serve as immuno-
gen (encoding the antigen) and as an adjuvant (through the 
intrinsic immunostimulatory properties of RNA). Single-
stranded and double-stranded RNA function as MAMPs are 
immunosensed by various cellular innate sensors (TLR3, 

MDA5, RIG-I, NOD2, PKR) (Sabbah et al. 2009; Lester 
and Li 2014; Esser-Nobis et al. 2020; Fitzgerald and Kagan 
2020; Rehwinkel and Gack 2020), resulting in cellular 
activation, and production of type I interferon and multi-
ple inflammatory mediators (Pardi et al. 2018). Since self-
replicating mRNA vaccines amplify the expression of the 
antigen through the transcription, they are more efficient 
than non-replicating mRNA vaccines if used at the same 
dosage. However, some studies indicated the need for add-
ing an adjuvant to the mRNA vaccines. Besides using usual 
adjuvants such as MF59 and cationic emulsions, mRNAs 
that encode CD70, CD40 ligand, and TLR4 were designed 
within the name TriMix. These proteins act as activators of 
immune system. Also, the use of delivery systems (cationic 
lipid and protamine) appears to stimulate adjuvant outcome 
(Xu et al. 2020).

Delivery tools are proven highly important for the 
rapid uptake and effectiveness of mRNA vaccines. Similar 
to DNA vaccines, physical methods of gene gun and 
electroporation, cationic lipids, and polymers have been 
used to overcome the cytoplasmic membrane and transfer 
mRNA vaccines to the cytoplasm of the target cells (Guan 
and Rosenecker 2017; Tan and Sun 2018). Liposomal and 
polymer nanoparticles also shelter the nucleic acids and 
protect them from RNases.

The use of mRNA has several beneficial features over 
traditional vaccines and DNA vaccines. mRNAs have a bet-
ter safety profile. They are non-infectious, and in contrast to 
DNA vaccines, mRNA vaccine exerts their function already 
in the cytoplasm and do not interact with the host’s genomic 
DNA, thus avoiding potential safety risk of integration into 
the genome and activating oncogenes.

Initial studies demonstrated good results of administrated 
non-replicating mRNA in animals but not so encouraging 
results in humans. Lipid- or polymer-based delivery systems 
or nucleoside-modified mRNA highly improved the efficacy 
of mRNA-based vaccines (reviewed in Pardi et al. 2018).

Recent technological advances have now largely over-
come the issues which hindered the interest in mRNA vac-
cines. The most significant advantages of mRNA vaccines 
are high potency, low-cost manufacture, and safe administra-
tion. Multiple mRNA vaccine platforms against infectious 
diseases have demonstrated encouraging results in both ani-
mal models and humans. Recently, the mRNA vaccine has 
been proven a fast and straightforward solution to a desper-
ate need for urgent vaccine demand in pandemic (see last 
chapter).

Recombinant viral vectors

The idea of viral vectors started in 1972 when lambda phage 
genes and galactose operon of E. coli were inserted in simian 
virus (SV) 40 DNA (Jackson et al. 1972). In 1982, foreign 
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DNA was introduced in vaccinia virus DNA by homologous 
recombination, and in the same year, Panicali and Paoleti 
constructed vaccinia virus vector by adding herpes simplex 
gene in it (Mackett et al. 1982, Panicali and Paoletti 1982). 
From that point forward, numerous viruses are developed 
as experimental vaccine vectors. Recombinant viral vector 
platforms take advantage of the viral vector’s inherent ability 
to introduce genetic material of the desired antigen into the 
cell, which is subsequently expressed as a foreign protein, 
while the immune system reacts and treats it as such. This 
delivery system is often more efficient than other non-viral 
systems such as naked plasmid DNA and liposome nano-
particles. Another possible design of this technology is that 
viral vector carries a “ready-made” antigen on its particle 
and presents it to the immune system of the vaccine as its 
own protein. There are some significant advantages of the 
recombinant viral vectors compared to other technologies 
(Table 1). They are highly immunogenic due to the vector’s 
natural MAMPs, which eliminate the use of adjuvant in the 
vaccine formulation. The immune response is both cell-
mediated, specifically CD8 + T cell response, and humoral 
immune response. As already mentioned above, they act as 
a very efficient delivery vehicle. Recombinant viral vectors 
can be designed so that they are replicative or non-replica-
tive, depending on their ability to replicate in the organism 
of the vaccine upon vaccination. Generally, non-replicative 
viral vectors have a better safety profile than replicative 
vectors. An improved safety profile of the replicative viral 
vector can be achieved by selecting the favorable virus for 
a vector, which means they are either well-known attenu-
ated human viruses or non-human viruses known as safe for 
humans. Another critical issue of the virus-vectored vac-
cines is viral immunodominance. A strong response against 
the virus epitopes can mask the response against the vac-
cinating antigen (Schöne et al. 2017).

Many viral vector platforms based on adenoviruses, len-
tiviruses, non-segmented negative-stranded RNA viruses 
(Sendai virus, measles virus, vesicular stomatitis virus, and 
others), poxviruses, herpes viruses, and baculoviruses have 
been explored as viral vectors for novel vaccines. Each of 
them will be described briefly.

Adenoviral vectors

Adenoviruses are non-enveloped viruses with a double-
stranded DNA genome. Several vital properties make them 
desirable candidates for viral vectors: infection of divid-
ing and non-dividing cells, they can be delivered both sys-
temically or through mucosal surfaces, induction of both 
innate and adaptive immunity with strong Th1-polarized 
response, physical and genetic stability, easy to genetically 
engineer, with a packaging capacity of up to 34 kb they 
allow high levels of transgene expression and can grow to 

high titers in vitro (Tatsis and Ertl 2004; Gao et al. 2019). 
Adenovirus-based vaccines use both replicating- or non-
replicating viruses as platforms to express the vaccinating 
antigen or epitope. The most commonly used adenoviruses 
used as viral vectors are human adenoviruses type 5 (Ad5) 
or type 26 (Ad26), and chimpanzee adenovirus (ChAdOX1). 
The antigen in the adenovirus vaccines can be present as a 
protein or as a transgene. Successful recombinant vaccines 
based on the use of replication-deficient adenoviruses have 
been developed. Although early vaccine candidates were 
replication-deficient due to the deletion of the E1 region, 
later versions of the vectors were improved by the deletion of 
E1 and E3 regions. Such vectors are stable, easy to manipu-
late, and can be produced at high titers, and they have shown 
safety and immunogenicity in clinical trials (Coughlan 
2020). The major flaw of the replication-deficient adeno-
virus-based vaccines is the relatively high dose required to 
obtain immune protection. Adenovirus vaccines based on 
fully replicative viruses can expand antigen expression and 
trigger improved immunity. However, technical hurdles like 
pre-existing immunity to the adenoviral vector capsid reduce 
vaccination efficacy (Dull et al. 1998; Zhan et al. 2021).

Lentiviral vectors

Lentiviral vectors utilize the capacity of lentiviruses to 
mediate semi-random integration of DNA into the host cell 
genome to enable long-term transgene expression (Kalpana 
1999). Thus, these vectors are rarely explored for the vac-
cines against infectious diseases but are very promising as 
gene therapy vectors of which some have already entered 
the clinical use (Naldini et al.1996; reviewed in Milone and 
O'Doherty 2018).

Non‑segmented negative‑stranded RNA viral vectors

Non-segmented negative-stranded RNA viruses (NNSV) 
have several features that make them attractive candidates 
for viral vectors (Bukreyev et al. 2006). Some of the most 
important are a well-established and relatively simple to 
manipulate a reverse genetic system that allows the recov-
ery of the infectious virus entirely from cloned cDNA with-
out the use of BACs or more complex technologies; repli-
cation in the cytoplasm without integration into the host 
genome, obviating concerns about cellular transformation; 
gene exchange involving NNSV has not been observed in 
nature; lack of recombination contributes to the stability of 
the inserted foreign gene; expression of few viral proteins 
decreases the problem of immunodominance; transcription 
of the NNSV genome has a polar gradient, such that pro-
moter-proximal genes are expressed more efficiently than 
promoter-distal ones what enables fine-tuning of the expres-
sion of the transgene; and strong MAMPs which ensure a 
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complete and good quality immune response (both cellular 
and humoral).

A relatively the low capacity of the genome for the 
transgene may be a drawback of NNSV vectors although 
recent studies show that multi-gene inserts are feasible (see 
later). RNA viruses possess the highest mutation rates in 
nature (Bordería et al. 2016). In spite of inherent lack of 
proof-reading capacity of the RNA-dependent RNA poly-
merase (RdRp) of NNSVs, they seem to be enough geneti-
cally stable when used as vaccine vectors. The plausible 
explanation for this seemingly paradoxical claim lies in 
genetic robustness of these RNA viruses. Genetic robust-
ness is conferred if a virus has an ability to readily adapt 
in the face of a new environment without a change in phe-
notype. The genetic composition facilitates this (Barr and 
Fearns 2010). In case of recombinant NNSV vectors, the 
starting point of the virus are plasmid DNAs yielding a very 
homogene swarm of the initial genome variants. A limited 
number of passages at constant and controlled conditions 
should not pose a great challenge for genetic robustness of 
produced RNA vaccine vectors based on NNSVs. Thus, the 
variability of the produced virus batch can remain at low 
level. Although one would expect a higher mutation rate in 
inserted transgenes because there is no functional selection 
for them, they also seem to be relatively stable (reviewed 
in Willemsen and Zwart 2019). Importantly, extremely rare 
evidences of recombination of NNSV in nature prove this 
viruses to be safe and are not very likely that the risk of 
genetic exchange between vaccine virus and wild type virus 
would create a hazard exceeding.

As in adenoviral vectors, the antigen in the NNSV vec-
tored vaccines can be present as a “ready-made” protein or 
as a transgene, depending on the design of the vaccine. Many 
NNSV has been explored for vectors (reviewed in Bukreyev 
et al. 2006). The use of Sendai virus (SeV), measles virus, 
and vesicular stomatitis virus (VSV) will be described in 
more details.

SeV is a member of the Respirovirus genus of the Para-
myxoviridae family. It is particularly attractive as a human 
vaccine because it is a known pathogen of mice and has 
never caused a confirmed disease in humans (Karron and 
Collins 2007). SeV is not an attenuated human virus and is 
therefore not burdened with the concern that it will revert 
to its original pathogenic phenotype (Luongo et al. 2009; 
Schickli et al. 2012). It was established that SeV could 
accommodate foreign genes of 3 kb or even more. It can 
transiently infect human cells, allowing the cell to express 
antigens endogenously and with post-translational modifi-
cations matching target antigens and neutralizing epitopes 
(Henrickson et al. 1991). Endogenous expression of antigens 
also ensures robust activation of CD8 + T cells (York and 
Rock 1996). These cells provide a fail-safe mechanism; if 
antibodies do not eliminate all incoming infectious particles, 

the CD8 + T cells can kill infected mammalian cells to block 
virus amplification.

Measles virus is a member of the genus Morbillivirus in 
the family of Paramyxoviridae. Although the natural host 
of this virus is human, this virus is a very attractive vec-
tor for generating recombinant vaccines because there are 
several attenuated measles vaccine strains with proven effi-
cacy, safety, and genetic stability. It is important to note that 
the measles vaccine is produced at a large scale in several 
countries. These production lines could be easily adapted to 
vectored vaccines in emergencies such as a pandemic. MV 
vector can take up foreign genes up to 6 kb in size and possi-
bly more (Frantz et al. 2018). The capacity of measles virus 
to incorporate multiple transgenes has been recently shown 
by incorporating glycoprotein and nucleoprotein of Lassa 
fever virus into Schwarz measles vaccine vector (Mateo 
et al. 2021). Initial concern about the influence of the mea-
sles virus-preexisting immunity on the efficacy of the mea-
sles virus-vectored vaccines was unfounded as demonstrated 
by the immunization of previously immunized animals or 
humans (Frantz et al. 2018).

VSV is a member of the Rhabdoviridae family. This virus 
infects cattle, horses, and pigs. Human infection is very rare, 
and the seroprevalence in the human population is low. Dur-
ing the last decade, the recombinant VSV (rVSV) platform 
has been tested for multiple emerging and neglected viral 
diseases and therapeutic cancer vaccines in animal studies 
(Zemp et al. 2018). It was shown that this vector induces 
humoral and cellular immune responses upon vaccina-
tion (reviewed in Fathi et al. 2019). A VSV vaccine design 
strategy utilizes an rVSV vector lacking the VSV G protein 
(rVSVΔG) gene. This vector is thus modified to encode the 
glycoprotein (GP) of the pathogen of interest instead of VSV 
G protein and expresses the foreign GP on the viral mem-
brane (Schnell et al. 1996; Garbutt et al. 2004; Publicover 
et al. 2004; Tani et al. 2012).

Vaccinia virus vectors

Vaccinia viruses (VVs) originated from highly efficacious 
vaccines for the eradication of smallpox (Ladnyĭ 1977), 
have been engineered to express foreign genes, serving 
as a highly appealing delivery system for heterologous 
viral antigens (Sutter and Staib 2003). A highly attenuated 
VV strain, the modified vaccinia virus Ankara (MVA) 
strain, is immunogenic and valuable for protecting against 
many infectious diseases (Carroll et al. 1997; Price et al. 
2013). MVA is a well-studied vaccinia virus. It was 
used as a vaccine against smallpox with an established 
safety profile which allows scientists to use this virus 
under biosafety level 1 because it is deficient for factors 
required to replicate in mammalian cells productively. 
Despite replication deficiency, this vector still can induce 
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an effective immune response upon immunization. MVA 
gained these features through serial passages in chicken 
embryo cells (Volz and Sutter 2017). Adaptation to a non-
natural growth substrate led to deletions in the genome 
in regions indispensable for replication and in regions 
of many immunomodulatory genes that orthopoxviruses 
use to regulate the host cell environment (Perdiguero and 
Esteban 2009; Smith et al. 2013; Hernáez et al. 2018). 
Comparison with the genome maps of ancestor viruses 
revealed that the MVA genome harbors six major deletions 
and mutations, resulting in the loss of approx. 30 kb of 
genetic material (Meisinger-Henschel et al. 2007).

Except that this viral vector has an outstanding safety 
profile in humans, it has intrinsic adjuvant capacities that 
stimulate humoral and cellular immune responses (Sutter 
and Staib 2003; Gόmez et al. 2011). Next-generation VV 
vectors have been developed by specific deletion of gene 
products required for the replication and immune evasion 
in human cells and/or supplying the key factors in trans. 
The NYVAC is a highly attenuated vaccinia virus that is 
non-replicating in most human cells but can be grown in 
chicken embryo fibroblasts. It was generated by delet-
ing 18 virulence-associated genes of a Copenhagen iso-
late (Tartaglia et al 1992). Sementis Copenhagen vector 
(SCV) was derived by deletion of the essential D13L gene 
of the Copenhagen strain. This vector is non-replicating 
in human cells and can only be grown in an engineered 
Chinese hamster ovary cell line which supplies the D13 
protein and VV host range factor (CP77) in trans (Eldi 
et al. 2017).

Herpesvirus vectors

Herpesviruses (HVs) are enveloped double-stranded DNA 
viruses infecting vertebrate hosts with genome ranging from 
150 to 240 kbp. Herpesviruses possess one of the largest 
DNA genomes within the mammalian viruses (McGeoch 
et al. 2006). BAC technology has facilitated the manipulation 
of HVs’ large DNA genome, and consequently, several 
herpes viruses BACs have been constructed (Zhou and 
Roizman 2005). A common feature of HVs is their lifelong 
latency of infected hosts, associated with maintaining 
their genome in specific host cells without lytic replication 
(Davison 2007). HV vaccine platforms are mostly based 
on the recombinant HV, which are attenuated by genetic 
interventions in the genome but can have limited replication 
upon vaccination. Alternatively, in trans complementation 
can be required for productive infection for a vector designed 
as non-replicative. A heterologous antigen is inserted in the 
genome, which is overexpressed during this short initial 
replication. The most common HV for vaccine vectors are 
CMV, EBV, and herpes simplex virus (HSV).

Baculovirus vectors

To overcome the effect of preexisting immunity, the 
researchers have employed viruses that do not infect 
mammals in nature. Such an alternative uses members of 
the family Baculoviridae, enveloped double-stranded DNA 
viruses, collectively named baculoviruses. Baculoviruses 
infect more than 600 insect species but are harmless to 
mammals (Lin et al. 2014; Kong et al. 2018). Of the many 
members of the Baculoviridae family, AcMNPV is the 
workhorse for producing recombinant proteins using insect 
cell lines (Felberbaum 2015; Van Oers et al. 2015). Virions 
of rAcMNPV could be modified as transduction vectors in 
mammalian cells (BacMam vectors) or to display antigenic 
proteins in their envelope (Kwang et al. 2016; Premanand 
et al. 2018). Baculovirus cloning capacity of a transgene 
is as large as 38  kb, thus allowing for the insertion of 
even multiple genes and regulatory elements (Cheshenko 
et al. 2001; Kost et al. 2005, 2010). The surface display 
system has been extensively used to develop pseudotyped 
baculoviruses as a vaccine delivery platform (reviewed in 
Lu et al. 2012). Baculovirus surface display system is using 
the transmembrane (TM) and C-terminal domain (CTD) 
of baculovirus gp64, or the expression of heterologous 
proteins is governed via the membrane anchor of VSV 
G protein, influenza virus neuraminidase, single chain 
antibody fragments, and Spodoptera exigua multiple 
nucleopolyhedrovirus F protein. Each of these systems leads 
to incorporation of the protein into baculovirus envelope. 
These strategies are the most widely adopted ones enhancing 
baculovirus transduction in vitro and in vivo (reviewed in Lu 
et al. 2012). Although baculovirus vectors do not replicate in 
mammalian cells what could lead to lower level of immune 
response, the effect of the baculovirus vector is enhanced by 
the immunogenic property of rAcMNPV by the existence 
of CpG-ODNs in its genome and their intracellular sensing 
by TLR9 molecules at APCs (Fragoso-Saavedra and Vega-
López 2020).

Besides mentioned advantages, there are some weak-
nesses of viral vector-based vaccines which should be taken 
in concern. Mostly disadvantages are associated with virus 
manipulation and manufacturing such as possible integra-
tion into the genome, viral recombination during produc-
tion, and unintentional introduction of microorganisms or 
contaminants (e.g., porcine cirovirus in rotavirus vaccine) 
(Rauch et al. 2018).

Nanoparticles

Nanoparticles (NP) are nanoscale particles (< 100 nm) that 
can serve as a delivery vehicle for vaccine antigens. Several 
types of NPs composed of gold, dendrimers, carbon poly-
mers, and liposomes have been shown to improve vaccine 
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efficacy, facilitate antigen uptake, and induce desired immu-
nological responses (Lugade et al. 2013; Aida et al. 2021). 
NPs offer several advantages (Table 1): they can directly 
access lymphatic drainage systems for immune processing, 
can be modified to target specific subsets of immune cells, 
and can be delivered to specific intracellular compartments 
(Diaz-Arévalo and Zeng 2020; Aida et al. 2021). A com-
prehensive understanding of how NPs can optimize vaccine 
is still missing, and many experimental NP candidates are 
currently being explored in clinical trials (Diaz-Arévalo and 
Zeng 2020). In many cases, NPs have a multi-functional 
role in a vaccine formulation: they carry an antigen and 
stabilize it, and at the same time, they act as an adjuvant. 
Therefore, they gained much attention over the past two dec-
ades. The desirable characteristics of NPs depend on surface 
charge, hydrophobicity/hydrophilicity, and the steric effects 
of particle coating on particle size. Still, NP size has been 
confirmed as a key parameter that determines the poten-
tial of the nanoparticle to induce cytokine responses. The 
size of the NPs determines the cellular uptake mechanism, 
such as endocytosis, phagocytosis, and micropinocytosis. 
These mechanisms are responsible for the uptake and ingest 
of various particle sizes and critical parameters that affect 
the immunogenicity by promoting and inducing appropriate 
responses (Fifis et al. 2004; Mottram et al. 2007). Although 
nanoparticles strive to reach lymph nodes as their target tissue 
and APCs as their final goal, a certain proportion of nanopar-
ticles will be wasted and cleared from the body. Clearance of 
nanoparticles could be achieved through degradation by the 
immune system or by renal (particles < 8 nm) or biliary (par-
ticles > 200 nm) clearance (Zhao et al. 2014). However, if they 
cannot be degraded or excreted from the body, they will accu-
mulate at different locations in the body what may cause some 
adverse effects. Hence, to design a safe and highly efficacious 
vaccine based on nanoparticles, a fundamental understanding 
of how to improve delivery and immunostimulatory modes of 
nanoparticles, but also an understanding of in vivo distribu-
tion and metabolism, is required.

The interaction of immunogen and NPs is possible in 
three different ways: by covalent binding of the immunogen 
to the NP (conjugation), adsorption of the immunogen on 
the surface of the NP, and encapsulation of the immunogen 
within the NP. Which type of interaction will be applied 
depends on the nature of the NP and immunogen and spe-
cific application. Mostly used and explored NP building 
materials are virus-like particles (VLPs), liposomes, immu-
nostimulatory complexes (ISCOMs), polymeric NPs, and 
emulsions (Kheirollahpour et al. 2020).

Virus‑like particles (VLPs)

VLPs are self-assembling multi-protein nanostructures that 
are assembled from viral structural proteins and mostly 

mimic natural virus formation. VLP-forming proteins can 
be produced in any expression host system (e.g., E. coli, S. 
cerevisiae, baculovirus expression system, mammalian cell 
lines) depending on the desirable features of the protein(s). 
Following expression, the protein will self-assemble into the 
VLP, forming a repetitive geometric shape. These particles 
are devoid of any infectious materials and are incapable of 
replicating. The size of these particles (< 200 nm) facilitates 
direct drainage to the lymph nodes (Manolova et al. 2008; 
Mohsen et al. 2017a). The repetitive and stable structure 
is a potent pathogen-associated structural pattern (PASP) 
that facilitates cross-linking of BCRs. This causes effective 
uptake of VLPs by APCs, which activates adaptive immu-
nity (Gomes et al. 2017). VLPs are also capable of binding 
natural IgM molecules efficiently and fixing C1q molecule, 
what leads to their deposition on follicular DCs (FDCs) 
(Link et  al. 2012). The structure and the size of VLPs 
facilitate their cross-presentation of VLP-derived peptides 
on MHC class I molecules (Kovacsovics-Bankowski et al. 
1993; Harding and Song 1994). Thus, VLPs are very effi-
cient in activating B cell immunity and in stimulating the 
activation of CD8 + immune response (Mohsen et al. 2017a). 
Additionally, VLPs interior facets can package different DC-
activating adjuvants, including dsRNA, ssRNA, and non-
methylated CpGs resulting in effective stimulation of TLR3, 
TLR7/8, and TLR9, respectively (Storni et al. 2004; Ashley 
et al. 2011). VLP-based vaccine development is a rapidly 
growing field due to its simplicity, stability, uniformity, and 
efficacy in inducing humoral and cellular immunity and 
safety (Mohsen et al. 2017b). Also, VLP-based vaccines are 
the foremost commercialized class of NPs. There will be 
more on them in the later chapter.

Liposomes

Liposomes are spherical vesicles formed by self-assem-
bled lipid molecules. Due to their dual nature (hydro-
phobic tail and hydrophilic head), lipid molecules form a 
lamellar bilayer which forms a spherical vesicle in water. 
Liposomes have shown significant clinical potential since 
they are biocompatible, stable within the body, and can be 
modified to display targeting moieties (Schwendener 2014). 
Liposomes can be tailored as carriers to incorporate hydro-
philic molecules into the aqueous core or hydrophobic mol-
ecules within the phospholipid bilayers. In this way, they 
can incorporate virtually any immunogen (protein, nucleic 
acid, polysaccharide) or drug. The desired properties can 
be obtained by modulating the liposome composition (type 
of lipid molecules, charge, and size). Due to the chemical 
properties, water-soluble compounds can be localized within 
the aqueous inner space, whereas lipophilic compounds are 
immersed into the lipid bilayer. Also, some antigens may be 
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attached to the outer surface either by adsorption or chemical 
cross-linking (Torchilin 2005; Watson et al. 2012).

Furthermore, liposomes can be modified to achieve 
immunostimulatory properties. For example, by modulating 
liposomes to present lectin binding mannose on their surface 
as well as to entrap monophosphoryl lipid A (MPLA) adju-
vant, a novel nanoparticle was developed that was capable 
of targeting dendritic cells and facilitating enhanced antigen 
presentation to T cells against a model antigen (Wang et al. 
2014). The size of the liposome may determine which arm of 
the immune system will dominate. Badiee et al. (2012) dem-
onstrated that immunization with small liposomes (100 nm) 
favored a Th2 response, whereas large liposomes (≥ 400) 
favored a Th1 nm response, elevated interferon γ (IFNγ) 
levels, and immunoglobulin IgG2a/IgG1 ratios. The excep-
tional appeal of liposomes lies in their enormous versatility 
as carriers and adjuvant systems for vaccines.

Immune stimulating complex (ISCOM)

ISCOMs are self-assembled cage-like particles about 40 nm 
in size which can be used as delivery nanosystems for vac-
cines. They are produced by combining a protein antigen, 
saponin, cholesterol, or phospholipid held together by hydro-
phobic interactions. These spherical structures can be used 
for entrapping hydrophobic antigens (Morein et al. 1984; 
Alexyuk et al. 2019). ISCOMs-based vaccines have been 
shown to efficiently promote both humoral and cellular 
immune responses (Morein et al. 2004).

Polymeric NPs are of interest for vaccinology due to 
their biocompatibility, biodegradability, easy fabrication, 
solubility in water, non-toxic nature, and their ability to be 
easily modified into desired shapes and sizes (Smith et al. 
2015). Alginate (Ekici et al. 2011), hyaluronic acid (Li 
et al. 2013), and chitosan (Akagi et al. 2012) are the natural 
polymers most widely used in medicals and pharmaceuticals. 
Synthetic polymers are also often explored as vaccine NPs. 
Among many of them, poly (d,l-lactic-coglycolic acid) 
(PLGA), poly (d,l-lactide-co-glycolide) (PLG) (Danhier 
et al. 2012), and polylactide (PLA) (Panyam and Labhasetwar 
2003; Lou et al. 2019) are most often used. All polymers, 
both natural or synthetic, can self-assemble into different 
morphologies at nano- or microscale. The self-assembly is 
strongly dependent on the preparation method, the aqueous 
medium, and the other components of the formulation 
– nanoparticles, nanospheres, nanoemulsions, micelles, and 
(nano/hydro) gels (reviewed in Pippa et al. 2021).

Emulsions

Emulsions have been traditionally used as adjuvants in vac-
cine formulations for decades, and more recently, they are 
explored as vaccine delivery systems. Nanoscale emulsions 

consist of two immiscible liquid phases, emulsifier(s) and 
excipient(s). One is dispersed in the other to form a single 
phase. Complete and incomplete Freund’s adjuvants (CFA 
and IFA, respectively) are a water-in-oil (w/o) emulsions 
that are prepared from non-metabolized oils more than 
70 years ago (Batista-Duharte et al. 2011). They are inflam-
mation-inducing agents, and the stimulation of antibody-
producing toward many antigens is greatly enhanced when 
these are administered with CFA or IFA. However, severe 
side effects of the CFA and IFA (Claassen et al. 1992) make 
them incompatible with practical human vaccinology. A 
novel, innocuous emulsions based on natural compounds 
have been prepared in the last two decades. A famous w/o 
squalene-based emulsion MF59® has been licensed and 
commonly used in vaccine development and has been proven 
to be a safe and potent adjuvant for use in influenza vaccines 
(O’Hagan 2007). Adjuvants AS03 and AF03, also squalene-
based emulsions, are registered for administration with 
influenza vaccines (Nguyen-Contant et al. 2021). Squalene-
based adjuvants modulate the innate immunity and the T 
cell component of adaptive immunity, leading to enhanced 
antibody response outcomes. Also approved, the saponin-
based AS01 adjuvant system consists of two immunostimu-
lants, monophosphoryl lipid A (MPL) and QS-21 saponin 
purified from the bark of the Quillaja saponaria Molina 
tree (Didierlaurent et al. 2017). QS-21 activates resident and 
migratory innate lymphoid cells, enhances the recruitment 
of neutrophils and monocytes, and activates the early inter-
feron-gamma secretion (O'Hagan et al. 2020). Two more w/o 
emulsions are used in experimental immunizations, vaccine 
development, and clinical trials: Montanide ISA™ 51 and 
Montanide ISA™ 720. Montanide ISA™ 51 is a mix of min-
eral oil and surfactant from the mannide monooleate family. 
It renders w/o emulsion and is used in a ratio of 50 oil for 50 
of the aqueous phase. Montanide ISA™ 720 is a mix of non-
mineral oil of vegetable origin with the surfactant from the 
mannide monooleate family. It renders w/o emulsion and is 
used in a 70:30 oil to water ratio. It has been shown that the 
two mannide monooleate-based emulsions induce inflamma-
tion, stimulate the recruitment of APCs and favor the uptake 
of antigens by APCs, and stimulate the accumulation of lym-
phocytes in draining lymph nodes (Aucouturier et al. 2002).

Vaccine candidates in clinical trials

When a compound is developed to be a vaccine, it is 
tested in a non-clinical setting, including in vitro, ex vivo, 
and in vivo (animal models) methods. If non-clinical test 
results support further development, the candidate com-
pound is tested in humans in phases 1–3 clinical trials as a 
pre-authorization process. A prevalent problem in vaccine 
translation is the time-consuming and costly transition 
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from non-clinical to clinical development due to difficul-
ties in predicting human immune responses. Although 
closer to humans, primate models are associated with 
ethical, logistic, and financial constraints (Rueckert and 
Guzmán 2012). National authority agencies have stringent 
regulations and guidelines that cover the design of clini-
cal development programs for new vaccines intended to 
provide pre- and post-exposure prophylaxis against infec-
tious diseases (EMA 2006). However, guidelines do not 
provide matters specific to each vaccine type. Therefore, 
planned protocols should specify in details methodologies 
to be used to evaluate immune responses to vaccination. 
The methods should be consistent across studies, vali-
dated and reproducible. When testing vaccines, the main 
focus is their immunogenicity. The testing results should 
provide relevant information on the quality and quantity 
of the immune response (both humoral and cell-mediated) 
and the safety of the tested compound. In developing any 
new vaccine, adequate data on immunogenicity should 
be assembled during the clinical development program 
(characterization of the immune response, investigation of 
an appropriate dose and primary schedule, assessment of 
the persistence of detectable immunity, and consideration 
of the need for and response to booster doses). When-
ever possible, immune responses to vaccination should 
be compared to those seen due to natural infection. If a 
widely accepted immunological correlate of protection 
already exists, then the immune response’s characteriza-
tion can be limited solely to those parameters. In some 
cases, it may be possible to generate only minimal data 
for new vaccines intended to prevent rare infections that 
carry considerable morbidity and mortality. The regula-
tory agencies also provide detailed guidance on post-
authorization phase 4 clinical trials and pharmacovigi-
lance, but they are not a subject of this review. From the 
idea to the vaccine authorization is a very long, laborious, 
and costly path with many pitfalls. Tables 2 and 3 show a 
list of ongoing initial clinical trials for novel prophylactic 
(P) and therapeutic (T) vaccines against human infectious 
diseases based on new technologies applied to the Euro-
pean Medicines Agency (EMA) and the Food and Drug 
Administration (FDA). Although EMA and FDA are inde-
pendent regulatory agencies, they are continuously work-
ing on a harmonization of their regulatory processess. 
They have been rather successful in that as was shown 
by the analysis by Kashoki et al. (2020). The EMA and 
the FDA had high concordance (91–98%) in decisions 
on marketing approvals in period 2014–2016. Some dif-
ferences were observed in the clinical data due to the 
difference in timing of submissions (more applications 
were submitted to the FDA before they were submitted to 
EMA). In this work, clinical trials of previously approved 
vaccines based on novel technologies that are in process 

of being approved for modified use (e.g., in combination 
with another vaccine or therapeutic indication for broader 
age group) are excluded from the lists. Despite many sci-
entific publications describing experimental studies on 
novel vaccine technologies against infectious diseases in 
humans, the number of vaccine candidates in clinical tri-
als is low (24 and 24, EMA and FDA, respectively). The 
numbers would be even lower if there were no COVID-19 
pandemic. COVID-19 vaccine candidates represent 42% 
(10 out of 24, EMA) and 50% (12 out of 24, FDA) of the 
total number of vaccines based on the novel technologies 
in clinical trials (Tables 2 and 3). More than 40% of the 
applied clinical trials listed in Tables 2 and 3 are launched 
in early phases I or I/II (46% and 75%, EMA and FDA, 
respectively) (Fig. 2), indicating that results of the early 
phases often are not good enough to launch the next phase 
trial. Finally, there are only seven vaccine candidates 
(Tables 2 and 3, Fig. 2), three in the EMA’s list and four 
in the FDA’s list, in the last phase of the pre-authorization 
process. More than half of the phase III candidates (four 
out of seven) are intended against COVID-19. The current 
COVID-19 pandemic has forced regulatory agencies to 
treat marketing authorization applications for COVID-
19 products, including vaccines, as an emergency. This 
has allowed the timeline for evaluation to be reduced, 
and the authorization for some COVID-19 vaccines was 
approved in an expedited manner (Fig. 3). In contrast, the 
non-emergency procedure usually takes much longer, on 
average 10 to 15 years. A comparative timeline of emer-
gency and non-emergency procedures including complete 
development of the quadrivalent HPV vaccine Gardasil 
and the mRNA COVID-19 vaccine BNT126b (Comir-
naty) is shown in Fig. 3.

As mentioned in the “Introduction” section, despite the 
need for an efficient vaccine against HIV, tuberculosis, RSV, 
malaria, and HCV, they remain major challenges. There 
are four candidates for vaccine against RSV, two against 
malaria, six against HIV, and two against tuberculosis and 
HCV (Tables 2 and 3). Except one RSV vaccine which is in 
phase III, other are either in phase I, I/II, or II (Tables 2 or 
3), so it will take some time until the decision is made and 
new vaccines will (maybe) be ready for use. The overlap-
ping between the lists of ongoing clinical trials by the EMA 
and FDA is poor (Fig. 2). For COVID-19 candidate vac-
cine, there are two sponsors which are having trials at both 
regulatory agencies, namely Clover Biopharmaceuticals and 
Novavax. For conditions other than COVID-19, only Glaxo-
SmithKline Biologicals has filed a request for approval for 
RSV vaccine candidates by both agencies. The vast majority 
of sponsors applying to EMA are from EU/UK/Switzerland 
region (79%), while only 21% are non-European countries 
(USA (three requests), China (one request), and Japan (one 
request)) (Table 2). Within the FDA list of clinical trials for 
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vaccines based on the novel technologies (Table 3), there 
is much more variety in geographical locations of spon-
sors: USA and EU/UK 25% each (6 requests), China 21% 

(5 requests), Canada and Russia 12,5% each (3 three requests 
each), and South Korea 4% (1 request).

Table 2  Ongoing clinical trials for novel vaccine compounds against infectious diseases in humans in phases 1–3 listed by the EMA by the 
November 1, 2021 (https:// www. clini caltr ialsr egist er. eu/) 

* Prophylactic vaccine (P); therapeutic vaccine (T)

Medical condition EudraCT Number Start date Vaccine type Phase* Sponsor

COVID-19 2020-002502-75 2020-11-26 Multipeptide vaccine (P-pVAC-
SARS-CoV-2)

I (P) University Hospital Tuebingen

COVID-19 2021-000454-26 2021-03-25 mRNA for Spike protein I/II (P) Leiden University Medical Centre
COVID-19 2020-003734-20 2021-02-03 pDNA encoding Spike protein I/II (P) Takis S.r.l
COVID-19 2020-005997-82 2021-03-12 Recombinant protein, RBD fused to 

Fc (SARS-CoV-2-RBD-Fc)
I/II (P) UMCG

COVID-19 2021-000548-23 2021-07-07 MVA encoding complete Spike 
protein

I/II (P) University Medical Center Hamburg-
Eppendorf

COVID-19 2020-005915-39 2021-02-19 Gorilla-derived replication defective 
adenoviral vector encoding full-
length Spike protein

II/III (P) REITHERA SRL

COVID-19 2020-004272-17 2021-03-25 Recombinant trimeric form of Spike 
protein

II/III (P) Clover Biopharmaceuticals AUS 
Pty Ltd

COVID-19 2020-003998-22 2020-12-16 Unmodified mRNA of Spike protein II/III (P) CureVac AG
COVID-19 2020-003370-41 2021-08-23 Recombinant SARS-CoV-2 prefu-

sion Spike delta TM protein
II/III (P) Sanofi Pasteur Inc

COVID-19 2020-004123-16 2020-09-23 Recombinant Spike protein III (P) Novavax, Inc
malaria 2006-001743-66 2007-09-20 pDNA encoding liver-stage-anti-

gen-3 (PfLSA-3)
I/II (P) Institute Pasteur

malaria 2019-002872-14 2019-11-12 MVA encoding P. vivax Duffy bind-
ing protein (PvDBPII)

I/II (P) University of Oxford

RSV 2018-000431-27 2018-12-18 Chimpanzee-derived adenovector 
(ChAd155-RSV) encoding RSV 
proteins F, N and M2-1

I/II (P) GlaxoSmithKline Biologicals

RSV 2020-000692-21 2020-12-03 Recombinant subunit pre-fusion 
RSV antigen (RSVPreF3)

II (P) GlaxoSmithKline Biologicals

RSV 2020-003887-21 2020-11-03 Adenoviral vector encoding preF II (P) hVIVO Services Ltd
RSV 2020-000753-28 2021-05-11 Recombinant subunit pre-fusion 

RSV antigen (RSVPreF3)
III (P) GlaxoSmithKline Biologicals

HCV 2010-022960-10 2011-03-30 pDNA encoding HCVNS3/4a II (P) ChronTech Pharma AB
HIV 2019-003102-26 2021-7-14 MVA and chimpanzee adenoviral 

vector encoding envelope proteins
I/II (T) OSPEDALE SAN RAFFAELE

HIV 2005-003071-20 2005-09-20 pDNA encoding multi HIV B clade 
fusion protein

II (T) FIT Biotech Oyj Plc

HPV 2019-001890-98 2020-05-29 Chimpanzee adenovirus 
(ChAdOx1)-vectored multigeno-
type high risk human papilloma-
virus

I (T) Vaccitech Ltd

influenza 2015-001932-38 2016-07-22 Peptide vaccine derived from con-
served regions of internal proteins

II (P) PepTcell

Klebsiella pneumoniae 2020-005090-26 2021-06-21 Tetravalent bioconjugate vaccine I/II (P) Limma Tech Biologicals AG
HBV 2020-002118-42 2020-12-07 Nine synthetic peptides from highly 

conserved regions of HBV poly-
merase,

core, and surface antigens formu-
lated with IC31

II (T) Altimmune, Inc

CMV 2013-000903-18 2013-06-19 pDNA encoding phosphoprotein 65 
and glycoprotein B

III (T) Astellas Pharma Global Develop-
ment, Inc. (APGD)
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Despite the low immunogenicity (no T cell immunity), 
a requirement of efficient adjuvant and no long-term pro-
tection (Table 1), recombinant protein technology prevails 
among the vaccine candidates listed in Tables 2 and 3 
(Fig. 4). All vaccine candidates based on the recombi-
nant proteins or synthetic peptides contain some kind of 

adjuvant to overcome the deficiencies. Twelve out of 48 
novel vaccine candidates are based on recombinant adeno-
viral vectors (Fig. 4), indicating the attractiveness of this 
technology. Other new technologies are sporadically rep-
resented (Fig. 4).

Table 3  Ongoing clinical trials for novel vaccine compounds against infectious diseases in humans in phases 1–3 listed by the FDA by the 
November 1, 2021 (https:// www. clini caltr ials. gov/) 

* Prophylactic vaccine (P); therapeutic vaccine (T)

Medical condition Identifier Start date Vaccine type Phase* Sponsor

COVID-19 NCT04568811 2020-09-26 Adenovirus Ad5 encoding Spike protein I (P) Jiangsu Province Centers for Disease 
Control and Prevention

COVID-19 NCT04405908 2020-06-19 recombinant trimeric form of Spike 
protein

I (P) Clover Biopharmaceuticals AUS Pty Ltd

COVID-19 NCT04450004 2020-07-10 Coronavirus-like particles I (P) Medicago
COVID-19 NCT04760743 2020-12-17 Recombinant Spike protein subunit 

vaccine
I (P) SK bioscience Co., Ltd

COVID-19 NCT04530656 2020-08-28 Recombinant Spike protein produced in 
Sf9 cells

I (P) Jiangsu Province Centers for Disease 
Control and Prevention

COVID-19 NCT04368988 2020-05-25 Recombinant Spike protein nanoparticles 
in baculovirus system

I/II (P) Novavax

COVID-19 NCT04713488 2021-01-15 Adenovirus Ad26 encoding Spike 
protein

I/II (P) Gamaleyeva Research Institute of Epide-
miology and Microbiology

COVID-19 NCT04537208 2020-09-03 Recombinant Spike protein I/II (P) Sanofi Pasteur/GSK
COVID-19 NCT04341389 2020-04-12 Adenovirus Ad5 encoding Spike protein II (P) Institute of Biotechnology, China
COVID-19 NCT04540419 2020-09-11 Adenovirus Ad5 encoding Spike protein III (P) NPO Petrovax
COVID-19 NCT04516746 2020-08-28 Chimpanzee adenovirus Ad155 encoding 

Spike protein
III (P) AstraZeneca

COVID-19 NCT04780035 2020-11-18 Chemically synthesized peptides of S 
protein bound to N protein carrier

III (P) Federal Budgetary Research Institution 
State Research Center of Virology and 
Biotechnology "Vector"

RSV NCT03636906 2019-04-08 Chimpanzee adenovirus Ad155 encoding 
F, N and transcription antitermination 
proteins

I (P) GlaxoSmithKline

RSV NCT04752644 2021-02-22 MVA encoding F and G glycoproteins, 
and N and M2

II (P) Bavarian Nordic

RSV NCT04732871 2021-02-15 Recombinant subunit pre-fusion RSV 
antigen (RSVPreF3)

III (P) GlaxoSmithKline

HIV NCT03856996 2019-05-23 Recombinant gp120 protein produced in 
CHO cells

I (P) National Institute of Allergy and Infec-
tious Diseases (NIAID)

HIV NCT03547245 2018-06-15 Recombinant envelope outer domain 
nanoparticles in Expi293 cells

I (P) International AIDS Vaccine Initiative

HIV NCT03934541 2019-08-26 MPER-656 gp41 peptide in liposomes I (P) National Institute of Allergy and Infec-
tious Diseases (NIAID)

HIV NCT02788045 2016-07 Adenovirus Ad26 encoding gp140 I/II (P) Janssen Vaccines & Prevention
influenza NCT04622592 2020-10-28 Plant-derived recombinant quadrivalent 

VLP
I/II (P) Medicago

tuberculosis NCT04239313 2020-05-27 A985b and fusion protein ESAT6-CFP10 
combined with BCG

I (P) Anhui Zhifei Longcom Biologic Phar-
macy Co

tuberculosis NCT02337270 2017-09-05 Adenovirus Ad5 encoding Ag85A 
(Ad5AG85A)

I (P) McMaster University

anthrax NCT04148118 2020-01-08 Recombinant PA protein I/II (P) BlueWillow Biologicals
HCV NCT02772003 2016-06-04 pDNA encoding NS3, NS4A, NS4B, 

NS5A
I (T) National Cancer Institute (NCI)
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Vaccines based on novel technologies in use

Today there is still a limited number of approved new gen-
eration vaccines based on novel technologies. As shown in 
Table 4, sixteen vaccines are on the market, four of them 
being approved in the last year during COVID-19 pandemic. 
Other twelve vaccines protect efficiently against hepatitis B 
(three vaccines), Ebola virus (three vaccines), HPV infection 
(three vaccines), varicella zoster, meningococcal meningitis 
caused by N. meningitides group B, and influenza viruses 
(one vaccine each) (Table 4).

The first recombinant technology-based vaccine was a 
vaccine against hepatitis B commercialized in 1986 and soon 
after it became widely administered for human use. These 
vaccines are based on a recombinant HBV surface antigen 
(HBsAg) produced in yeast that spontaneously self-assem-
bles into 22 nm VLPs (Valenzuela et al. 1982; McAleer et al. 
1984). Until then vaccine against HBV was produced as a 
highly purified HBsAg from the plasma of HBV-positive 
donors treated with formaldehyde for safety (Buynak et al 
1976). This type of vaccine was associated with safety con-
cerns because of the potential contamination of the vaccine 
with HBV. Additionally, the source of the HBV-positive 
plasma may be limited (McAleer et al. 1984). Today, there 
are three recombinant VLP-based HBV vaccines (Table 4). 
The main differences between them is the choice of adjuvant 
and the vaccination dose/schedule as indicated in Table 4. In 
spite of these differences, all three HBV vaccines have been 
shown as being highly effective.

Next VLP-based vaccines that have been approved and 
used successfully are vaccines against HPV infection. 
Almost 5% of all human cancers can be attributed to cer-
tain high risk HPV types (de Martel et al. 2017). This data 
alarmed for an urgent need for prophylactic vaccine against 
this virus. All HPV vaccine on the market today use HPV L1 
capsid protein which self-assembles into VLPs (Yadav et al. 
2019). The HPV vaccines in use include the bivalent (Cer-
varix), quadrivalent (Gardasil), and nonavalent (Gardasil 9) 

vaccines depending on the number of the HPV types they 
protect from. Bivalent vaccine was designed to contain L1 
antigen of the most common high risk types HPV 16 and 
HPV 18, but it has been found to be cross protective for 
several years upon vaccination against HPV 31, 33, and 
45, even with just one dose of the vaccine, in addition to 
reducing genital warts caused by HPV 6 and 11 (Tsang et al. 
2020). Quadrivalent and nonavalent vaccines contain addi-
tional types of HPV (Table 4) inducing broader protection. 
Studies have demonstrated that three doses of the nonavalent 
vaccine led to adequate levels of antibodies against all nine 
genotypes (Manini and Montomoli 2018).

Vaccines based on recombinant proteins have also been 
proven as good vaccines against complications of the vari-
cella zoster virus infection, against influenza and invasive 
disease caused by N. meningitides group B.

For prevention of herpes zoster (HZ) and post-herpetic 
neuralgia, there are two types of HZ vaccines currently in 
use: the live attenuated vaccine (Zostavax) and the recombi-
nant protein vaccine (Shingrix). Both are indicated for use in 
adults 50 years of age or older, and Shingrix is also recom-
mended for adults 18 years of age or older at increased risk 
of HZ. Although Shingrix requires two doses at intervals 
0 and 2 months, while Zostavax requires only one shoot, 
Shingrix is safe to administer in individuals with primary 
and acquired immunodeficiency states, immunosuppressive 
therapy, active untreated tuberculosis, and during pregnancy, 
while Zostavax is contraindicated in these conditions (EMA, 
product information). Shingrix is also a rare example of the 
recombinant protein used as human drug produced in mam-
malian cell culture. Usually low levels of protein produced 
in such systems make them economically unprofitable. 
However, Haumont et al. (1996) successfully isolated a cell 
line expressing high levels of truncated anchorless varicella 
zoster glycoprotein E in the supernatant of the cell culture. 
The resulting protein was correctly processed, heavily gly-
cosylated, and highly immunogenic.

Fig. 2  Distribution of the clini-
cal trial phases for new vaccines 
against infection diseases in 
humans based on novel technol-
ogies applied to the European 
Medicines Agency (EMA, a) or 
the Food and Drug Administra-
tion (FDA, b)
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Infection with N. meningitidis can cause severe life-
threatening meningitis. There are six major serogroups of 
N. meningitides found worldwide, and all are associated 
with invasive meningococcal disease: A, B, C, X, Y, and 
W-135 (Garland 2020). Two effective quadrivalent poly-
saccharide conjugate meningococcal vaccines against sero-
groups A, C, W-135, and Y have been approved (Menveo 
and Menactra) in the first decade of the twenty-first century 

and are indicated for active immunization of children (from 
2 years of age), adolescents, and adults at risk of exposure 
to N. meningitidis groups A, C, W-135, and Y, to prevent 
invasive disease (EMA, products information). Diversity of 
serogroup B and concerns about the potential autoimmunity 
of the serogroup B polysaccharide which resembles a human 
neural cell adhesion molecule made development of the 
vaccine against this serogroup more challenging (Garland 

Fig. 3  A comparative timelines of emergency and non-emergency procedures including a complete development and approval process of (a) 
HPV vaccine Gardasil (Merck Sharp and Dohme) and (b) the mRNA COVID-19 vaccine Comirnaty (BioNTech/Pfizer)
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2020). In 2014, two vaccines indicated for active immuni-
zation of individuals 10 years and older to prevent invasive 
meningococcal disease caused by N. meningitidis serogroup 
B become available: Bexsero and Trumenba (EMA, prod-
uct information). The specific composition of these vaccine 
and variations in the vaccination schedule is presented in 
Table 4. Although initially recommended as vaccines with-
out need for boost, in 2020, the Advisory Committee on 
Immunization Practices (ACIP) made a recommendation 
(Mbaeyiet al. 2020) for individuals who remain at increased 
risk for invasive meningococcal disease. They should receive 
a booster dose of the same serogroup B vaccine 1 year after 
completing the primary vaccination and every 2–3 years 
thereafter. Additionally, ACIP recommended that during an 
outbreak, previously vaccinated individuals should receive 
a single booster dose if ≥ 1 year has passed since completion 
of the primary vaccination.

Today, various types of influenza vaccine are available: 
live attenuated or inactivated (whole virion, split virion, 
subunit vaccine), and also there is one recombinant pro-
tein-based vaccine (Šantak 2012). Traditional approach 
for influenza vaccine production is mostly based on inac-
tivated influenza virus derived from embryonated hens’ 
eggs (reviewed in Šantak 2012). Rarely cell culture is used 
instead of embryonated eggs (Barberis et al. 2016; Bouvier 
2018). The use of hens’ eggs can have some problematic fea-
tures: it strongly relies on the timely supply of large number 
of eggs, adaptation of influenza virus to growth conditions 
in eggs may modify antigenic sites in the key viral proteins 
hemagglutinin (HA) and neuraminidase (NA) (Robertson 
et al. 1985, 1987), and also modifications in glycosylation 
patterns may occur which may be quantitatively and quali-
tatively different from those derived from viruses grown in 

human cells (An et al. 2019). A recombinant protein-based 
vaccine FluBlok Quadrivalent (approval name at the FDA)/
Supemtek (approval name at the EMA) (Table 4) is advan-
tageous over traditional approach because it is produced in 
insect cells Sf9 by baculovirus expression system. In this 
way, the problem with the egg supply is annulled, the vac-
cine production can begin as soon as the WHO recommends 
the strain composition of the influenza vaccine for the next 
season, and recommended HA and NA are expressed from 
the controlled system with no amino acid sequence modi-
fications possible. Comparison of 28-day post-vaccination 
geometric mean titers (GMT) for Supemtek and comparator 
in adults 18–49 years of age show superior efficacy of the 
Supemtek except for B/Victoria lineage antigen (EMA, prod-
uct information). Furthermore, Flublok vaccine exhibited 
superior performance in eliciting both CD4 T cell responses 
and HA-specific antibody responses compared to split and 
subunit vaccines (Richards et al. 2020). However, the issue 
of some differences in the N-glycosylation pattern in HA and 
NA produced in Sf9 cells remains (An et al. 2019).

The above-mentioned vaccines in use are based on the 
technology of the expression of recombinant proteins in dif-
ferent systems (E. coli, S. cerevisiae, H. polymorpha, bacu-
lovirus vectors, and insect Sf9 cells and CHO cells, Table 4). 
Recombinant proteins are rarely sufficiently immunogenic 
by themselves, and the use of adjuvant is required. All the 
vaccines discussed above have added adjuvant, mostly alu-
minum compounds and in some cases proprietary adju-
vants. Interestingly, influenza vaccines Flublok/Supemtek 
consisted solely of the recombinant proteins as active sub-
stances, with no adjuvant added. The use of three times more 
HA (45 µg) of each lineage than is used in other inactivated 
vaccines (15 µg) may dismiss the use of adjuvant. But it is 
also important to emphasize here that seasonal inactivated 
vaccines against influenza based on the production in hens’ 
eggs have no adjuvant added either.

Recombinant viral vectors, as already discussed here in 
earlier chapters, seem as a very attractive platform due to the 
favorable features, especially in terms of immunogenicity 
and no need for an adjuvant. Recently approved vaccines 
against Ebola are additional proof of this. Multitude out-
breaks of Ebola since its discovery in 1976 urged a develop-
ment of the effective vaccines against this, very often lethal 
(> 40%), disease. Three vaccines have been approved by the 
EMA and one by the FDA (Table 4). The Ervebo vaccine, 
approved in 2019, is a live recombinant vaccine based on a 
VSV platform with the glycoprotein of the Zaire ebolavi-
rus in place of the VSV envelope glycoprotein (Wolf et al. 
2021). Another vaccine against Ebola consists of two het-
erologous components given 8 weeks apart (Pollard et al. 
2020). For prime vaccination, the monovalent Zabdeno vac-
cine, based on the adenovirus Ad26, is used. For the boost, a 
multivalent vaccine Mvabea, based on the modified vaccinia 

Fig. 4  Joint distribution of novel technologies used for new vaccines 
against infection diseases in humans under clinical trials applied 
to the European Medicines Agency (EMA) or the Food and Drug 
Administration (FDA)
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Ankara Bavaria Nordic virus, is used (Table 4). This heter-
ologous prime/boost vaccination regimen is approved by the 
EMA in 2020. None of the Ebola vaccines requires adjuvant 
to effectively induce protective immune response since they 
are based on the replicative or non-replicative viral vector 
platforms being an intrinsic adjuvant.

Vaccines against COVID‑19

A previously unknown coronavirus was detected in Decem-
ber 2019 in Wuhan, China, associated with the severe acute 
respiratory syndrome (Wu et al. 2020). The virus was given 
the name SARS-CoV-2, being similar to the SARS virus 
identified as a causative agent of the severe acute respira-
tory syndrome in 2002/2003, and the disease was named 
COVID-19. Soon after detection, it struck the whole world. 
The COVID-19 pandemic have caused devastating world 
health and economic crisis. At the time of writing this text 
(November, 2021), there have been over 254 million con-
firmed cases of COVID-19, including more than 5 million 
deaths (https:// covid 19. who. int/). To strike back, many labo-
ratories turned intensively to the research of this virus and 
the development of an effective vaccine. To response quickly 
to challenges of the spreading pandemic, new vaccine tech-
nologies that have been developed for other purposes come 
to the fore (Fig. 3b, Table 4). As a result, since the end of 
2020, worldwide health regulatory agencies have approved 
several different types of COVID-19 vaccines under adjusted 
management of the clinical trials protocols for emergency 
approval. Until now, more than 7 billion vaccine doses have 
been administrated (https:// covid 19. who. int/).

Approved COVID-19 vaccines are either based on the 
traditional approaches or novel technologies such as mRNA 
and adenoviral vectors. A brief overview of COVID-19 vac-
cines based on the novel technologies will be here presented.

Two mRNA vaccines were approved worldwide: 
Comirnaty and Spikevax (Table 4). Both vaccines consist 
of the mRNA with modified nucleotides encoding full-
length Spike protein of COVID-19 with modified amino 
acid sequence to stabilize antigenically preferred prefusion 
conformation (Wrapp et al. 2020; Vogel et al. 2021). The 
mRNA is formulated within lipid nanoparticles (Table 4), 
and both vaccines are proved to be able to elicit neutralizing 
antibodies (Fraley et al. 2021; Tenforde et al. 2021) and 
cellular immune response (Tarke et al. 2021). The dose 
schedule slightly differs between Comirnaty and Spikevax 
(Table 4). Clinical studies showed that the overall efficacy 
for Comirnaty 7 days after the second dose was 95% (95% 
CI), and for Spikevax 14 days after the second dose, the 
efficacy was 94.1% (95% CI) (https:// www. ema. europa. 
eu/ en/ medic ines/ human/ EPAR/ comir naty). Given the 
good results of efficacy and safety studies, Comirnaty was 
approved for use in December 2020 (both FDA (https:// Ta
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www. fda. gov/ emerg ency- prepa redne ss- and- respo nse/ coron 
avirus- disea se- 2019- covid- 19/ pfizer- biont ech- covid- 19- 
vacci ne) and EMA (https:// www. ema. europa. eu/ en/ medic 
ines/ human/ EPAR/ comir naty)) and Spikevax in December 
2020 or January 2021 (FDA (https:// www. fda. gov/ emerg 
ency- prepa redne ss- and- respo nse/ coron avirus- disea se- 2019- 
covid- 19/ moder na- covid- 19- vacci ne) and EMA (https:// 
www. ema. europa. eu/ en/ medic ines/ human/ EPAR/ spike vax- 
previ ously- covid- 19- vacci ne- moder na), respectively). Both 
vaccines were initially recommended for use in individuals 
18 years and older, but after additional testing, the use 
was expanded to include adolescents 12 years and older. 
As millions of individuals received two doses of either 
of the mRNA vaccines against COVID-19, it became 
obvious that myocarditis and pericarditis coincided with 
the vaccination event (Gargano et al. 2021; Singh et al. 
2021; Vidula et al. 2021; Watkins et al. 2021). These 
cases usually occurred around the second week after 
vaccination, more often after the second dose, and more 
often in younger men. On 9 July 2021, the COVID-19 
subcommittee of the WHO Global Advisory Committee 
on Vaccine Safety (GACVS) published a statement 
regarding reports of myocarditis and pericarditis 
following COVID-19 mRNA vaccines which indicates a 
causal association between myocarditis and the mRNA 
vaccines. The estimated crude reporting rates of 40.6 
cases per million second doses among males and 4.2 cases 
per million among females aged 12–29 years (Gargano 
et al. 2021). Although cases of post-vaccinal myocarditis 
and pericarditis are rare and generally mild and respond 
well to treatment, current evidence suggests a likely 
causal association between myocarditis and pericarditis 
and the application of COVID-19 mRNA vaccines. This 
has urged regulatory agencies to revise the approval fact 
sheets and some countries to limit the use of COVID-19 
mRNA vaccines to individuals outside the risk groups.

The other two COVID-19 vaccines based on novel tech-
nologies and approved in many countries are Vaxzevria 
and COVID-19 Vaccine Janssen, both based on the repli-
cation-deficient adenoviral vectors (Table 4). The dynamic 
of the approval process varies in different countries or 
regions: Vaxzevria was approved by EMA in January 2021, 
while the approval process is still ongoing by the FDA; 
on the other hand, COVID-19 Vaccine Janssen was first 
approved by the FDA (February 2021) and then by EMA 
(March 2021). Both vaccines are indicated for immuniza-
tion in individuals 18 years of age and older. The major 
difference between these two vaccines is the origin of the 
adenovirus: Vaxzevria is based on the chimpanzee adeno-
virus (ChAdOx1) vector and produced in HEK293 cells 
(Ramasamy et al. 2021), while COVID-19 Vaccine Janssen 
is based on the human adenovirus type 26 (Ad26) vector 
and produced in PER.C6 TetR cells (Bos et al. 2020). Both 

vectors carry the gene for the Spike protein of SARS-CoV-2, 
which is either unmodified (Vaxzevria) or modified to stabi-
lize the protein in prefusion conformation (Bos et al. 2020). 
Although COVID-19 Vaccine Janssen is administered as a 
single dose, and the Vaxzevria vaccination course consists 
of two doses 4 to 12 weeks apart, the overall efficacy is very 
similar: 62,6% (95% CI) for Vaxzevria and 66,1% (95% CI) 
for COVID-19 Vaccine Janssen. As with the mRNA vac-
cines, the emergency use approval process did not iden-
tify severe side effects. After millions of doses have been 
administrated of both vaccines, a thrombosis with throm-
bocytopenia syndrome (TTS), accompanied by bleeding in 
some cases, has been observed. Venus thrombosis affected 
unusual sites such as cerebral venous sinus thrombosis and 
splanchnic vein thrombosis, as well as arterial thrombosis. 
Average incidence of TTS after vaccination with Vaxzevria 
was less than 8 cases per million doses and after vaccina-
tion with COVID-19 Vaccine Janssen was less than 0,5 per 
million doses (reviewed in Long et al. 2021). Most of these 
cases occurred within the first 3 weeks following vaccination, 
and women < 55 years of age were more commonly affected 
(https:// www. ema. europa. eu/ en/ medic ines/ human/ EPAR/ 
vaxze vria- previ ously- covid- 19- vacci ne- astra zeneca; https:// 
www. ema. europa. eu/ en/ medic ines/ human/ EPAR/ covid- 19- 
vacci ne- janss en; https:// www. fda. gov/ emerg ency- prepa redne 
ss- and- respo nse/ coron avirus- disea se- 2019- covid- 19/ janss en- 
covid- 19- vacci ne; Kantarcioglu et al. 2021; Long et al. 2021). 
The mortality rates for TTS were approximately 40% (Long 
et al. 2021). Thus, TTS is severe complication of adenovirus-
based COVID-19 vaccines. The trigger for TTS is unclear. 
Vaccine impurities and the adenoviral vector are potential 
suspects. Also, the Spike protein itself is a very likely cul-
prit because it has been observed by many case reports and 
other studies that COVID-19 patients often suffer from deep 
venous thrombosis (DVT) and pulmonary embolism (PE). 
The rate of DVT in the 573 non-COVID-19 patients, age 
61 ± 17 years, male 44.9%, was 71/573 (12.4%) compared 
to 72/213 (33.8%) in COVID-19 patients, age 61 ± 16 years, 
male 61.0% (Marini et al. 2021). This indicates that SARS 
CoV-2 infection has tendency to initiate tromb formation. 
More studies are still required to gain a fundamental knowl-
edge to be able to understand both the TTS following vac-
cination and DVT and PE during COVID-19.

All the four COVID-19 vaccines will be further moni-
tored for efficacy and safety through phase 4 clinical trials 
and pharmacovigilance reporting.

Due to the massive transmission of the SARS-CoV-2 
in the human population, new variants emerge and spread 
to new hosts. So far, several variants were designated as 
“variants of concern” (VOC) because they evolved with 
new, for virus advantageous, characteristics in terms of 
transmission, morbidity/mortality, and partial escape from 
neutralizing antibodies leading to reduced neutralization 
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by the sera of convalescent or vaccinated individuals 
(Lazarevic et al. 2021). Therefore it is likely that in due 
course, the composition of COVID-19 vaccines, i.e., of the 
Spike protein, will have to be adjusted, similar as are for 
seasonal influenza vaccines each year, to evade immune 
evasion of the VOC. Novel technologies could enable the 
fast adjustment of effective tools to combat and control 
new VOC.

Conclusion

Despite the historical proof that vaccination can offer 
well-being to vaccine recipients and indirectly affects 
non-vaccinated individuals, the topic of vaccination in 
the high-income countries elicits different reactions: from 
unconditional acceptance through hesitancy to absolute 
refusal. One of the reasons for these conflicting views on 
the vaccination is that many diseases that once caused 
epidemics (smallpox, polio, measles, mumps, rubella, 
diphtheria, etc.) are now negligible, and the sense of 
security gives an impression that vaccination is no longer 
necessary. Also, the ratio of benefit-to-harm has changed 
in favor of risk of harm due to the low incidence, and 
therefore safer vaccines are wanted. Novel technologies 
offer new possibilities to answer the challenges to which 
traditional approaches failed (as an example, cervical can-
cer is today one of the most preventable cancers owing to 
novel technologies). On the other hand, limited data avail-
able about the safety of new technologies may also raise 
hesitancy and refusal. So vaccine developers may expect 
hard work in three fields: (1) to decide which strategy to 
use and how to design a new vaccine (and adjuvants), (2) 
to gather data from non-clinical and clinical trials demon-
strating highly effective and safe new vaccine, but also (3) 
to develop a strategy based on the scientific results and 
proofs which will help to develop trust in health authori-
ties, health professionals, and individuals to be vaccinated 
or their parents (if children are to be vaccinated) edu-
cating them from the position of unbiased resource of 
knowledge.
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