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Abstract
The basic concept of vaccination has been based on engendering an adaptive immune response armed with effective immune cells, memory cells, and 
cytokines. These elements cooperate to mount either a humoral or a cell-mediated response. Coronavirus disease-2019 vaccines, although diversified, 
adapted the same objective with the previous vaccines prepared since Edward Jenner’s work. The spike surface protein (S) and the receptor binding 
domain constituted the main antigenic determinants for which the binding antibodies as well as the neutralizing antibodies were secreted. The 
unprecedented use of mRNA vaccines represented an unmatched breakthrough, which paved the road for a new era of vaccine generation. They 
showed a substantial ability to elicit antibody secretion with a moderate helper T cell response just after inoculation of the first dose. Besides, the 
adenoviruses-shuttled vaccines were able to engender a spectrum of polyclonal antibodies including neutralizing antibodies apt to drive a multitude 
of antibodies-mediated functions and activate T cell immune responses. In either case, the antibody titers as well as lymphocytes-mediated responses 
were significantly intensified. Deciphering the mechanisms of immune response activation by the inoculated vaccines in addition to the elaboration 
of innate elements involvement should open the door for a better decryption of the induced immune protection and pave the road for the formulation 
of a more effective vaccine that surmounts the incessant mutational variation of the viral antigenic attributes.
Keywords: SARS-CoV-2 vaccines, mRNA vaccines, adenovirus-shuttled vaccine, whole-virion inactivated vaccine, protein subunit vaccine, spike 
protein, receptor binding protein

Öz
Aşılamanın temel konsepti, etkili bağışıklık hücreleri, bellek hücreleri ve sitokinlerle donanmış adaptif bir bağışıklık tepkisi oluşturmaya dayanmaktadır. 
Bu ögeler, bir hümoral ya da hücre aracılı bir tepki oluşturmak için iş birliği yaparlar. Koronavirüs hastalığı-2019 aşılarında, çeşitlendirilmiş olmasına 
rağmen, Edwards Jenner’ın çalışmasından bu yana hazırlanan önceki aşılarla aynı amaç benimsenmiştir. Spike yüzey proteini (S) ve reseptör 
bağlanma alanı, nötralize edici antikorların yanı sıra bağlayıcı antikorların salgılandığı ana antijenik belirleyicileri oluşturmuşlardır. mRNA aşılarının 
benzeri görülmemiş kullanımı, yeni bir aşı üretimi çağının yolunu açan eşsiz bir başlangıcı temsil etmiştir. İlk dozun uygulanmasından hemen 
sonra orta derecede yardımcı T hücre yanıtı ile antikor sekresyon yeteneği gözlenmiştir. Ayrıca, adenovirüs-shuttle aşılar, çok sayıda antikor aracılı 
işlevi yürütmeye ve T hücrelerinin bağışıklık tepkilerini aktive etmeye uygun nötralize edici antikorlar da dahil olmak üzere bir poliklonal antikor 
spektrumu oluşturabilmiştir. Her iki durumda da lenfositlerin aracılık ettiği tepkilerin yanı sıra antikor titreleri de önemli ölçüde yoğunlaşmıştır. 
Doğuştan gelen unsurların ayrıntılandırılmasına ek olarak inoküle aşılar tarafından bağışıklık tepkilerinin aktivasyon mekanizmalarının deşifre 
edilmesi, indüklenen bağışıklık korumasının daha iyi bir şekilde çözülmesinin ve viral antijenik özelliklerin sürekli mutasyonel varyasyonunun 
üstesinden gelen daha etkili bir aşı formülasyonunun yolunu açmalıdır.
Anahtar Kelimeler: SARS-CoV-2 aşıları, mRNA aşıları, adenovirüs-shuttle aşı, whole-virion inaktive aşı, protein altbirim aşısı, spike proteini, 
reseptör bağlayıcı protein
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Introduction
The dawning of the year 2020 was full of unprecedented 

challenges. The International Community as well as the 
World Health Organization (WHO) were not very well 
prepared for the most challenging confrontations with 
an emerging pandemic that would stand behind the loss 
of more than three million lives around the world (1,2). 
According to Johns Hopkins University, the severe acute 
respiratory syndrome-coronavirus-2 (SARS-CoV-2) turned 
into a pandemic within weeks, sickened more than three 
hundred people within a period of 25 months, and have 
claimed the lives of more than 3.5 million around the 
world (3). One of the most life-threatening diseases, the 
highly contagious and rapidly transmissible coronavirus 
disease-2019 (COVID-19), has been shown to cause more 
fatalities than its predecessor, SARS, emerging in 2002 
and lasting for one year and the Middle East respiratory 
syndrome (MERS), which appeared in 2012 in the Middle 
Eastern Region (4). Since ever, a large number of scientific 
works have been conducted aiming at the elaboration of the 
SARS-CoV-2 molecular attributes where highly budgeted 
researches were extensively devoted worldwide for that 
purpose (5). The genetic sequencing of the viral genome 
raised up a great suspicion of a zoonotic disease as the 
aligned sequences showed a high similarity rate with other 
viruses derived from bats. The concomitant understanding 
of the genetic map promoted further efforts to develop the 
reverse transcriptase-polymerase chain reaction diagnostic 
kits and launched the global race for the development of 
effective and safe vaccine(s) to reduce the fatality of the 
virus and hinder its overwhelming transmission that caused 
the failure of health systems in different countries (6). The 
previous experience in SARS and MERS-based vaccine 
projects has incited an exponential increase in vaccine 
progress and an average of 270-280 candidates, more than 
90 of which were introduced in pre-clinical and/or clinical 
phases, are currently under meticulous development (7,8). 
The most promising varieties include the nucleic acid-based 
vaccines (either DNA or RNA) (9-12), human replication-
deficient or simian replication-deficient vaccines (13,14), 
replication-competent adenovirus particles shuttled vaccines 
(15), wholly inactivated viruses (16), subunit-protein based 
vaccines, and putative virus-like based particles (17). 
Around mid-April 2021, many of the mentioned vaccines 
acquired their emergency authorization where industrial 
pharmaceutical companies fueled the global market with 
billions of shots delivered by the order of priority adopted 
by the ministries of health around the world (18).

The launching of vaccination campaigns represented a 
quantum leap in the fight against COVID-19 where a majority 
of the countries witnessed a decrease in hospitalization rate 
of the infected population with a remarkable alleviation of 

severe cases compared to the overwhelming first wave’s 
outcomes. Despite the promising impact of the authorized 
vaccines, most of the formulations are believed to entail 
repetitive doses at relatively short intervals to reach 
the optimal immunity, which involves the landing of a 
logistic taskforces at different levels including the cold 
and ultra-cold preservation chains required for mRNA-
based vaccines which are barely available in the majority 
of the low-middle income’s countries (19). Besides, the 
continuous and perpetual evolution of the causative agent 
introduces a large number of mutations resulting in the 
emergence of novel strains, and does not last the highly 
contagious Omicron variant which appeared on December 
2021 (20). Although evidence for antigenic drift has not 
been revealed till now, these concomitant mutations risk 
to further enhance the transmissibility of the virus and 
the severity of the disease leading to the appearance of 
novel strains that escape the vaccine-induced protection 
which impose an enduring effort to optimize and improve 
the vaccines formula (21,22). In this review, we elaborate 
the mechanisms of the immune response to the so-called 
SARS-CoV-2 with an emphasis on the process of immune-
protection engendered by the main licensed vaccines 
for which the results of the Phase III clinical trials are 
published. A correlation of vaccine-induced protection with 
the gained insights generated in the immunized population 
will be elaborated to offer a guide for the incessant efforts 
to improve the vaccine candidates and favor the production 
of neutralizing antibodies directed against viral proteins.

Humoral & Cell Mediated Immunological 
Responses to COVID-19

Studies conducted on samples provided by recovering 
patients on the issue of their infection with SARS-CoV-2 
have shown that humoral and cell-mediated attributes are 
involved in the responses of the human body (23-25). 
The biochemical analysis of the serum from hospitalized 
patients has shown a primary production of anti-spike (S) 
functional antibodies which have been correlated with 
patients’ survival in addition to neutralizing antibodies 
(NAbs) (similarly directed against the spike viral protein) 
in the majority of the infected people samples (26). Many 
factors were attributed to the magnitude of these NAbs, 
which correlates with the patients’ age (higher in elderly 
compared to younger age), the severity of the illness (more 
prone in severe hospitalized cases compared to moderate 
ones), and essentially viral load (proportionally correlated) 
(27-30). Pre-clinical studies in a Rhesus Macaque model 
have shown that the level of neutralizing antibodies directed 
against the viral surface protein (S), known to mediate the 
binding of viral particles to the cellular membrane, seems 
to strongly correlate with an efficient immune protection 
against SARS-CoV-2 (12,31). These findings stimulated 
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the mandatory release of NAbs after inoculation with 
any of the candidate vaccines. Other biological functions 
of the Nabs would also confer a considerable role to 
these proteins in the development of a strong protection 
throughout the stimulatory signals transduced via their 
Fc-regions activating a spectrum of Fc-mediated responses 
including antibody-dependent cell-mediated toxicity, 
mediated phagocytosis (where the antibodies play the role 
of opsonin), and natural killer cells activation (32,33). 
Besides, only those antibodies that incite an inflammatory 
response leading to a storm of cytokines secretion elicit a 
severe illness associated with a high rate of intensive care 
admission and clinical complications (34,35).

In vertebrates, the prevention of the human body’s 
infection is reinforced by the so-called mucosal immunity, 
where amounts of the secretory form of the IgA antibodies 
are released by plasma cells generated in the germinal 
centers of the mucosa associated lymphoid tissues just 
beneath the respiratory tract’s epithelium. These antibodies 
are shown to provide an effective protective barrier 
against many infectious agents as they contribute to 
the neutralization of these pathogens, preventing their 
adherence and attachment to the surface of the epithelial 
cells (36,37). Samples of nasal cavity washes or salivary 
samples from SARS-CoV-2 convalescent patients have 
shown an increased level of sIgA. This increase has 
been correlated with a reduced transmissibility of the 
virus mediated by viral neutralization and other effective 
Fc-mediated functions. Since the virus is able to easily 
undertake an intercellular spread outside the context of the 
extracellular environment, the antibodies that impede the 
out-warding viral receptors have a limited impact on the 
spread of intracellular particles (38).

Besides the B-cell activation and maturation, 
engendered by viral infection, T-cells are shown to be a 
matchless adjunct in the human body response to COVID-
19 infection. T lymphocytes promote the activation of 
resting B-cells, enhance the production of antibodies, 
and moderate the vaccine-associated disease (39). Helper 
T-cells and cytotoxic T-cell responses have been perceived 
at the issue of viral infection (40,41). A moderate illness 
with mild to minor clinical symptoms has been associated 
with enriched expansion of CD8+ clones of T-cells, 
particularly in the blood circulation and the lungs (42-
44). Specialized clones of CD8+ and CD4+ T lymphocytes 
comprising CD8+ memory cells were revealed in the blood 
and tissues of recovering patients, although their plausible 
role in the immune protection against any subsequent 
infection still remains under investigation (45-47). A T 
helper cell subtype (Th1) producing considerable amounts 
of Interferon-gamma (IFN-g) has been detected in the 
cases of acute infection where highly effective immune 

responses mostly skewed towards Th1 are more likely to 
be associated with moderate illness (23,48).

Seemingly, there are a number of evidence and many 
serum indicators showing that patients producing a higher 
level of IFN-g secreting lymphocytes develop a milder 
disease and the benefit from an enhanced immune protection 
(49). The studies of biopsies collected from patients 
with mild symptoms have shown an enriched follicular 
T helper response engendered in the germinal centers, 
which promotes the activation and maturation of plasma 
cells and increases the production of effectively functional 
antibodies (50). Immuno-deficient mice transfused with 
antigen-specific T-cells were able to develop an effective 
immune response after being challenged with SARS and 
MERS coronaviruses, whereas the withdraw of CD8+ 
T lymphocytes was shown to be detrimental for mice 
models leading to an impaired response while passively 
transfused neutralizing antibodies were shown to provide 
an effective protection (51). These indications suggest 
that CD4+ Th1 cell-biased responses enhanced with a high 
amount of Nabs, and associated with a strong cytotoxic 
T-cell response, are the ingredients of a protective immune 
response against viral infection with COVID-19 (52,53).

Similar to other respiratory illnesses causing agents, 
SARS-CoV-2 virus is able to evade the mechanisms of 
fundamental host protection prompted via innate immunity 
(54,55). The molecular studies of the cellular interactions 
with viral particles uncovered a range of schemes utilized 
by SARS-CoV-2 viruses to antagonize immune cellular 
processes leading to suppression of the host defenses (56). A 
multitude of evasion strategies have been recently revealed, 
including the inhibition of the response engendered by 
type I interferon (IFN-I) leading to the impairment of viral 
RNA molecules recognition (56-61), the impairment of the 
nuclear pro-inflammatory transcription factor translocation 
in addition to the failure of the cytoplasmic domain 
phosphorylation of the Interferon key mediators (STAT1 
and STAT2). Moreover, the inadequate production of IFN-I 
or even the lack of adequate response to interferons (I, II, & 
III) is likely to be associated with increased risk of severe 
illness (62-64). These immune mediators appear to induce 
a protective state when secreted at the early stage of the 
response, while a reduced effectiveness has been correlated 
with increased immune pathology occurring at later time 
(65-67).

The Potential of Spike Surface Protein as a 
Candidate of Coronavirus Vaccine

Despite the great diversity of the COVID-19 vaccine 
candidates, the majority of the formulas are intended 
to generate effective immune responses mediated by 
a sufficient amount of neutralizing antibodies directed 
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towards the trimeric spike surface glycoprotein (S) in 
the form of S1 and S2. The subunit S1 bears a specific 
receptor binding domain (RBD), which adheres to a 
specific receptor called angiotensin converting enzyme 
2 (ACE2) commonly expressed at the surface of the 
respiratory tract’s tissue including the epithelial cells of the 
nasal cavity, the bronchial ciliated cells, the alveolar cells, 
and the pneumocytic cells (Type I & Type II) (68-70). A 
metastable status of the trimeric protein characterizes the 
S protein, which undergoes a significant conformational 
change at the moment of viral fusion with the host cell. 
Certain strains bear a number of identified mutations 
causing the stabilization of the spike protein in its pre-
conformed structure prior to their cell fusion (71,72). A 
number of current vaccine formulations that are taken 
into consideration these mutated sequences that would 
induce protective immune responses potentially effective in 
declining the rate of viral transmission. Studies dedicated to 
depict the structure of the S protein have shown the presence 
of an amino-terminal end formed by the S1 subunit and a 
carboxyl-terminal end including the S2 subunit (73). The 
RBD positioned within the S1 subunit constantly undergoes 
a series of conformational restructuring which alternatively 
exposes or hides the key dominions of receptor binding. 
In the context of “sterilizing immunity” intended to offer 
a complete protection against infection, enormous efforts 
have been devoted to manipulate the vaccine formulations 
in such a way that they become able to elicit an immune 
response generating antibodies that bind and block the 
RBD assuming that this blockage hinders the viral entry 
into the host cells which supports the herd immunity of 
affected communities (74-76). The broader ability of the 
vaccine to target diverse antigenic determinants might 
alleviate the ability of the virus to evade the immune 
response (77).

The Place of Antibodies in the Vaccine Induced 
Enhanced Disease

The development of immune reactions following viral 
infection might stand behind the raising of certain concerns 
on the issue of administration of vaccines, especially 
in those individuals who were virally infected prior to 
immunization. These later are at risk of developing vaccine 
enhanced disease mediated by the so-called antibody-
dependent enhancement (ADE) mechanism (78). In 
such cases, the SARS-CoV-2 viruses are internalized 
inside of the epithelial cells lacking ACE2 receptor by 
a process involving Fc mediated adherence and that 
in the presence of non-neutralizing antibodies (Non-
NAbs), immune complex deposition, or/and inadequate 
lymphocytes responses leading to the development of 
vaccine associated enhanced respiratory disease (VAERD) 
in the respiratory tract of the immunized patients (79). 

Previous preclinical experiences with inactivated vaccines 
designed against respiratory syncytial virus and measles 
virus or other coronaviruses lead to the development of 
Th2 cell, CD4+ biased T-cell responses, accompanied 
with a significant increase of interleukin (IL)-4, IL-5, and 
IL-13 (14,79-88). Contrarily, in case a Th1 cell, CD4+ 
biased T-cell responses are stimulated in an IFN-g enriched 
environment and containing IL-2 and tumor necrosis 
factor (TNF), VAERD failed to develop. Most of the 
projected vaccines are intended to favor a cell-biased Th1 
reaction or an evenly balanced Th1 and Th2 cell response 
(44,47,48,89). The absence of VAERD and ADE in the 
case of SARS-CoV-2 has been related to the viral inability 
to infect macrophages and the ineffective enhancement of 
the virulence (90,91). The spectrum of diverse antibodies 
with a multitude of functions generated by the issue of the 
process of vaccination would be very significant in limiting 
the risk of ADE. This has been associated with the IgG 
immunoglobulins bearing a reduced fucosylation of the Fc 
fragment but improved binding ability to FcgRIII (32,35). 
As the antibody titer declines in the post-vaccination period 
following the engenderment of the adaptive response, the 
vulnerability of the immune system to ADE is heightened 
despite the fact that viral recurrence has been associated 
with mild to moderate illness (92). 

Perceptions of SARS-CoV-2 Vaccine Induced 
Immunity

Data collected from preclinical studies on developed 
formulations followed by urged Phase I & Phase II clinical 
trials offered a concrete base over which mass immunization 
campaigns were launched worldwide. Insights gained from 
these studies were fundamental to depict the mechanisms of 
vaccine-induced immune responses (93,94). Worth to say 
that the majority of the insights were collected from early 
clinical studies based on the large spectrum of formulations 
used to develop the vaccines. Despite the great diversity 
of vaccine formulations and the miscellaneous dosing 
regimens applied during the clinical trials, the vaccines 
engendered antibodies and T-cell pathways (Th1 or Th2) in 
addition to the associated cytokines profile were defined in 
the samples of serum collected from immunized patients or 
those who were in a convalescent period following SARS-
CoV-2 infection. The collected data offered a reliable 
reference based on which the comparative analysis has 
been conducted (95-98). 

mRNA-Based Vaccines
The two different versions of the mRNA vaccines 

developed, respectively, by BioNTech/Pfizer and Moderna 
(BNT162b2 and mRNA-1273) (Table 1) have proven 
to be highly effective based on the Phase III conducted 
clinical trials (99-101). These vaccines were able to elicit 
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a resilient immune protection (Figure 1), reducing the rate 
of symptomatic illness in more than 90% of infected cases 
just after the first dose, while neutralizing antibodies still 
at their lowest (<5%) following the peak reached after the 
second dose (102-107). Moderna’s vaccine (mRNA1273) 
incited the immune system to mount Th1 mediated 
response as a primary outcome of the first inoculation 
where 0.05% of circulating lymphocytes were revealed to 
be CD4+ T-cells producing a substantial amount of TNF 
and IL-2 at the issue of the challenge with peptides derived 
from S protein (108,109). Moreover, both BNT162b2 and 
mRNA-1273 vaccines engendered binding antibodies 
directed against the Spike protein and the RBD and that 
just after the first inoculation (69,110). The measured 
titers of these antibodies parallelized or even exceeded 
those detected in convalescent patients. Contrarily, the 
activation of CD8+ mediated cellular responses seems to 
be relatively limited even after inoculating the 2nd dose 
of the vaccine (84,111). These findings suggest that the 

acquired immune protection following immunization is 
directed by either high level of binding antibodies, or by 
low levels of neutralizing antibodies and low frequency 
of T-cells. Alternatively, the innate immune system might 
also play a crucial role in the mounting of an unspecific 
but protective responses mediated by cytokines (INF-
I or INF-III) and that in the context of the so-called 
“trained immunity” previously described for the BCG 
based vaccines (112). The concerned mRNA vaccines 
(BNT162b2 & mRNA-1273) in addition to the adenovirus-
shuttled vaccine (ChAdOx1, nCoV-19) were proven apt to 
elicit IFN-I secretion leading to the prospective pathogen-
agnostic protection essentially based on a process of 
viral evasion from pathogen-induced immuno-suppressive 
mechanisms and enhanced efficacy of the innate trained 
immunity (113,114). Given the worldwide critical health 
state related to the life-threatening illness, the urged 
clinical trials of licensed vaccines did not include a control 
group containing the shuttle vector alone (lacking the 

Table 1. Categorization of developed vaccine formulations based on their attributes and associated dosing regimens 
Vaccine’s name
& developer 

Immunogenic 
inducing factor Vaccine formulation Dosing regimen Number of 

doses 
Interval
days 

BNT162b2 
BioNTech/Pfizer
(94,100,144)

mRNA Full length S protein
(2 proline mutations) 30 μg mRNA 2 21

mRNA-1273
Moderna
(84)

mRNA Full length S protein
(2 proline mutations) 100 μg mRNA 2 28

ChAdOx1 nCoV-19
Astra-Zeneca
(98,145)

Viral vector Full length S protein
(tPA leader sequence) 2.5-5x1010 particles 2 ≥28

Gam-COVID-Vac
Gamaleya
(124,146)

Viral vector Full length S protein
(recombinant protein) 1011 particles 2 21

Ad26.COV2.S
Janssen
(147-149)

Viral vector
Full length S protein
(2 proline mutations)
(modified cleavage site)

5x1010 particles 1 -

Ad5-nCoV
CanSino Biologics
(14,122)

Viral vector Full length S protein
(tPA leader sequence) 5x1010 particles 1 -

NVX-CoV2373
Novavax
(150)

Protein subunit
Full length S protein
(2 proline mutations)
(modified cleavage site)

5 µg protein 2 21

CoronaVac
Sinovac Biotech
(127,130)

Inactivated virus Adsorbed whole SARS-CoV-2 
Propiolactone inactivated virus 3 µg protein 2 14-28

BBIBP-CorV
Sinopharm
(129)

Inactivated virus Adsorbed whole SARS-CoV-2 
Propiolactone inactivated virus 4 µg protein 2 21

WIBP-CorV
Sinopharm
(128)

Inactivated virus Adsorbed whole SARS-CoV-2 
propiolactone inactivated virus 5 µg protein 2 21

BBV152
Bharat Biotech
(126)

Inactivated virus Adsorbed whole SARS-CoV-2 
Propiolactone inactivated virus 5 µg protein 2 28

SARS-CoV-2: Severe acute respiratory syndrome-coronavirus-2



Turk J Immunol 2022;10(3):134-48

139

immunogenic S protein or the RBD subunit) among their 
batches, which prevents the assessment of pathogen-
agnostic immunity-based on the collected data. Purposes of 
pathogen unspecific stimulation of the Interferon pathways 
are based on preclinical insights gained from different 
vaccine formulations inoculated in animal models (114-
116). Along with such conditions, it is worth mentioning 
that the assumed mechanisms of immune protection would 
readily differ between individuals inoculated with either 
one or two consecutive doses. The neutralizing antibodies 
are presumed to be the main actor playing a central role 
in developing protective responses to the issue of the 
consecutive doses of the vaccine (117). Analysis of the 
already collected data suggests that humoral responses 
are able to persist for a longer period, whereas cell-
mediated responses are prone to faster decay and waning 
over time. Consequently, in case of a tangible miscellany 
in the amplitude and/or pathways of immune protection 
after the first and the second inoculation, the decryption 
of the differences might pave the road to adopt a definite 
decision regarding the intervals that should be adopted 
between consecutive doses or any upcoming booster dose 
as the current standards differ between various continents 
and countries with a range of 21-28 days in clinical trials 
whilst a period of six weeks has been recommended by 
the WHO or the equivalent of 12-16 weeks by the United 
Kingdom and Canada respectively (93,118). Moreover, 

the effectiveness of humoral components shed light on 
the presumed role of memory B-cells in the mounting of 
immune responses. The comparison of healthy uninfected 
individuals to those recovering from a SARS-CoV-2 
infection has shown that the viral infection stands behind 
the priming of memory cells development on the issue of 
the challenging of the immune system with either a viral 
infection or even a vaccine shot. In this way, a subsequent 
encounter with the same viral strain (later infection or 
second dose of the vaccine) will lead to an improvement 
of the adaptive memory B-cell responses (Table 2, Table 3) 
(119,120). mRNA vaccines offer a more advantageous and 
valuable formulation compared to the alternative virally 
shuttled vaccines, which might engender the synthesis 
of antibodies directed against the vector surface and 
a structure that hinders the immune responses at each 
booster shot (121,122).

Adenoviruses-based Vector Vaccines 
The comparison of the collected data from both mRNA 

and adenoviruses-based vaccines show alternates between 
similarities in some issues and discrepancies in others. 
Regarding the efficacy of the vaccines (Figure 1), the 
studies showed that mRNA vaccines were able to reduce 
the severity and alleviate the clinical symptoms in 90% of 
the cases inoculated with two consecutive doses (93,94). 
With regard to adenoviruses-based vaccines (Table 1), 
the findings are miscellaneous. The records of the clinical 
trials reported a significant impact on symptomatic patients 
in 70% of the cases inoculated with ChAdOx-1 nCoV-19 
(after 1st and/or 2nd dose) or Ad26.COV2.S (after 1st dose) 
(98,123). The promising impact has been to improve in 
the case of Gam-COVID-Vac after being inoculated with 
the 2nd dose (124). This improvement has been potentially 
correlated with the use of two different adenoviral vectors 
for each of the planned doses’ formulations (adenoviral 
vector 26 for the first dose and adenoviral vector 5 for 
the second dose) which contribute to the decrease of the 
potential risk to develop an antivector immune response 
which might interfere and hinder the production of anti-
Spike’s antibodies as it has been shown in the case of Ad5-
nCoV or other vaccines (121,122). It is worth mentioning 
that significant vaccine’s efficacy in more than 80% of the 
cases has been revealed in the cases of both BNT162b2 and 
ChAdOx1 nCoV-19 (97). For both types of vaccines (mRNA 
& adenovirus vectored), they have shown a great potential 
to elicit a substantial level of neutralizing antibodies 
proclaimed to be more heightened than those measured in 
the serum of convalescent individuals with an emphasis on 
the levels induced by mRNA formulations. The inoculation 
of the first ChAdOx1 nCov-19 dose has been shown to 
induce the synthesis of a spectrum of polyclonal antibodies 
with a multitude of biological activities including viral 

Figure 1. Comparative scheme of vaccine efficacy based on data collected 
from Phase III clinical trials represented as a percentage of vaccinated 
individuals who developed binding and neutralizing antibodies to SARS-
CoV-2 virus following inoculation with different categories of vaccines
SARS-CoV-2: Severe acute respiratory syndrome-coronavirus-2



Sami El Khatib. Immunobiology of COVID-19 Vaccines

140

neutralization, surface binding, and opsonization. These 
antibody-dependent processes are expected to promote 
the immune response and reduce the severity of the 
illness (125). Explicitly, the diverse clones of antibodies 
engendered by the ChAdOx1, nCov-19 were shown to 
efficiently contribute to monocyte-mediated phagocytosis, 
neutrophil-mediated phagocytosis, and antibody-dependent 
complement activation, induced just after the reception of 
the first dose and remarkably enhanced after the second 
dose (97,125). Beside the effective humoral response(s) 
induced by the adenovirus vectored vaccines, evidence 
for the cell-mediated response has been also established. 
Just after the inoculation of the first dose, T-cell mediated 
responses culminated at 2 weeks in well-association with 
the secretion of significant amounts of TNF and IFN-γ 
cytokines by CD4+ T lymphocytes challenged with the viral 
antigen in vitro. Paradoxically, individuals inoculated with 
only one dose or even two sequential doses of ChAdOx1 

nCov-19 vaccine showed comparable responses despite 
a highly active antibody-mediated humoral response and 
a restraint T lymphocyte cell-mediated reaction (123). 
This inconsistency would suggest the contribution of a 
number of different concomitant factors interfering after 
the first and the second doses (Tables 2, 3). Besides, the 
immunogenicity and the vaccine’s efficiency are more 
prone to increase with the adoption of longer intervals 
between consecutive doses, leading to more effective 
protection and enhanced immunity. In a long run, the 
so-called 'homologous prime-boosting, using the same 
adenovirus shuttled vaccines might be hindered by the 
potential antivector immunity.

Heterologous based approaches such as the one 
adopted for Gam-COVID-Vac or those implementing 
strategies including hybrid formulations might be a suitable 
alternative to overcome the risk (14,121,122).

Table 2. Effectiveness of the developed vaccine formulation as assessed following immunization
Vaccine’s name
and developer

Immunogenic 
inducing factor

Efficacy in case of symptomatic cases
(Phase III clinical trials) Post immunization efficacy 

BNT162b2 
BioNTech/Pfizer
(104,107,121,151,152)

mRNA

52% after first dose Asymptomatic 90% (2 doses)

95% after second dose Symptomatic 94-96% (2 doses)

91% six months after 2nd dose Hospitalization 71-85% (2 doses)

mRNA-1273
Moderna
(107,108)

mRNA
92% after first dose 80% after first dose

95% after second dose 90% after second dose

ChAdOx1 nCoV-19
Astra-Zeneca
(97,98,101,123)

Viral vector

76% after one dose

80-94% after first dose in hospitalized 
patients 

76-81% after two doses

90% low followed by high dose

36-69 days median dose interval 

Gam-COVID-Vac
Gamaleya
(124,146)

Viral vector
74% after first dose

NA
91% after second dose 

Ad26.COV2.S
Janssen
(148,153)

Viral vector 67% after the first dose NA

Ad5-nCoV
CanSino Biologics
(154,155)

Viral vector
66% after first dose 

NA
50% six months post immunization

NVX-CoV2373
Novavax
(156)

Protein subunit 90% one week after the 2nd dose NA

CoronaVac
Sinovac Biotech
(157,158)

Inactivated virus 50-84% after two doses inoculation NA

BBIBP-CorV
Sinopharm
(159)

Inactivated virus 86% after two doses inoculation NA

WIBP-CorV
Sinopharm
(160)

Inactivated virus 73% after two doses inoculation NA

BBV152
Bharat Biotech
(161)

Inactivated virus 78% after two doses inoculation NA

NA: Not assessed
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Table 3. Humoral and cell-mediated responses generated by the different vaccine formulations 
Vaccine’s name Humoral response attributes Cell mediated attributes

BNT162b2 
BioNTech/Pfizer
(111,162)

Anti-S1 antibodies generated after 1st dose CD4+, CD8+ responses perceived after 2nd dose 
Anti-S1 Abs titer increased after 2nd dose Highlighted in Ag-specific IFN-γ responses
Neutralizing Abs perceived after 2nd dose Predominant secretion of IFN-γ compared to IL-4
Binding and NAbs were detected Th1 mediated cellular polarization 

mRNA-1273
Moderna
(84)

Anti-S Abs detected 14 days after 1st dose Substantial increase of CD4+ T-cells 
Moderately increased after 28 days Significant release of Th1 cytokines (TNF, IL-2)
Insignificant Nabs after 1st dose Cytokines titers peak after 2nd dose 
Peak of Nabs 2 weeks after 2nd dose Minor activation of Th2 responses, Low CD8+

ChAdOx1 nCoV-19
Astra-Zeneca
(145,163)

Anti-S antibodies secreted 14 days after 1st dose T lymphocytes activation peaks after 1st dose
Substantial increase after 2nd dose Slightly higher outcomes 28 days after 2nd dose 
Peak at 2 weeks after 2nd dose Increase in TNF and IFN-γ secretion by CD4+ T-cells
IgG1 & IgG3 predominance in the serum Cytokines peak at day 14 
Neutralizing Abs detected after 1st dose 
Nabs titers increased at 2 weeks after 2nd dose
IgG avidity enhanced 28-56 days post 1st dose 
IgM and IgA peaks reached at 14 & 28 days 

Gam-COVID-Vac
Gamaleya
(124,146)

Anti-S antibodies perceived in 85-89% of the cases CD4+, CD8+ responses perceived 14 days after 1st dose 
Neutralizing Abs detected in 61% of individuals All tested samples contained Ag-specific IFN-γ
NAbs peaks detected 14 days after 1st dose The majority had S-specific IFN-γ 7 days after 1st dose
Nabs boosted after inoculation with 2nd dose 

Ad26.COV2.S
Janssen
(148,153)

Anti-S Abs are secreted one week after 1st dose CD4+, CD8+ responses perceived 14 & 28 days post-vacination 
Both, binding & neutralizing Abs were perceived Substantial secretion of IFN-γ compared to IL-2
Anti-S Abs perceived in 99% 28 days post-vacination Th1 mediated cellular phenotypic polarization 
Abs level were sustained 84 days post-vacination

Ad5-nCoV
CanSino Biologics
(14,122,154)

44% of individuals produce anti-RBD antibodies 78-88% prompted T-cell mediated responses
Anti-RBD antibodies are produced 14 days post-vacination T-cell mediated responses perceived 28 days post-vacination
28 days post-vac, 97% produced anti-RBD Abs T-cell responses reached a peak 14 days post-vacination
Only 47-50% generated neutralizing antibodies

NVX-CoV2373
Novavax
(150,164)

Spike binding Abs detected 21 days after 1st dose CD4+ mediated response incited 7 days after second dose

Substantial increase of Abs titer after 2nd dose S protein directed cytokines IFN-γ, TNF, and IL-2 
Low amount of NAbs were detected after 1st dose strongly biased Th1 response phenotype
NAbs significantly increased 7 days after 2nd dose Predominance of IL-5 and IL-13 associated Th2 cells

CoronaVac
Sinovac Biotech
(127,130,132)

Anti-RBD Abs perceived in 88-97% of the cases Data not available 
Peak at 28 days after 2nd dose (14 days interval)
Raise to 100% in case of 28 days interval
NAbs present in 94-100% at 28 days post-vacination

BBIBP-CorV
Sinopharm
(16,129)

Binding Abs present in 46-87% of the cases Data not available
Significant titer present 14 days after 2nd dose 
Titers increase by 28 days in 92-100% of cases
NAbs were perceived 21 days after 2nd dose 

WIBP-CorV
Sinopharm
(128)

100% of cases secreted binding Abs Data not available
Binding Abs detected 14 days after second dose
Abs are directed against whole inactivated virus
98% of the cases produced NAbs 

BBV152
Bharat Biotech
(126,165)

65% of participants showed anti-S binding Abs Resilient evidence of Th1 biased cellular phenotype
Anti-S binding Abs detected after 1st dose Th1 biased responses mediated by IFN-γ and TNF
At 14 days after 2nd dose 98% produce anti-S Abs Minimal activation of Th2 as mediated by IL-5 and IL-13
48% of the cases synthesized NAbs after 1st dose Memory CD4+, CD45RO+ T-cells were identified
97% showed high NAbs titers 14 days after 2nd dose Memory T-cells were perceived 76 days after 2nd dose
Mean Abs titers significantly increased after 2nd dose

RBD: Receptor binding domain, TNF: Tumor necrosis factor, IL: Interleukin, Ig: Immunoglobulin, Nab: Neutralizing antibodies
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Inactivated and Protein Subunit Vaccines
This set includes weakened or inactivated particles 

unable to infect human cells or to replicate in the host cells 
to produce novel active viruses or/and those prepared with 
selected subunits composed of proteinaceous antigenic 
determinants or even polysaccharides. NVX-CoV2373 
developed by Novavax has a significant efficacy (89-
91%) against most of the traditional variants of interest 
(Alpha and Beta). BBIBP-CorV (Sinopharm), CoronaVac 
(Sinovac), WIBP-CorV (Sinopharm), and BBV152 (Bharat 
Biotech) (Table 1) were able to induce a protection at a rate 
varying between 50% and 90% (without a specification of 
the concerned strains) as they have been shown to incite 
the secretion of neutralizing and binding antibodies (Figure 
1) (126-130).

Prospective Outlooks on SARS-CoV-2 Vaccines 
and Potential Enhancement Strategies

Despite the fact that the efforts devoted for the urgent 
development and validation of formulations’ safety and 
efficacy have accomplished a substantial milestone in the 
context of vaccines’ development, a number of promising 
outcomes are starting to loom raising the hope to surmount 
the pandemic which ravaged millions of susceptible 
individuals worldwide (131,132). For that purpose, 
health organizations and medical centers are required to 
categorize the innate and adaptive immune responses and 
to decrypt the mechanisms of protection engendered by 
different components of the immune system including the 
humoral path, cell-mediated path, and the complement 
system involvement and that should be based on a resilient, 
representative, and continuously updated data. Previous 
records and documentation collected at the issue of the 
emergency authorization have offered a capital resource 
that will help in the complete decryption of the immune 
response enigma. Preliminary analysis of the collected 
data on the basis of clinical trials launched for a set of 
seven different vaccine formulations shows that antibodies 
directed towards the spike protein are considered as 
one of the main pillars of immune protection. A strong 
correlation has been found between the high titers of 
neutralizing antibodies and the efficacy of the inoculated 
vaccine (r=0.79). Similarly, a strong correlation has also 
been reported between antibodies directed towards S 
protein and the assessed efficiency (r=0.93) at the end 
of the vaccination timeline (133). Unfortunately, the 
aforementioned outcomes are based on a short period of 
two to three months after inoculation. Long term follow-
up cannot be escaped to draw a comprehensive scheme 
without neglecting any of the potential components of 
the immune system outside the context of bias towards 
neutralizing antibodies or adaptive immune responses 

without ignoring the role of innate immunity and associated 
barriers or components. The prospective findings that 
are to be collected from large cohort studies should be 
launched in different target populations and subjected to 
a systematic analysis to draw the conclusive results (134). 
In line with the continuous emergence of SARS-CoV-2 
mutant strains with a multitude of mutations accumulating 
in the genetic sequence encoding the spike protein, it 
turns out to be an issue of utmost necessity to focus on 
the stimulation of the main immunological pathways 
represented by humoral and cell-mediated responses as 
well as the elaboration of the role assumed by the 
innate immune components (19). Despite preliminary 
observations reporting a reduced protection against mutant 
variants (i.e., beta variant of concern named B.1.351), 
emergent clinical data recently confirm the resilience of 
strong protection against severe illness and high rate of 
hospitalization. Conceptually, it is highly recommended 
to consider various SARS-CoV-2 epitopes, and antigenic 
structures (other than spike protein) that are less prone 
to genetic variation in the formulations of the upcoming 
generations of vaccines, which enhance the efficacy of 
the vaccines against the different nascent variants (135). 
In this context, it has been reported that antibodies 
provoked by Omicron variant (B.1.1.529) are expected to 
neutralize the viral particles of the Delta variant of concern 
(B.1.617.2). Convalescent patients with post-Omicron 
infection are subsequently less likely to experience 
repetitive infection with Delta variants (136,137). Ella 
and his colleagues, in a study aiming at the assessment 
of the immunogenicity and the safety of BBV152, a 
whole-virion inactivated form of SARS-CoV-2 vaccine, 
showed that anti-nucleocapsid and anti-spike binding 
immunoglobulins were profusely secreted in the serum of 
the inoculated individuals (126). The understanding of the 
role of these two types of antibodies will help to elaborate 
the mechanism of mediated protection. For that purpose, 
prompt efforts and analytical plans should be launched 
to achieve the decryption of the biological mechanisms 
that govern the normal functioning of the human immune 
system to secure the protection against viral infection, 
in addition to the monitoring of the proteomic changes 
and the genomic mapping of the factors involved in 
the mounting of an effective response (138,139). The 
mode of action which directs the involvement of the B 
and T memory cells is a key factor that conducts the 
correlation between the risk of infection with the viral 
spread and the severity of the disease in the framework 
of a long-termed follow-up. Simulated models that take 
the aforementioned factors into consideration may be of 
central significance in the search for the most appropriate 
vaccination regimen using either different vaccines or a 
combination of vaccine formulations to be inoculated only 
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once, or boosted with repetitive doses. This also applies to 
the assessment of recidivism and the impact of vaccines 
on the rate of reinfection in concordance with neutralizing 
antibodies and the mucosal immunity (140). Besides, 
analytical studies should be conducted to evaluate the 
impact of amended vaccination programmes, including the 
lowering of the inoculated dose, the adoption of a unique 
single dose, the use of multiple spaced doses, or mixed 
vaccine formulations. In parallel, data referring vulnerable 
populations (i.e., pregnant women, immuno-deficient 
patients, immuno-compromised patients, auto-immune 
carriers, or cancer patients and survival…) should also be 
collected and immediately subjected to a critical analysis 
by scientific experts and medical specialists to reach a 
set of standardized protocols based on comprehensive 
guidelines to be authenticated by the WHO representing 
the worldwide ultimate health authority and applied to the 
licensure of the currently developed or upcoming vaccines 
projects (141,142).

Conclusions and Perspectives 
With the subsequent release of emergency use 

authorization for vaccines, billions of doses were deployed 
for immediate distribution in the developed countries of 
the first world, while the populations of underdeveloped 
countries might need to spend months or even long 
years before sufficient amounts of well-stored and well-
transported vaccines are made accessible for concerned 
populations and clinical trials on novel formulations should 
keep running in parallel. In this context, the inequity of 
vaccines’ dispatching and distribution, the ethical concerns 
in the framework of controlled clinical trials, the reduced 
incidence of severe cases, and the variable transmissibility 
besides the virulence of the different emergent variants of 
concerns complicate the devoted efforts of data collection 
and analysis. Based on the aforementioned attributes, 
the authentication of future vaccines should take into 
consideration the validation of the different variables 
affecting the effectiveness of the developed formulations 
at the molecular, cellular, and physiological levels without 
neglecting the global impact at the societal and communal 
scale (96,99,142). Although designed to fundamentally 
shield the most vulnerable symptomatic cases predisposed 
to hospitalization and intensive medical care, uncertainties 
continue to endure around asymptomatic cases and those at 
risk of recidivism what place the efficacy of the vaccines 
under a critical state of ambivalence and inconsistency. 
Preliminary records following the implementation of the 
authorized mRNA vaccines showed that despite being 
vaccinated, SARS-CoV-2 recidivist experienced certain 
clinical symptoms but with reduced viral load in the 
nasopharyngeal cavity, which would be related to the 
incessant emergence of novel mutant’s strains. This enforces 

current vaccines to induce the synthesis of polyclonal 
antibodies able to adhere to a wide spectrum of antigenic 
determinants and epitopes on the surface spike protein. 
However, insights on viral transmissibility are not available 
yet (141). Hindering viral transmission is expected to 
ensure the protection of susceptible individuals where 
rigorous evaluation of the attributes of communal herd 
immunity in the framework of mass vaccination campaigns 
becomes a prerequisite for certified surveillance authorities 
in charge of implementing reliable recommendations to 
monitor the consecutive waves of the pandemic (5). A 
key step forward in the complete understanding of the 
SARS-CoV-2 virulence and pathogenicity is represented 
by the instant full genome sequencing of the virus and all 
of its emergent strains biopsied from symptomatic, non-
symptomatic, vaccinated, and recidivist ones followed 
by its correlation with the immune interactions and 
outcomes. Each individual develops a variety of adaptive 
immune responses armed with memory cells and cytokines 
secreting lymphocytes, engendered by similar but previous 
coronaviruses strains (143). Significant insights in vaccine 
development correlated with the understanding of the 
COVID-19 pandemic attributes have been gained along 
the last two years (96). Further strategic efforts must 
be invested to secure unconditional, unrestricted, and 
affordable access to authenticated vaccines worldwide 
without any discrimination.
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