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Abstract
Acquired (adaptive) immunity is a major factor determining effective immune response against a few infectious diseases.

The immune response during recovery from COVID-19 is complex, involving both cellular and humoral adaptive immunity.
The purpose of the study is to determine the intensity and effectiveness of the immune response at the end of the second year 

after discharge from the hospital in patients who have suffered from moderate and severe forms of coronavirus infection. A study 
among 2683 patients who suffered from moderately severe and severe coronavirus SARS-CoV2 infection with recorded complica-
tions which have not received a vaccine against SARS-nCoV-2 was performed. In the studied group of patients there were no deaths. 
In the whole cohort, the share of underlying prehospital comorbidity was also analyzed. The immune response induced because of 
moderate and severe infection with COVID-19 could serve as source of protection from recurrent severe infection for patents of 
different ages with various comorbidities.
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Introduction

The human immune system is essentially an extraordinary 
achievement of Evolution. It is a complex biological system 
that functions on the basis of dynamic equilibrium and 
self-control. The continuous and complex interaction of a 
number of specific factors determines its effectiveness. These 
factors are the result of the functioning of a complex phys-
iological mechanism made up of cells, tissues, mediators, 

cytokines, membrane receptors and molecules, which to-
gether represent the overall picture of immune homeostasis, 
constantly responding to all changes related to age, diseases, 
gender and a number of external effects on the human body.

Scientists investigate in depth all manifestations of the hu-
man immune response in a number of conditions, seeking 
answers to important questions related not only to the treat-
ment, but also to the prevention of a wide range of diseases. 
This knowledge is constantly filling in missing pieces of the 
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large and complex puzzle of immunity. For example, cells of 
acquired immunity are thought to be unique „memory“ cells, 
until the discovery of „immunocompetent“ cells of innate 
immunity, similar to cytokine-secreting T cells (Varadé et al. 
2021). The last decade has been characterized by the rapid 
development of new techniques and methods for studying 
the immune system, with exceptional precision. The ability 
to study „up close“ and in detail the immune response to 
a number of vaccines, oncological diseases, as well as viral 
infections such as COVID-19, is due to high-throughput 
„omics“ technologies that calculate the influence of genes, 
mRNA (transcriptomics), proteins (proteomics), cells (mass 
spectrometry) and epigenetic modifications (ATAC-se-
quencing). The processing of the data from these studies 
is carried out on the basis of specific analyses (Pulendran 
and Davis 2020). The human immune system is a complex 
syncytium between the two main functional units of the im-
mune response – innate (non-adaptive) and acquired (adap-
tive) immunity. These structural units of the immune system 
ensure the body‘s protection against pathogens recognized 
by it as foreign structures for the specific homeostasis. They 
react adequately to any „encroachment“ on the human body 
in absolute interdependence and in interaction with the ex-
isting structural (anatomical) and biochemical barriers in 
the human body. An adequate immune system unites four 
main principles: 1) the ability to detect and fight against 
an infection; 2) the ability to recognize its own cells as „its 
own“ and thereby protect them from harm; 3) memory of 
previous infections and previous encounter with specific 
pathogens; 4) ability to limit the immune response once the 
pathogen has been eliminated. These „functional“ princi-
ples on which the essence of the adequately functioning im-
mune system and the physiologically functioning network 
of interacting organs, tissues and cells are based, provide an 
environment of adequate protection of the body. In turn, a 
dysregulated immune response to various stimuli could be 
self-destructive for the individual (Lentz and Feezor 2003). 
Innate (non-adaptive) immunity is the basic immunologi-
cal mechanism to fight against various pathogens. Innate 
immunity is a rapid immune response initiated minutes to 
hours after the „attack“ on the body. Innate immunity is de-
void of mechanisms for building immune memory. (Turvey 
and Broide 2010) Acquired (adaptive) immunity, on the oth-
er hand, is antigen-dependent and antigen-specific. Its out-
standing property is immune memory. This phenomenon of 
„brandishing the foreign“ allows the body to react faster and 
more adequately in the event of a subsequent encounter with 
the same or similar antigen (Bonilla and Oettgen 2010).

A dynamic balance and synergistic interaction exists 
between the two main components of the immune sys-
tem. Possible defects both in innate immunity and in the 
mechanisms of acquired immunity can provoke an inade-
quate immune response with the clinical manifestation of 
autoimmune diseases, immunodeficiency states, reactions 
of hypersensitivity, uncontrollable immune response (cy-
tokine storm) (Marshall et al. 2018).

Innate immunity could be considered as including four 
main types of protective barriers – anatomical (skin and 
mucous membranes), physiological (body temperature, 

low pH, chemical mediators..), cytolytic and phagocytic, 
and inflammatory. The functional systems that are part of 
the anatomical barriers responsible for the effectiveness of 
innate immunity, as well as the protective processes with-
in this framework, have been well studied and described 
over the years. The innate immune response is the result 
of the function of so-called specific receptors – PRRs (pat-
tern recognition receptors), which allow a limited number 
of immune cells to recognize and react to a wide range 
of antigens that have similar structures – for example, 
PAMPs (pathogen associated molecular patterns).

Examples of similar structures that are components of the 
bacterial cell wall such as protein structures, lipopolysaccha-
rides, double-stranded RNAs are synthesized by target cells 
during various viral infections. An important function of in-
nate immunity is the rapid cell migration to the site of infec-
tion (doorway, target cells and tissues) and the subsequent 
inflammatory response generated by the production of cy-
tokines and chemokines. The innate immune response is 
realized through the interaction of a large number of cells – 
macrophages, neutrophils, activated phagocytes, mast cells, 
basophils, eosinophils, NK-cells, etc. (Marshall et al. 2018). 
Acquired immunity is the basis of effective immunization 
against a number of infectious diseases. Cells of the acquired 
immune response are antigen-specific T-cells that are acti-
vated and directed to proliferate by antigen-presenting cells, 
as well as B-cells specialized in differentiated antibody pro-
duction. (Bonilla and Oettgen 2010) The purpose of the im-
munological memory is to protect the macroorganism from 
reinfection, to control a persistent one, including through 
the maternal antibodies (the mechanism of passive immu-
nity) to protect the immunologically immature organism of 
the newborn from primary infections (Welsh et al. 2004). 
How long this memory could be maintained, in the ab-
sence of reinfection, is the subject of ongoing debate. Recent 
studies of the immunity created after smallpox vaccination 
demonstrate that T-cell memory declines steadily with a 
half-life of 815 years, while antiviral antibodies in survivors 
remain stable for more than 75 years (Slifka 2004).

Antibodies play a key role in limiting viral proliferation 
during viral infection. However, they are not capable of 
eliminating completely the virus after the onset of infec-
tion. When an infection has already occurred, cell-mediated 
mechanisms are of greatest importance for the body‘s defense 
against most intracellular pathogens. (Schroeder and Cavaci-
ni 2010) Cell-mediated immunity targets both those micro-
organisms that survive in phagocytizing cells and those that 
infect other cells. This type of immune response is effective 
in eliminating virus-infected and neoplastic cells, but also 
participates in the immune defense against fungi, protozoa, 
intracellularly developing bacteria (Marshall et al. 2018).

Respiratory viral infections are often the cause of serious 
diseases of varying severity – from mild and medium-se-
vere infections of the upper respiratory tract to severe bron-
chitis and pneumonia, which evolve into chronic obstruc-
tive pulmonary disease. Common viral infections caused 
by influenza, respiratory syncytial virus, rhinoviruses and 
corona viruses under certain conditions cause significantly 
increased morbidity and mortality. The lungs are exposed 
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to the action of external foreign agents continuously and, 
as a target of respiratory viruses, have extremely precisely 
built mechanisms for antiviral protection, including a com-
plex network of interactions between acquired and innate 
immunity. Immediately after infection, a wide range of 
proinflammatory cytokines, chemokines and interferons 
generate an inflammatory immune response that could be 
seen as a “double-edged sword” – on the one hand, it aims 
to completely eliminate the viral pathogen, but on the other 
hand, a prolonged and violent response to the infection can 
lead to a chronic course of the inflammatory process, com-
plicate the course of the respective disease and generate 
severe damage in the target organs and functional systems.

The course of inflammatory diseases of the respiratory 
system is largely determined by the cells of innate and ac-
quired immunity, as well as by the cells of the respiratory 
tract, which have the general task of dealing with the control 
of infection and creating immune memory at the local and 
systemic levels. This immune memory is key to preventing 
reinfection. This immune memory is extremely important 
for the control of the disease, given the many mechanisms 
of its complication, for example, in a setting predispos-
ing to bacterial superinfection (Reijnders et al. 2021). For 
most viral diseases, there are currently no effective antiviral 
medicines, nor effective vaccines. This is also true for most 
respiratory viruses. (Kikkert 2020) This fact determines 
the importance of attempts to thoroughly understand the 
interaction between the macroorganism and the pathogen 
virus, the development of an immune response, the dura-
tion of immune memory, as this would contribute to opti-
mizing strategies for the effective treatment and limitation 
of a number of viral diseases (Asha et al. 2021).

The effective etiological treatment of most acute viral 
diseases, including the „new“ coronavirus disease, is re-
duced to the application of monoclonal antibodies, which 
in the conditions of modern medicine are the means of 
choice and applied in the indicated periods of rounding, 
lead to an extremely good result.

There are still many unclear details regarding the dura-
tion of protective immunity after exposure to most respi-
ratory viruses. This immunity is implemented by different 
mechanisms, but neutralizing antibodies provide optimal 
protection against acute infections, also mediating vac-
cination immunity (Plotkin 2020), especially if they are 
presented at the local (mucosal) level (IgA antibodies for 
example). When most seasonal respiratory viral infections 
are relapsed, the body produces neutralizing antibodies that 
protect against recurrent diseases (Fujimoto et al. 2012).

Generated immunity depends on a number of factors 
– severity of the disease, comorbidity of the patient, and 
there are differences in the effectiveness of immunity af-
ter re-infection and after vaccination. For example, with 
the influenza virus, it was found that a year after relapse, 
patients with a severe course of the disease maintain high 
levels of humoral immunity as well as the presence of a 
T-LyCD4+ cell population, in contrast to patients with a 
mild and medium-severe form of the disease, as well as 
the vaccinated, in which cellular immunity prevails, as 
evidenced by the high levels of TCD4+ cells activated 

by gamma interferon released during degranulation in 
the mucosal tissues (Bonduelle et al. 2014). Certain viral 
infections, such as influenza, generate the production of 
neutralizing antibodies and circulating specific B and T 
lymphocytes, mediating immune memory, which may 
persist for years. A number of other viruses, such as re-
spiratory syncytial virus, do not generate robust, lasting 
immunity. Reinfections with this virus, which cannot be 
explained by antigenic variations, are most likely due to 
significantly weakening immunity over time. Neverthe-
less, subsequent reinfections with homologous viruses al-
ways occur relatively milder, which speaks of residual im-
munity against the respective group of viruses (Siggins et 
al. 2021). Even outside of pandemic conditions, respirato-
ry viral diseases cause seasonal outbreaks with large num-
bers of cases. The role of induced population immunity is 
central for the control of these diseases, a fact that we have 
had to be reminded of during the COVID-19 pandemic.

The highly contagious, „new“ corona virus – SARS-
CoV-2, which causes a complicated moderate and severe 
acute respiratory disease „COVID-19“, was the reason for 
the declaration of a pandemic. The scale of the infection 
seriously hampered the global health system and lead al-
most the entire a world to face a serious health, socio-eco-
nomic and political crisis, and also brought negative im-
pact on the life of the „ordinary taxpayer“. A number of 
in-depth studies are aimed at revealing the close interac-
tions between the immune system of the sick and the caus-
ative agent of COVID-19. When suffering from a corona 
virus infection, macrophages, antigen-presenting phago-
cytes, Nk- cells, CD8+ T-cells, Th1-, Th17-, Tfh-cells and 
effector B-cells are involved in the antiviral defense. In the 
case of dysfunction of the immune response, over-acti-
vation of the inflammatory process, development of lung 
damage (development of respiratory distress syndrome) 
and multiple organ failure are provoked (Zhu et al. 2022).

The viral genome of SARS-CoV-2 encodes four pheno-
types (viral proteins): nucleocapsid – (N)protein surround-
ed by an envelope containing three membrane proteins as 
follows: membrane (M), envelope (E) and spike (spike S). 
In turn, the spike protein consists of two functional units 
– S1 and S2 (Gaebler et al. 2021). The receptor binding 
domain (RBD) of the S1 subunit of the viral S-protein in-
teracts directly with the cellular angiotensin-converting 
enzyme 2 (ACE2) receptor, thereby mediating pathogen 
entry into the target cell (Hoffmann et al. 2020; Lan et al. 
2020; Wrapp et al. 2020; Zhuang et al. 2021; Liu et al. 2022).

Virus-specific antibodies against the main viral immu-
nogens S and N are found in patients who have recovered 
from COVID-19 infection. Although knowledge of the 
immune response to SARSCoV-2 virus infection is contin-
uously increasing, the definition of protective immunity as 
well as the determination of target antibody titers against 
the virus remain a challenge (Hodgson et al. 2021). There 
is evidence of a positive correlation between available anti-
bodies and their neutralizing activity against SARS-CoV-2, 
especially upon re-encounter with the virus (Uprichard et 
al. 2022). Specific immunoglobulins (IgG) directed against 
protein S, nucleoprotein N, and the receptor-binding do-
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main RBD develop 6–15 days after the onset of symptoms 
(Grandjean et al. 2021). The speed of the immune re-
sponse is different and correlates with the severity of the 
COVID-19 infection, but in most cases the body produces 
antibodies detected in serum (Long et al. 2020b) and saliva 
(Isho et al. 2020) up to 4 weeks after the development of in-
fection. Neutralizing activity of the immune response was 
recorded in all convalescent patients, including asymp-
tomatic children and adults (Siggins et al. 2021).

Assumptions about the lifetime of protective antibod-
ies against SARS-CoV-2 virus can be based on studies of 
antibody titers against SARS-CoV-1, which was originally 
thought to have a relatively short half-life (Cao et al. 2007). 
It has been found that, despite the lack of re-exposure to 
the virus, in about 90% of individuals who survive SARS-
CoV1 viral infection, neutralizing antibodies are detected 
up to 3 years after encountering the virus, as specific IgG 
antibodies, in some patients prove even in the thirteenth 
year after infection. And in this case, as with a number of 
other viral infections, there is a drop in antibodies in the 
first two years after an illness, and their stabilization in 
the following years (Siggins et al. 2021). Studies of patients 
with corona virus infections have demonstrated that adult 
volunteers who were followed up maintained high levels 
of antibodies that remained significantly elevated one year 
after infection (Chia et al. 2020). These facts also correlate 
with the results of our studies in this direction. In addi-
tion, there is evidence that any reinfection with the same 
coronavirus is milder or even asymptomatic, especially in 
elderly patients, which proves that functional immunity 
remains stable in the period between individual infections 
(Juno et al. 2020; Peng et al. 2020; Hicks et al. 2021).

A significant number of SARS-CoV-2 specific memory 
B cells showed a steady increase in the following months 
after infection, and were also recorded six months after 
illness, indicating that B cell immune memory to SARS-
CoV-2 is likely continuous (Dan et al. 2021). Our expe-
rience strongly indicates that the patients followed in this 
study did not relapse within the two-year study period. 
Comparing the values of S- and RBD-specific memory 
B-cells, in patients hospitalized due to COVID-19 and 
those with a mild course of the disease, shows a signifi-
cantly higher activity of the immune response in a severe 
course of the infection, which highlights the importance 
of viral load on the strength of the humoral immune re-
sponse generated (Christian Gaebler et al. 2021).

Circulating CD4+ and CD8+ T cells against SARS-
CoV-2 were observed in the majority of convalescent in-
dividuals, regardless of the severity of infection, and these 
cells persisted up to 8 months post-infection (Zuo et al. 
2021). Most CD4+ T cells possess a typical antiviral TH1 
phenotype or TFH phenotype (Rydyznski Moderbacher et 
al. 2020). The presence of TFH further enhances available T 
cells in their interaction with specific B-cells and differenti-
ation in the germinal centers, so as to realize the production 
of potent and time-stable antibodies (Siggins et al. 2021).

Neutralizing antibody titers directly correlate with 
protection from SARS-CoV-2 virus and the development 
of a severe form of COVID-19 (Cromer et al. 2022), as 

direct evidence of this statement is the successfully ap-
plied treatment with monoclonal antibodies. Not only 
the humoral immune response is important for protec-
tion against the new coronavirus. Cellular immunity is 
also an extremely important factor. Determining the ef-
fectiveness of the cellular immune response is the func-
tional activity of CD4+ CD8+ T-cells, especially in the 
vaccination immune response. Adequate cellular im-
mune mechanisms guarantee effective protection against 
an unfavorable outcome of the disease.

With the emergence of constantly changing new vari-
ants of the SARS-CoV-2 virus that manage under certain 
conditions to evade neutralizing antibodies, the role of 
Tcells that are directed against the relevant epitopes should 
not be underestimated (Wherry and Barouch 2022). The 
interplay between cellular and humoral immune respons-
es has been demonstrated by kinetic assays demonstrating 
rapid activation of CD4+ and CD8+ cell lines. This activa-
tion precedes the serological rise of neutralizing antibod-
ies (Cromer et al. 2023). Long-term follow-up of S-specif-
ic T-cell populations generated by repeated vaccinations 
and re-encounters with the virus demonstrated the ability 
of these cells to realize their protective functions over a 
period of one to two years, without reducing the levels and 
specificity of their action (Koutsakos et al. 2023).

Research and comprehensive analysis of immunity 
against the SARS-CoV-2 virus is extremely important be-
cause of the much-sought answers to vital questions that 
have arisen in the conditions of an epidemic crisis. Un-
derstanding the degree and characteristics of protection 
against reinfections, against the development of severe 
forms of COVID19, the complications associated with the 
experience of moderate and severe forms of the disease and 
the eventual disability associated with the already accepted 
pathological phenomenon – „prolonged post-covid syn-
drome“ is a main goal of the current studies of the immune 
response in patients who survived coronavirus infection.

This knowledge is critical to solving important prob-
lems related to the risks of future epidemic outbreaks, in-
cluding those caused by a new pathogen. This knowledge 
guarantees the correct planning, structuring and imple-
mentation of policies and restrictions related to migration 
processes in society, and at last but not least to provide 
patients with a real informed choice in the matter of vac-
cination and revaccination.

A number of studies have confirmed protection against 
reinfection after relapse, before the appearance of the 
omicron variant, as stable and sufficient, lasting at least 40 
weeks after illness. Protection against omicron BA1 is con-
sidered to be much less reliable and short-lived. Regard-
less of the variant of the virus, it is absolutely certain that 
recovery protects against a severe course of COVID-19 
(Chemaitelly et al. 2022).

Immunity after illness should be considered in relation 
to immunity generated after vaccination. The preparation 
of vaccination recommendations would be most adequate 
based on an assessment of the individual immune status, 
especially of health workers, as well as on an assessment of 
the collective immunity in different regions of the world. 
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Although post-infection immunity probably wanes over 
time, the level of protection of the “naturally” generated 
immune response against reinfection, development of 
symptomatic disease, and severe COVID-19 appears to 
be more durable and effective than the level of protection 
provided by of two doses of mRNA vaccines against the 
original, alpha, delta and omicron BA1 variants. This fact 
has been demonstrated by studies comparing naturally ac-
quired immunity with that after vaccination. Such „natu-
ral“ immunity lasts at least one year for the listed variants. 
(Pilz et al. 2022; Pulliam et al. 2022), and our experience 
shows that immunity acquired after relapse persists effi-
ciently well into the second year after relapse.

Is this a proof that natural immunity is superior to vac-
cination or not? Does the immunization policy against 
SARS-CoV-2 hove to be re-evaluated and targeted at cer-
tain groups of people at high risk of severe COVID-19 
infection, taking into account factors such as age, comor-
bidity of the patient, as well as epidemiological data on the 
prevailing virus variants causing severe types of the disease?

As already noted, the immune response during a re-
lapse from COVID-19 is complex, including both func-
tional units of the immune system – cellular and humoral 
immunity (Shrotri et al. 2021; Turner et al. 2021). It tar-
gets not only the spike protein antigens, but also other vi-
ral proteins, suggesting the presence of a stable immunity 
protecting against the different variants of SARSCoV-2 
the virus, in the structuring of which mucosal immuni-
ty with its barrier function plays significant role (Le Bert 
et al. 2020; Gaebler et al. 2021). So-called „secretory“ or 
mucosal immunity, in addition to a barrier function, also 
has an extremely important, perhaps main, function – an-
ti-epidemic. Mucosal immunity is the factor determining 
the exclusion of the sick as a vector of infection.

There is a growing number of studies whose aim is to 
make an adequate assessment of immunity after recovery 
from COVID-19, its duration, the factors that influence 
its formation and its effectiveness. The main drawback of 
most studies in this direction is their relatively short du-
ration – most cover a period of 1 year or 18 months. Data 
from a large-scale survey conducted in the Faroe Islands 
highlight interesting highlights on the most frequently 
asked questions. In this study, it was found that circulating 
antibodies, IgG-isotype, were registered in 94% of the re-
lapsed patients up to 15 months after infection, and in 92% 
virus-neutralizing antibodies were also demonstrated.

It is characteristic of IgG antibodies that a biphasic 
curve is observed, with an initial decrease in titers fol-
lowed by a stable plateau after about 7 months. Virus-neu-
tralizing antibodies remained relatively stable throughout 
the period. The strength of the immune response gener-
ated by antibodies has been shown to be dependent on 
smoking and hospitalization of patients – lower levels of 
IgG antibodies in smokers compared to non-smokers, 
and hospitalized patients have higher levels of antibodies 
against COVID-19 compared with the non-hospitalized 
(slightly ill in an outpatient setting).

The results of these studies correlate with the data from 
our experience. A longer immune response is associated 

with male gender and older age, and in these groups of 
patients, higher antibody titers at the beginning of the im-
mune response were found, but with a more significant 
decline in the curve for the studied period (Petersen et 
al. 2023). Data from studies over a longer period of time, 
although scarce, are quite promising – in pre-diseased pa-
tients, the generated humoral immunity could have a pro-
tective role against the delta variant of COVID-19 and its 
other variants, possibly with the exception of the omicron 
(BA.1, BA.2 and BA.4/5) variant, which could to some ex-
tent „bypass“ this immunity (Wang et al. 2023).

Data from pandemic waves of the omicron variant in the 
year 2022 allow for the possibility of reinfection with the 
particular viral variant, with significant differences in the 
reporting of reinfection depending on the age groups, the 
location, the particular viral wave (Keeling 2023). Serious 
problems for clinicians in this period were caused by the use 
of „rapid antigen tests“ of low quality, that yielded a positive 
result when reacting with carbonated drinks, coffee, citrus 
juices, including tap water. Unfortunately, such tests results 
are accepted for use for making the diagnosis of coronavirus 
infection in many countries, including Bulgaria. The para-
doxical lack of response (regardless of a number of regularly 
sent reports about rapid antigen tests оf inadequate quality) 
from the local health authorities deserves special attention.

Of note, studies of immunity against COVID-19 in 
healthcare workers, for whom all the factors for the cre-
ation of strained immunity are present (they inevitably en-
counter the virus much frequently, the viral load is high) 
are in favor of the stability of naturally built immunity and 
its duration. Santibodies are observed up to 200 days after 
infection in 95% of those studied, suggesting that antibod-
ies will persist up to 465 days and longer after infection.

In a study of healthcare workers with positive serolog-
ic tests, none required hospitalization due to re-infection, 
moreover, higher antibody titers were found in the medics 
who were severely ill with COVID-19 and a longer im-
mune response is expected (Grandjean et al. 2021). There 
are studies from the last two years (Juno et al. 2020; Peng 
et al. 2020; Hicks et al. 2021) that point to the possibility 
that previous contact with other types of corona viruses, 
to which pediatricians are particularly frequently exposed, 
may contribute to building lasting protection against the 
SARS-CoV-2 virus (Kissler et al. 2020).

A large body of recent evidence supports the fact that 
S- and RBD-antibodies with virus-neutralizing activity 
persisted in unaltered titer for at least 90–150 days after 
infection with SARS-CoV-2 virus (Iyer et al. 2020; Rip-
perger et al. 2020). The data reported so far contradict 
the initial assumptions of a number of studies (Crawford 
et al. 2020; Ibarrondo et al. 2020; Long et al. 2020a, b; 
Seow et al. 2020; Crawford et al. 2021) for a short-term 
immune response, as they demonstrated antibody losses 
within 3 months after infection. The new fact can be ex-
plained by relapse of a mild form of the disease, protec-
tive antibodies with different kinetics are found, even in 
asymptomatic or patients with a mild form of COVID-19 
of different age groups. The immune protection lasts at 
least up to one year in children. (Di Chiara et al. 2022) 
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Whether any of the rapidly emerging vaccines against 
the new corona virus could provide competitive efficacy 
and duration of immunity against COVID-19, remains 
an expectation in the future. The assessment of the im-
mune response against SARS-CoV-2 during vaccination 
is important not only for controlling the severity and 
spread of the disease, but also for determining target 
groups for vaccination, the need to administer so-called 
booster doses, to compare the vaccination and naturally 
acquired immunity. It can also resolve questions about 
the need of а mass vaccination and its significance to the 
maintenance and enhancement of immunity. Interesting 
facts are found in the comparison of patients vaccinat-
ed with two doses of mRNA vaccines (either BNT162b2, 
Pfizer–BioNTech or mRNA-1273, Moderna) who have 
recovered from COVID-19 with those who have not en-
countered the virus. The both groups were found to in-
crease the antibody titer against the SARS-CoV-2 virus 
in response to the first vaccine dose. The group with a 
history of prior COVID-19 disease reached higher titer 
of antibodies against the spike protein and higher titer 
of neutralizing antibodies. No significant increase in an-
tibody titers and neutralizing activity in response to a 
second dose of vaccine was found in patients who had 
previously suffered from corona virus infection (Uprich-
ard et al. 2022). These results bring up the question of 
the need of booster dose for the patients with previous a 
corona virus infection to further strengthen their immu-
nity. (Manisty et al. 2021; Prendecki et al. 2021; Saadat 
et al. 2021) Also, interesting results were obtained from 
the comparison of the dynamics of the IgG response of 
patients who recovered from COVID-19 and have re-
ceived two doses of the BNT162b2 vaccine (Pfizer-BioN-
Tech), with those who recovered from the infection but 
received no subsequent vaccination. Notably, the vaccine 
has a „booster“ effect in those who have been sick and 
increased the levels of IgG antibodies 161 times, but this 
effect is relatively short-term. Conversely, the unvaccinat-
ed patients who have been sick have maintained an unal-
tered high level of antibodies for the entire period of the 
study (Dehgani-Mobaraki et al. 2023). It has been found 
that compared to older unvaccinated patients who sur-
vived COVID-19 infection (Chvatal-Medina et al. 2021; 
Cohen et al. 2021), patients over 50 years of age vacci-
nated following infection have lower titers of antibodies 
against the SARS-CoV-2 virus (Uprichard et al. 2022). 
AntiSARS-CoV-2 antibody titers measured by ELISA 
have been shown to correlate with virus neutralizing ti-
ters. (Amanat et al. 2020; Salazar et al. 2020) In summary, 
in accordance with a number of studies (Abu Jabal et al. 
2021; Goel et al. 2021; Krammer et al. 2021; Stamatatos 
et al. 2021), the full course of vaccination of recovered 
COVID-19 patients does not contribute to a significant 
increase in both antibody titers and neutralizing activi-
ty. Then, do we need to vaccinate patients in the first six 
months after experiencing infection? Besides, the rate of 
recurrent infection and hospitalization in patients who 
recovered from COVID-19 was lower compared to that 
of patients who were vaccinated against SARS-CoV-2 vi-

rus. Our experience is in conformity with and support 
all the conclusions drawn by the aforementioned studies.

The vaccination of survivors of corona virus infection 
does not provide additional protection in the months af-
ter infection, while in the long term a single booster dose 
probably increases antiviral protection, or at least with 
respect to the development of symptomatic COVID-19 
infection (Shrestha et al. 2022).

If antibodies produced as a result of corona virus infec-
tion or vaccination are maintained at high enough titers, 
they are expected to have a protective role and be a major 
factor in ending the pandemic and preventing future epi-
demic outbreaks. Provided the fact that vaccination is pre-
sumed to be the safer method of achieving herd immunity 
(Jones and Helmreich 2020; Rasmussen 2020), there is a 
growing need for additional data independent of vaccine 
manufacturers and additional independent studies on the 
development and the duration of immunity generated af-
ter SARS-CoV-2 vaccination.

The analysis of the entire „pandemic“ period shows how 
serious a health problem of this type could be for Bulgari-
an and global healthcare. The SARS-CoV-2 virus is highly 
contagious and this is the main reason for the startling scale 
of this disease spread and the need for urgent measures to 
prove the causative agent, treat the infection and control the 
number of infected patients. The laboratory tests approved 
in Bulgaria for making the diagnosis COVID-19 infection 
are the rapid antigen tests and RT PCR, with the number of 
patients proven with a positive RT PCR test for SARS-CoV-2 
as of June 14, 2023 being 1,299,024. Through „COVID“, the 
unit of University Emergency Hospital „Pirogov“, during 
this period 10,083 patients have been examined and diag-
nosed with COVID-19 infection. Of these, 9,184 patients 
were admitted with diagnosis moderate or severe type of 
coronavirus infection. This high rate of moderately severe 
and severe type of the disease in patients in our hospital, 
is explained both by the specifics of the work, namely the 
emergency admission and it is a tertiary care hospital.

Material and method

The patients included in this study were 2,683 and repre-
sented 88.81% of the total of 3,021 patients hospitalized for 
the target period. Each had a confirmed RT PCR for SARS-
CoV-2 in naso/oropharyngeal swab material and serum. All 
patients were hospitalized and treated in the Covid ward of 
the Clinic of Internal Diseases of the University Emergen-
cy Hospital „Pirogov“, Sofia April 1, 2020 to December 31, 
2020. All patients were admitted with diagnosis moderate 
and severe corona virus infection and were followed up for 
two years after the hospital discharge. The patients treated in 
the Covid ward are over 18 years old, and they are grouped 
into four age groups, as follows: from 18 to 45 years; from 46 
to 65 years; from 66 to 80 years and over 80 years.

The degree of severity of the corona virus infection is 
determined: according to combined assessment comput-
ed tomography score (CT-score); clinical and laborato-
ry markers of inflammatory activity; presence of organs 
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insufficiency and comorbidities worsening the course of 
viral pneumonia.

CT-score a method based on the percentage involve-
ment of the lung parenchyma at CT study. The method 
was widely used during the Covid pandemia to quantify 
the affected lung volume (Francone et al. 2020; Fu et al. 
2020; Yang et al. 2020; Abdel-Tawab et al. 2021). Patients 
with lung parenchymal involvement below 25% were only 
8.3%. In 34% of the patients 26–50% involvement of the 
lung parenchyma was detected; approximately 45% have 
lung parenchymal involvement 51–75%. Patients with CT 
evidence of atypical viral pneumonia with more than 75% 
lung involvement were about 12.7% (Fig. 1). CT scan of a 
patient with mild CT-score (<25%) pulmonary parenchy-
mal involvment (Fig. 2). CT scan of a patient with moder-
ate CT-score (Fig. 3) (26%–50%) pulmonary parenchymal 
involvement. CT scan of a patient with severe CT-score 
4) (51%–75%) pulmonary parenchymal involvement 
(Fig. 4). CT scan of a patient with very severe CT-score 
5) (>75%) pulmonary parenchymal involvement (Fig. 5).

The patients included in the study were analyzed ac-
cording to their co-morbidities (the cardiovascular, the 
pulmonary and the endocrine comorbidities convey the 
greatest risk of COVID-19 infection with complicated 
course). These results are presented in Fig. 6.

One or more than one cardiovascular disease was the 
most common comorbidity in patients admitted with 
COVID-19 infection in this study. They affect 31% of 

patients. The proportion of patients with more than 
two accompanying diseases was 72% of all included in 
the study.

Table 1 shows the absolute number of patients included 
in the study, divided into three groups as follows: Patients 
without comorbidities, patients with one comorbidity, 
and patients with two or more comorbidities.

At each patient visit during the follow-up, a thorough 
clinical examination, RT PCR for SARSCoV-2 in naso/

Figure 1. Analysis of the severity of lung involvement according 
(CT-score).
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Figure 2. CT scan of a patient with mild CT-score (<25%) pul-
monary parenchymal involvment.

Figure 3. CT scan of a patient with moderate CT-score (26%–
50%) pulmonary parenchymal involvement.

Figure 4. CT scan of a patient with very severe CT-score (51%–
75%) pulmonary parenchymal involvement.

Figure 5. CT scan of a patient with very severe CT-score 
(>75%) pulmonary parenchymal involvement.
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oropharyngeal swab material and in blood for detailed 
laboratory tests (peripheral blood with differential leu-
kocyte count, biochemical tests including inflammatory 
markers, liver and cardiac enzymes, electrolytes, lipid pro-
file, BUN, coagulogram, arterial blood gas) and imaging 
studies (radiography of lung or CT). In accordance with 
the obtained results, the need to continue outpatient ther-
apy or hospital readmission was discussed.

Patients who, at the time of discharge, persist even with 
minimal changes in the control imaging study, remain on 
home therapy with essential oils and generally strengthen-
ing medications. The main class of essential oils that have 
been administered in therapy during the treatment of co-
rona virus infection and as an ongoing outpatient thera-
py are eucalyptus, sweet orange, myrtle, lemon, broadleaf 
lavender. Serazyme, bromelain, quercetin are included in 
the composition of general strengthening medicines.

In the period of follow-up, the patients were examined 
with RT PCR, in the presence of symptoms characteristic of 
respiratory infection. None of these patients had a positive 
RT PCR for SARSCoV-2, respectively, no patient was read-
mitted with diagnosed corona virus infection. The humoral 
immunity in the different categories of patients was moni-
tored at the first month, the sixth month, the first and the 
second year after the index event. The results of the research 
up to the first year have been published in our previous ar-
ticle. During the follow-up examination of the second year, 
after a relapse of corona virus infection, the values of anti-
SARS-CoV2-IgG and anti-SARSCoV2-Total were reported.

The laboratory methods that have been used to deter-
mine the amount of antibodies are chemiluminescent im-
munoassay (CLIA) and enzyme-linked immunosorbent 
assay (ELISA). A chemiluminescent immunoassay (CLIA) 
is a method for the semiquantitative determination of 
specific anti-S1 and anti-S2 antibodies of the IgG class 
to SARS-CoV-2 in human blood serum or blood plas-
ma samples. The test is designed to study the state of the 

patient‘s immune system, providing an indication of the 
presence of neutralizing antibodies of the IgG class against 
the SARS-Cov-2 virus. Enzyme immunoassay (ELISA) is 
a method for semiquantitative determination of the in-
hibitory activity of antibodies on the binding between the 
RBD-ACE2 receptor, in human plasma and serum.

An analysis in terms of the intensity and the duration 
of the immune response in the groups with different se-
verity of the corona virus infection was performed. Pa-
tients are divided into four age groups, respectively 18–45 
years, 46–65 years, 66–80 years and over 80 years of age.

Results

Complete resolution of changes in the lung parenchyma 
was observed in 89% of patients on control imaging after 
the first year. In the second year, this percentage is 93%. 
Comparison of the amount of anti-SARS-CoV-2 IgG and 
anti-SARS-CoV-2 IgTotal between the first and second 
year in the 18–45 age group showed a clear increase in anti-
SARS-CoV-2 IgTotal by 1, 8 times compared to the studied 
values of the same in the first year after discharge (Fig. 7).

The largest group was the group that included patients 
from 46 to 65 years of age. In this group, the increase in 
the anti-SARS-CoV-2 IgTotal level at the end of the sec-
ond year was 1.4 (Fig. 8).
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Figure 6. Co-morbid profile of the study group.
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in the patients aged 18–45.

Table 1. Co-morbidity of the studied patients.

Comorbidity N
No 184
One chronic disease 576
Two or more chronic diseases 1923

Figure 8. Ig G and Ig total at one year and at two year follow-up 
in the patients aged 46–65 years.
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The tendency for an increase anti-SARS-CoV-2 IgTo-
tal levels was also preserved in the rest two age groups 
(Figs 9, 10).

In the group over 80 years of age, 14 patients did not at-
tend a follow-up examination at the end of the second year. 
When a personal check of the reasons for the non-appear-
ance was made by phone, it was found that all 14 patients are 
alive and reported no acute or deteriorated chronic disease.

Regardless of a slight differences in the absolute values 
of anti-SARS-Cov-2-IgG and anti-SARSCov-2-IgTotal, 
a trend can be outlined. The IgG titers remain relatively 
unaltered at the end of the second year compared to the val-
ues in the first year. The titer of IgTotal continues to grow af-
ter the first year, albeit at a slower pace. This means that the 
immune response of the patients who survived a moderate-
ly severe or severe corona virus infection remains extremely 
strained even after the second year of the index infection.

Discussion and conclusions

The results presented show that there is a correlation of 
anti-SARS-CoV-2-IgG and anti-SARSCoV-2-IgTotal in 
patients in the first and second year after COVID infec-
tion of mild or moderate severity and confirm the hypoth-
esis of the sufficient protective mechanism of immunity 
after COVID infection provided mainly at the expense of 
anti-SARS-CoV2 IgTotal.

A long-term population immunity against the SARS-
CoV-2 virus is required for eradication or at least putting 
under control of the COVID-19 infection. Anti- SARS-
CoV-2 spike-binding and neutralizing antibodies showed 
a biphasic decline curve with a half-life of about 200 days, 
suggesting generation from long-lived plasma cells. SARS-

CoV-2 recurrent infection would likely act as a booster, in-
creasing antibody titers against both SARS-CoV-1 and oth-
er common corona viruses. In addition, spike-specific IgG 
memory B-cells persist, ensuring a rapid humoral immune 
response upon repeat exposure to the virus or upon „con-
solidation“ vaccination. Virus-specific CD4+ and CD8+ 
T-cells are multifunctional and have a half-life of over 200 
days. Interestingly, CD4+ T-cells respond equally to sever-
al SARS-CoV-2 viral proteins, while CD8+ T-cells have an 
affinity for nucleoprotein, which highlights the possibility 
of including the same in future proteinbased vaccines (Ch-
vatal-Medina et al. 2021; Cohen et al. 2021). The role of mu-
cosal immunity in the construction of the complex immune 
defense after an illness is huge. As our study proves, a major 
part of IgTotal falls on IgA antibodies, which is logical given 
the airborne mechanism of spread and thus the entrance 
door of infection. These summary data on genesis of the 
immune response against the SAR-CoV-2 virus supports 
the hypothesis that long-term effective immune protection 
could be built up after recurrent infections with the coro-
navirus, and that it is this immunity (naturally acquired) 
that is the effective immune response limiting the infection.

The infection caused by SARS-CoV-2 is a relatively 
„new“ disease and the results of the studies on the genesis, 
the duration and the intensity of immunity including the 
studies on the protective effect of the mass administration 
of RNA anti-SARS-CoV-2 vaccines encompass relatively 
short follow-up periods.

I is known by past experience that the control of an 
infection of such a scale, necessitates the achievement of 
collective immunity. Whether this will be done by mass 
vaccination or through disease outbreaks is still a matter 
of debate and depends on the contagiousness, virulence 
and lethality of the respective pathogen.

References
Abdel-Tawab M, Basha MAA, Mohamed IAI, Ibrahim HM (2021) 

A simple chest CT score for assessing the severity of pulmonary 
involvement in COVID-19. The Egyptian Journal of Radiology 
and Nuclear Medicine 52(1): е149. [Epub2021Jun18.] https://doi.
org/10.1186/s43055-021-00525-x

Abu Jabal K, Ben-Amram H, Beiruti K, Batheesh Y, Sussan C, Zarka 
S, Edelstein M (2021) Impact of age, ethnicity, sex and prior in-
fection status on immunogenicity following a single dose of the 
BNT162b2 mRNA COVID-19 vaccine: Real-world evidence 
from healthcare workers, Israel, December 2020 to January 2021. 

Figure 10. Ig G and Ig total at one year and at two year fol-
low-up in the patients aged 80 years.

0

200

400

600

800

1000

1200

1400

1600

1800

 Ig G Ig total

Immunogenesis in pa
ents above 80 years

1st year 2nd year

Figure 9. Ig G and Ig total at one year and at two year follow-up 
in the patients aged 66–80 years.

0

500

1000

1500

2000

2500

 Ig G Ig total

Immunogenesis in pa�ents aged 66-80 years

1st year 2nd year

https://doi.org/10.1186/s43055-021-00525-x
https://doi.org/10.1186/s43055-021-00525-x


Atanasov P et al.: Immune response - genesis, duration, and strength862

Eurosurveillance 26(6): 1–5. https://doi.org/10.2807/1560-7917.
ES.2021.26.6.2100096

Amanat F, Stadlbauer D, Strohmeier S, Nguyen THO, Chromikova V, 
McMahon M, Jiang K, Arunkumar GA, Jurczyszak D, Polanco J, Ber-
mudez-Gonzalez M, Kleiner G, Aydillo T, Miorin L, Fierer D, Lugo 
LA, Kojic EM, Stoever J, Liu STH, Cunningham-Rundles C, Felgner 
PL, Moran T, Garcia-Sastre A, Caplivski D, Cheng A, Kedzierska K, 
Vapalahti O, Hepojoki JM, Simon V, Krammer F (2020) A serological 
assay to detect SARS-CoV-2 seroconversion in humans. medRxiv: 
1–18. https://doi.org/10.1101/2020.03.17.20037713

Asha K, Khanna M, Kumar B (2021) Current insights into the host 
immune response to respiratory viral infections. Advances in 
Experimental Medicine and Biology 1313: 59–83. https://doi.
org/10.1007/978-3-030-67452-6_4

Bonduelle O, Carrat F, Luyt CE, Leport C, Mosnier A, Benhabiles N, 
Krivine A, Rozenberg F, Yahia N, Samri A, Rousset D, van der Werf 
S, Autran B, Combadiere B (2014) Characterization of pandemic 
influenza immune memory signature after vaccination or infection. 
The Journal of Clinical Investigation 124(7): 3129–3136. https://doi.
org/10.1172/JCI74565

Bonilla FA, Oettgen HC (2010) Adaptive immunity. The Journal of Al-
lergy and Clinical Immunology 125(2, Suppl 2): S33–S40. https://doi.
org/10.1016/j.jaci.2009.09.017

Cao WC, Liu W, Zhang PH, Zhang F, Richardus JH (2007) Disappear-
ance of antibodies to SARS-associated coronavirus after recovery. 
The New England Journal of Medicine 357(11): е11621163. https://
doi.org/10.1056/NEJMc070348

Chemaitelly H, Ayoub HH, AlMukdad S, Coyle P, Tang P, Yassine HM, 
Al-Khatib HA, Smatti MK, Hasan MR, Al-Kanaani Z, Al-Kuwari E, 
Jeremijenko A, Kaleeckal AH, Latif AN, Shaik RM, Abdul-Rahim HF, 
Nasrallah GK, Al-Kuwari MG, Butt AA, Al-Romaihi HE, Al-Thani 
MH, Al-Khal A, Bertollini R, Abu-Raddad LJ (2022) Protection from 
previous natural infection compared with mRNA vaccination against 
SARS-CoV-2 infection and severe COVID-19 in Qatar: A retrospec-
tive cohort study. The Lancet Microbe 3(12): e944–e955. https://doi.
org/10.1016/S2666-5247(22)00287-7

Chia WN, Tan CW, Foo R, Kang AEZ, Peng Y, Sivalingam V, Tiu C, Ong 
XM, Zhu F, Young BE, Chen MI-C, Tan Y-J, Lye DC, Anderson DE, 
Wang L-F (2020) Serological differentiation between COVID-19 and 
SARS infections. Emerging Microbes & Infections 9(1): 1497–1505. 
https://doi.org/10.1080/22221751.2020.1780951

Chvatal-Medina M, Mendez-Cortina Y, Patiño PJ, Velilla PA, Rugeles 
MT (2021) Antibody Responses in COVID-19: A Review. Fron-
tiers in Immunology 12: е633184. https://doi.org/10.3389/fim-
mu.2021.633184

Cohen KW, Linderman SL, Moodie Z, Czartoski J, Lai L, Mantus G, 
Norwood C, Nyhoff LE, Edara VV, Floyd K, De Rosa SC, Ahmed 
H, Whaley R, Patel SN, Prigmore B, Lemos MP, Davis CW, Furth 
S, O’Keefe J, Gharpure MP, Gunisetty S, Stephens KA, Antia R, 
Zarnitsyna VI, Stephens DS, Edupuganti S, Rouphael N, Ander-
son EJ, Mehta AK, Wrammert J, Suthar MS, Ahmed R, McElrath 
MJ (2021) Longitudinal analysis shows durable and broad immune 
memory after SARSCoV-2 infection with persisting antibody re-
sponses and memory B and T cells. medRxiv: 1–56. https://doi.
org/10.1101/2021.04.19.21255739

Crawford KHD, Dingens AS, Eguia R, Wolf CR, Wilcox N, Logue JK, 
Shuey K, Casto AM, Fiala B, Wrenn S, Pettie D, King NP, Greninger 
AL, Chu HY, Bloom JD (2020) Dynamics of neutralizing antibody 

titers in the months after severe acute respiratory syndrome Corona-
virus 2 infection. The Journal of Infectious Diseases 223(2): 197–205. 
https://doi.org/10.1093/infdis/jiaa618

Cromer D, Steain M, Reynaldi A, Schlub TE, Wheatley AK, Juno JA, 
Kent SJ, Triccas JA, Khoury DS, Davenport MP (2022) Neutralising 
antibody titres as predictors of protection against SARS-CoV-2 vari-
ants and the impact of boosting: A meta-analysis. The Lancet Mi-
crobe 3(1): e52–e61. https://doi.org/10.1016/S2666-5247(21)00267-6

Cromer D, Steain M, Reynaldi A, Schlub TE, Khan SR, Sasson SC, Kent 
SJ, Khoury DS, Davenport MP (2023) Predicting vaccine effective-
ness against severe COVID-19 over time and against variants: A 
meta-analysis. Nature Communications 14(1): е1633. https://doi.
org/10.1038/s41467-023-37176-7

Dan JM, Mateus J, Kato Y, Hastie KM, Yu ED, Faliti CE, Grifoni A, 
Ramirez SI, Haupt S, Frazier A, Nakao C, Rayaprolu V, Rawlings 
SA, Peters B, Krammer F, Simon V, Saphire EO, Smith DM, Weis-
kopf D, Sette A, Crotty S (2021) Immunological memory to SARS-
CoV-2 assessed for up to 8 months after infection. Science 371(6529): 
eabf4063. https://doi.org/10.1126/science.abf4063

Dehgani-Mobaraki P, Wang C, Floridi A, Floridi E, Dawoodi S, Zaidi 
AK (2023) Longterm persistence of IgG antibodies in recovered 
COVID-19 individuals at 18 months postinfection and the impact 
of two-dose BNT162b2 (Pfizer-BioNTech) mRNA vaccination on 
the antibody response: Analysis using fixed-effects linear regres-
sion model. Virology 578: 111–116. https://doi.org/10.1016/j.vi-
rol.2022.12.003

Di Chiara C, Cantarutti A, Costenaro P, Donà D, Bonfante F, Cosma C, 
Ferrarese M, Cozzani S, Petrara MR, Carmona F, Liberati C, Palma 
P, Di Salvo G, De Rossi A, Plebani M, Padoan A, Giaquinto C (2022) 
Long-term immune response to SARS-CoV-2 infection among chil-
dren and adults after mild infection. JAMA Network Open 5(7): 
e2221616. https://doi.org/10.1001/jamanetworkopen.2022.21616

Francone M, Iafrate F, Masci GM, Coco S, Cilia F, Manganaro L, Panebi-
anco V, Andreoli C, Colaiacomo MC, Zingaropoli MA, Ciardi MR, 
Mastroianni CM, Pugliese F, Alessandri F, Turriziani O, Ricci P, Cat-
alano C, Chest CT (2020) Score in COVID-19 patients: Correlation 
with disease severity and short-term prognosis. European Radiology 
30(12): 6808–6817. https://doi.org/10.1007/s00330-020-07033-y

Fu F, Lou J, Xi D, Bai Y, Ma G, Zhao B, Liu D, Bao G, Lei Z, Wang M 
(2020) Chest computed tomography findings of coronavirus disease 
2019 (COVID-19) pneumonia. European Radiology 30(10): 5489–
5498. https://doi.org/10.1007/s00330-020-06920-8

Fujimoto C, Takeda N, Matsunaga A, Sawada A, Tanaka T, Kimoto T, 
Shinahara W, Sawabuchi T, Yamaguchi M, Hayama M, Yanagawa H, 
Yano M, Kido H (2012) Induction and maintenance of anti-influenza 
antigen-specific nasal secretory IgA levels and serum IgG levels after 
influenza infection in adults. Influenza and Other Respiratory Virus-
es 6(6): 396–403. https://doi.org/10.1111/j.1750-2659.2011.00330.x

Gaebler C, Wang Z, Lorenzi JCC, Muecksch F, Finkin S, Tokuyama M, 
Cho A, Jankovic M, Schaefer-Babajew D, Oliveira TY, Cipolla M, Vi-
ant C, Barnes CO, Bram Y, Breton G, Hägglöf T, Mendoza P, Hurley 
A, Turroja M, Gordon K, Millard KG, Ramos V, Schmidt F, Weisblum 
Y, Jha D, Tankelevich M, Martinez-Delgado G, Yee J, Patel R, Dizon J, 
Unson-O’Brien C, Shimeliovich I, Robbiani DF, Zhao Z, Gazumyan 
A, Schwartz RE, Hatziioannou T, Bjorkman PJ, Mehandru S, Bie-
niasz PD, Caskey M, Nussenzweig MC (2021) Evolution of antibody 
immunity to SARS-CoV-2. Nature 591(7851): 639–644. https://doi.
org/10.1038/s41586-021-03207-w

https://doi.org/10.2807/1560-7917.ES.2021.26.6.2100096
https://doi.org/10.2807/1560-7917.ES.2021.26.6.2100096
https://doi.org/10.1101/2020.03.17.20037713
https://doi.org/10.1007/978-3-030-67452-6_4
https://doi.org/10.1007/978-3-030-67452-6_4
https://doi.org/10.1172/JCI74565
https://doi.org/10.1172/JCI74565
https://doi.org/10.1016/j.jaci.2009.09.017
https://doi.org/10.1016/j.jaci.2009.09.017
https://doi.org/10.1056/NEJMc070348
https://doi.org/10.1056/NEJMc070348
https://doi.org/10.1016/S2666-5247(22)00287-7
https://doi.org/10.1016/S2666-5247(22)00287-7
https://doi.org/10.1080/22221751.2020.1780951
https://doi.org/10.3389/fimmu.2021.633184
https://doi.org/10.3389/fimmu.2021.633184
https://doi.org/10.1101/2021.04.19.21255739
https://doi.org/10.1101/2021.04.19.21255739
https://doi.org/10.1093/infdis/jiaa618
https://doi.org/10.1016/S2666-5247(21)00267-6
https://doi.org/10.1038/s41467-023-37176-7
https://doi.org/10.1038/s41467-023-37176-7
https://doi.org/10.1126/science.abf4063
https://doi.org/10.1016/j.virol.2022.12.003
https://doi.org/10.1016/j.virol.2022.12.003
https://doi.org/10.1001/jamanetworkopen.2022.21616
https://doi.org/10.1007/s00330-020-07033-y
https://doi.org/10.1007/s00330-020-06920-8
https://doi.org/10.1111/j.1750-2659.2011.00330.x
https://doi.org/10.1038/s41586-021-03207-w
https://doi.org/10.1038/s41586-021-03207-w


Pharmacia 70(4): 853–865 863

Goel RR, Apostolidis SA, Painter MM, Mathew D, Pattekar A, Kuthuru 
O, Gouma S, Hicks P, Meng W, Rosenfeld AM, Dysinger S, Lund-
green KA, Kuri-Cervantes L, Adamski S, Hicks A, Korte S, Oldridge 
DA, Baxter AE, Giles JR, Weirick ME, McAllister CM, Dougherty J, 
Long S, D’Andrea K, Hamilton JT, Betts MR, Luning Prak ET, Bates P, 
Hensley SE, Greenplate AR, Wherry EJ (2021) Distinct antibody and 
memory B cell responses in SARS-CoV-2 naïve and recovered in-
dividuals following mRNA vaccination. Science Immunology 6(58): 
eabi6950. https://doi.org/10.1126/sciimmunol.abi6950

Grandjean L, Saso A, Torres Ortiz A, Lam T, Hatcher J, Thistlethwayte R, 
Harris M, Best T, Johnson M, Wagstaffe H, Ralph E, Mai A, Colijn C, 
Breuer J, Buckland M, Gilmour K, Goldblatt D, Mirambe-Korsah D, 
Torrente FF, Wyszynski J, Gander V, Leonard A, Myers L, Vallot A, 
Paillas C, Fitzgerald R, Twigg A, Manaf R, Gibbons L, Powell H, et al. 
(2021) Long-term persistence of spike protein antibody and predic-
tive modeling of antibody dynamics after infection with severe acute 
respiratory syndrome Coronavirus 2. Clinical Infectious Diseases 
74(7): 1220–1229. https://doi.org/10.1093/cid/ciab607

Hicks J, Klumpp-Thomas C, Kalish H, Shunmugavel A, Mehalko J, 
Denson JP, Snead KR, Drew M, Corbett KS, Graham BS, Hall MD, 
Memoli MJ, Esposito D, Sadtler K (2021) Serologic Cross-Reactivity 
of SARS-CoV-2 with Endemic and Seasonal Betacoronaviruses. Jour-
nal of Clinical Immunology 41(5): 906–913. https://doi.org/10.1007/
s10875-021-00997-6

Hodgson SH, Mansatta K, Mallett G, Harris V, Emary KRW, Pollard AJ 
(2021) What defines an efficacious COVID-19 vaccine? A review of 
the challenges assessing the clinical efficacy of vaccines against SARS-
CoV-2. The Lancet. Infectious Diseases 21(2): e26–e35. https://doi.
org/10.1016/S1473-3099(20)30773-8

Hoffmann M, Kleine-Weber H, Schroeder S, Krüger N, Herrler T, Er-
ichsen S, Schiergens TS, Herrler G, Wu N-H, Nitsche A, Müller MA, 
Drosten C, Pöhlmann S (2020) SARS-CoV-2 cell entry depends on 
ACE2 and TMPRSS2 and is blocked by a clinically proven prote-
ase inhibitor. Cell 181(2): 271–280[.E8]. https://doi.org/10.1016/j.
cell.2020.02.052

Ibarrondo FJ, Fulcher JA, Goodman-Meza D, Elliott J, Hofmann C, 
Hausner MA, Ferbas KG, Tobin NH, Aldrovandi GM, Yang OO 
(2020) Rapid decay of Anti-SARS-CoV-2 antibodies in persons 
with mild Covid-19. The New England Journal of Medicine 383(11): 
1085–1087. https://doi.org/10.1056/NEJMc2025179

Isho B, Abe KT, Zuo M, Jamal AJ, Rathod B, Wang JH, Li Z, Chao G, 
Rojas OL, Bang YM, Pu A, Christie-Holmes N, Gervais C, Ceccarel-
li D, Samavarchi-Tehrani P, Guvenc F, Budylowski P, Li A, Paterson 
A, Yue FY, Marin LM, Caldwell L, Wrana JL, Colwill K, Sicheri F, 
Mubareka S, Gray-Owen SD, Drews SJ, Siqueira WL, Barrios-Rodiles 
M, Ostrowski M, Rini JM, Durocher Y, McGeer AJ, Gommerman 
JL, Gingras A-C (2020) Persistence of serum and saliva antibody 
responses to SARS-CoV-2 spike antigens in COVID-19 patients. 
Science Immunology 5(52): eabe5511. https://doi.org/10.1126/sci-
immunol.abe5511

Iyer AS, Jones FK, Nodoushani A, Kelly M, Becker M, Slater D, Mills 
R, Teng E, Kamruzzaman M, Garcia-Beltran WF, Astudillo M, Yang 
D, Miller TE, Oliver E, Fischinger S, Atyeo C, Iafrate AJ, Calder-
wood SB, Lauer SA, Yu J, Li Z, Feldman J, Hauser BM, Caradon-
na TM, Branda JA, Turbett SE, LaRocque RC, Mellon G, Barouch 
DH, Schmidt AG, Azman AS, Alter G, Ryan ET, Harris JB, Charles 
RC (2020) Persistence and decay of human antibody responses 
to the receptor binding domain of SARS-CoV-2 spike protein in 

COVID-19 patients. Science Immunology 5(52): eabe0367. https://
doi.org/10.1126/sciimmunol.abe0367

Jones D, Helmreich S (2020) A history of herd immunity. Lancet 
396(10254): 810–811. https://doi.org/10.1016/S0140-6736(20)31924-3

Juno JA, Tan H-X, Lee WS, Reynaldi A, Kelly HG, Wragg K, Esterbauer 
R, Kent HE, Batten CJ, Mordant FL, Gherardin NA, Pymm P, Dietrich 
MH, Scott NE, Tham W-H, Godfrey DI, Subbarao K, Davenport MP, 
Kent SJ, Wheatley AK (2020) Humoral and circulating follicular helper 
T cell responses in recovered patients with COVID-19. Nature Med-
icine 26(9): 1428–1434. https://doi.org/10.1038/s41591-020-0995-0

Keeling MJ (2023) Patterns of reported infection and reinfection 
of SARS-CoV-2 in England. Journal of Theoretical Biology 556: 
е111299. https://doi.org/10.1016/j.jtbi.2022.111299

Kikkert M (2020) Innate Immune Evasion by Human Respiratory 
RNA Viruses. Journal of Innate Immunity 12(1): 4–20. https://doi.
org/10.1159/000503030

Kissler SM, Tedijanto C, Goldstein E, Grad YH, Lipsitch M (2020) 
Projecting the transmission dynamics of SARS-CoV-2 through 
the postpandemic period. Science 368(6493): 860–868. https://doi.
org/10.1126/science.abb5793

Koutsakos M, Reynaldi A, Lee WS, Nguyen J, Amarasena T, Taiaroa G, 
Kinsella P, Liew KC, Tran T, Kent HE, Tan H-X, Rowntree LC, Nguy-
en THO, Thomas PG, Kedzierska K, Petersen J, Rossjohn J, William-
son DA, Khoury D, Davenport MP, Kent SJ, Wheatley AK, Juno JA 
(2023) SARS-CoV-2 breakthrough infection induces rapid memory 
and de novo T cell responses. Immunity 56(4): 879–892. https://doi.
org/10.1016/j.immuni.2023.02.017

Krammer F, Srivastava K, Alshammary H, Amoako AA, Awawda MH, 
Beach KF, Bermúdez-González MC, Bielak DA, Carreño JM, Cher-
net RL, Eaker LQ, Ferreri ED, Floda DL, Gleason CR, Hamburger JZ, 
Jiang K, Kleiner G, Jurczyszak D, Matthews JC, Mendez WA, Nabeel 
I, Mulder LCF, Raskin AJ, Russo KT, Salimbangon A-BT, Saksena M, 
Shin AS, Singh G, Sominsky LA, Stadlbauer D, Wajnberg A, Simon V 
(2021) Antibody responses in seropositive persons after a single dose 
of SARS-CoV-2 mRNA vaccine. The New England Journal of Med-
icine 384(14): 1372–1374. https://doi.org/10.1056/NEJMc2101667

Lan J, Ge J, Yu J, Shan S, Zhou H, Fan S, Zhang Q, Shi X, Wang Q, Zhang 
L, Wang X (2020) Structure of the SARSCoV-2 spike receptor-bind-
ing domain bound to the ACE2 receptor. Nature 581(7807): 215–220. 
https://doi.org/10.1038/s41586-020-2180-5

Le Bert N, Tan AT, Kunasegaran K, Tham CYL, Hafezi M, Chia A, Chng 
MHY, Lin M, Tan N, Linster M, Chia WN, Chen MI-C, Wang L-F, 
Ooi EE, Kalimuddin S, Tambyah PA, Low JG-H, Tan Y-J, Bertoletti A 
(2020) SARS-CoV-2-specific T cell immunity in cases of COVID-19 
and SARS, and uninfected controls. Nature 584(7821): 457–462. 
https://doi.org/10.1038/s41586-020-2550-z

Lentz AK, Feezor RJ (2003) Principles of immunology. Nutrition in Clinical 
Practice 18(6): 451–460. https://doi.org/10.1177/0115426503018006451

Liu J, Yu J, McMahan K, Jacob-Dolan C, He X, Giffin V, Wu C, Sciac-
ca M, Powers O, Nampanya F, Miller J, Lifton M, Hope D, Hall K, 
Hachmann NP, Chung B, Anioke T, Li W, Muench J, Gamblin A, 
Boursiquot M, Cook A, Lewis MG, Andersen H, Barouch DH (2022) 
CD8 T cells contribute to vaccine protection against SARS-CoV-2 
in macaques. Science Immunology 7(77): eabq7647. https://doi.
org/10.1126/sciimmunol.abq7647

Long Q-X, Tang X-J, Shi Q-L, Li Q, Deng H-J, Yuan J, Hu J-L, Xu W, 
Zhang Y, Lv F-J, Su K, Zhang F, Gong J, Wu B, Liu X-M, Li J-J, Qiu J-F, 
Chen J, Huang A-L (2020a) Clinical and immunological assessment 

https://doi.org/10.1126/sciimmunol.abi6950
https://doi.org/10.1093/cid/ciab607
https://doi.org/10.1007/s10875-021-00997-6
https://doi.org/10.1007/s10875-021-00997-6
https://doi.org/10.1016/S1473-3099(20)30773-8
https://doi.org/10.1016/S1473-3099(20)30773-8
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1056/NEJMc2025179
https://doi.org/10.1126/sciimmunol.abe5511
https://doi.org/10.1126/sciimmunol.abe5511
https://doi.org/10.1126/sciimmunol.abe0367
https://doi.org/10.1126/sciimmunol.abe0367
https://doi.org/10.1016/S0140-6736(20)31924-3
https://doi.org/10.1038/s41591-020-0995-0
https://doi.org/10.1016/j.jtbi.2022.111299
https://doi.org/10.1159/000503030
https://doi.org/10.1159/000503030
https://doi.org/10.1126/science.abb5793
https://doi.org/10.1126/science.abb5793
https://doi.org/10.1016/j.immuni.2023.02.017
https://doi.org/10.1016/j.immuni.2023.02.017
https://doi.org/10.1056/NEJMc2101667
https://doi.org/10.1038/s41586-020-2180-5
https://doi.org/10.1038/s41586-020-2550-z
https://doi.org/10.1177/0115426503018006451
https://doi.org/10.1126/sciimmunol.abq7647
https://doi.org/10.1126/sciimmunol.abq7647


Atanasov P et al.: Immune response - genesis, duration, and strength864

of asymptomatic SARS-CoV-2 infections. Nature Medicine 26(8): 
1200–1204. https://doi.org/10.1038/s41591-020-0965-6

Long QX, Liu BZ, Deng HJ, Wu GC, Deng K, Chen YK, Liao P, Qiu J-F, 
Lin Y, Cai X-F, Wang D-Q, Hu Y, Ren J-H, Tang N, Xu Y-Y, Yu L-H, 
Mo Z, Gong F, Zhang X-L, Tian W-G, Hu L, Zhang X-X, Xiang J-L, 
Du H-X, Liu H-W, Lang C-H, Luo X-H, Wu S-B, Cui X-P, Zhou Z, 
Zhu M-M, Wang J, Xue C-J, Li X-F, Wang L, Li Z-J, Wang K, Niu C-C, 
Yang Q-J, Tang X-J, Zhang Y, Liu X-M, Li J-J, Zhang D-C, Zhang F, 
Liu P, Yuan J, Li Q, Hu J-L, Chen J, Huang A-L (2020b) Antibody 
responses to SARS-CoV-2 in patients with COVID-19. Nature Medi-
cine 26(6): 845–848. https://doi.org/10.1038/s41591-020-0897-1

Manisty C, Otter AD, Treibel TA, McKnight Á, Altmann DM, Brooks 
T, Noursadeghi M, Boyton RJ, Semper A, Moon JC (2021) Antibody 
response to first BNT162b2 dose in previously SARS-CoV-2-infected 
individuals. Lancet 397(10279): 1057–1058. https://doi.org/10.1016/
S0140-6736(21)00501-8

Marshall JS, Warrington R, Watson W, Kim HL (2018) An introduc-
tion to immunology and immunopathology. Allergy, Asthma, and 
Clinical Immunology 14(S2, Suppl 2): 1–49. https://doi.org/10.1186/
s13223-018-0278-1

Peng Y, Mentzer AJ, Liu G, Yao X, Yin Z, Dong D, Dejnirattisai W, Rostron 
T, Supasa P, Liu C, López-Camacho C, Slon-Campos J, Zhao Y, Stuart 
DI, Paesen GC, Grimes JM, Antson AA, Bayfield OW, Hawkins DEDP, 
Ker D-S, Wang B, Turtle L, Subramaniam K, Thomson P, Zhang P, Dold 
C, Ratcliff J, Simmonds P, de Silva T, Sopp P, Wellington D, Rajapaksa 
U, Chen Y-L, Salio M, Napolitani G, Paes W, Borrow P, Kessler BM, Fry 
JW, Schwabe NF, Semple MG, Kenneth Baillie J, Moore SC, Openshaw 
PJM, Azim Ansari M, Dunachie S, Barnes E, Frater J, Kerr G, Goulder 
P, Lockett T, Levin R, Zhang Y, Jing R, Ho L-P, Oxford Immunology 
Network Covid-19 Response T cell Consortium, ISARIC4C Investiga-
tors, Cornall RJ, Conlon CP, Klenerman P, Screaton GR, Mongkolsapa-
ya J, McMichael A, Knight JC, Ogg G, Dong T (2020) Broad and strong 
memory CD4(+) and CD8(+) T cells induced by SARS-CoV-2 in UK 
convalescent individuals following COVID-19. Nature Immunology 
21(11): 1336–1345. https://doi.org/10.1038/s41590-020-0782-6

Petersen MS, Pérez-Alós L, Armenteros JJA, Hansen CB, Fjallsbak JP, 
Larsen S, Hansen JL, Jarlhelt I, Kristiansen MF, við Streym F, á Steig 
B, Christiansen DH, Møller LF, Strøm M, Andorsdóttir G, Gaini S, 
Weihe P, Garred P (2023) Factors influencing the immune response 
over 15 months after SARSCoV-2 infection: A longitudinal popula-
tion-wide study in the Faroe Islands. Journal of Internal Medicine 
293(1): 63–81. https://doi.org/10.1111/joim.13560

Pilz S, Theiler-Schwetz V, Trummer C, Krause R, Ioannidis JPA (2022) 
SARS-CoV-2 reinfections: Overview of efficacy and duration of nat-
ural and hybrid immunity. Environmental Research 209: e112911. 
https://doi.org/10.1016/j.envres.2022.112911

Plotkin SA (2020) Updates on immunologic correlates of vac-
cine-induced protection. Vaccine 38(9): 2250–2257. https://doi.
org/10.1016/j.vaccine.2019.10.046

Prendecki M, Clarke C, Brown J, Cox A, Gleeson S, Guckian M, Randell 
P, Pria AD, Lightstone L, Xu X-N, Barclay W, McAdoo SP, Kelleher 
P, Willicombe M (2021) Effect of previous SARS-CoV-2 infection 
on humoral and T-cell responses to single-dose BNT162b2 vaccine. 
Lancet 397(10280): 1178–1181. https://doi.org/10.1016/S0140-
6736(21)00502-X

Pulendran B, Davis MM (2020) The science and medicine of human 
immunology. Science 369(6511): eaay4014. https://doi.org/10.1126/
science.aay4014

Pulliam JRC, van Schalkwyk C, Govender N, von Gottberg A, Cohen 
C, Groome MJ, Dushoff J, Mlisana K, Moultrie H (2022) Increased 
risk of SARS-CoV-2 reinfection associated with emergence of Omi-
cron in South Africa. Science 376(6593): eabn4947. https://doi.
org/10.1126/science.abn4947

Rasmussen AL (2020) Vaccination is the only acceptable path to herd im-
munity. Med 1(1): 21–23. https://doi.org/10.1016/j.medj.2020.12.004

Reijnders TDY, Schuurman AR, van der Poll T (2021) The immune re-
sponse to respiratory viruses: From start to memory. Seminars in 
Respiratory and Critical Care Medicine 42(6): 759–770. https://doi.
org/10.1055/s-0041-1736459

Ripperger TJ, Uhrlaub JL, Watanabe M, Wong R, Castaneda Y, Pizzato 
HA, Thompson MR, Bradshaw C, Weinkauf CC, Bime C, Erickson 
HL, Knox K, Bixby B, Parthasarathy S, Chaudhary S, Natt B, Cristan 
E, El Aini T, Rischard F, Campion J, Chopra M, Insel M, Sam A, Kne-
pler JL, Capaldi AP, Spier CM, Dake MD, Edwards T, Kaplan ME, 
Scott SJ, Hypes C, Mosier J, Harris DT, LaFleur BJ, Sprissler R, Niko-
lich-Žugich J, Bhattacharya D (2020) Orthogonal SARS-CoV-2 se-
rological assays enable surveillance of low-prevalence communities 
and reveal durable humoral immunity. Immunity 53(5): 925–933.
https://doi.org/10.1016/j.immuni.2020.10.004

Rydyznski Moderbacher C, Ramirez SI, Dan JM, Grifoni A, Hastie KM, 
Weiskopf D, Belanger S, Abbott RK, Kim C, Choi J, Kato Y, Crotty 
EG, Kim C, Rawlings SA, Mateus J, Tse LPV, Frazier A, Baric R, Pe-
ters B, Greenbaum J, Ollmann Saphire E, Smith DM, Sette A, Crot-
ty S (2020) Antigen-specific adaptive immunity to SARS-CoV-2 in 
acute COVID-19 and associations with age and disease severity. Cell 
183(4): 996–1012. https://doi.org/10.1016/j.cell.2020.09.038

Saadat S, Rikhtegaran Tehrani Z, Logue J, Newman M, Frieman 
MB, Harris AD, Sajadi MM (2021) Binding and neutralization 
antibody titers after a single vaccine dose in health care workers 
previously infected with SARS-CoV-2. Journal of the American 
Medical Association 325(14): 1467–1469. https://doi.org/10.1001/
jama.2021.3341

Salazar E, Kuchipudi SV, Christensen PA, Eagar T, Yi X, Zhao P, Jin Z, 
Long SW, Olsen RJ, Chen J, Castillo B, Leveque C, Towers D, Lavin-
der J, Gollihar J, Cardona J, Ippolito G, Nissly R, Bird I, Greenawalt D, 
Rossi RM, Gontu A, Srinivasan S, Poojary I, Cattadori IM, Hudson 
PJ, Josleyn NM, Prugar L, Huie K, Herbert A, Bernard DW, Dye JM, 
Kapur V, Musser JM (2020) Convalescent plasma anti-SARS-CoV-2 
spike protein ectodomain and receptorbinding domain IgG cor-
relate with virus neutralization. The Journal of Clinical Investigation 
130(12): 6728–6738. https://doi.org/10.1172/JCI141206

Schroeder Jr HW, Cavacini L (2010) Structure and function of immu-
noglobulins. The Journal of Allergy and Clinical Immunology 125(2, 
Suppl 2): S41–S52. https://doi.org/10.1016/j.jaci.2009.09.046

Seow J, Graham C, Merrick B, Acors S, Pickering S, Steel KJA, Hem-
mings O, O’Byrne A, Kouphou N, Galao RP, Betancor G, Wilson HD, 
Signell AW, Winstone H, Kerridge C, Huettner I, Jimenez-Guardeño 
JM, Lista MJ, Temperton N, Snell LB, Bisnauthsing K, Moore A, 
Green A, Martinez L, Stokes B, Honey J, Izquierdo-Barras A, Arbane 
G, Patel A, Tan MKI, O’Connell L, O’Hara G, MacMahon E, Douth-
waite S, Nebbia G, Batra R, Martinez-Nunez R, Shankar-Hari M, 
Edgeworth JD, Neil SJD, Malim MH, Doores KJ (2020) Longitudinal 
observation and decline of neutralizing antibody responses in the 
three months following SARS-CoV-2 infection in humans. Nature 
Microbiology 5(12): 1598–1607. https://doi.org/10.1038/s41564-
020-00813-8

https://doi.org/10.1038/s41591-020-0965-6
https://doi.org/10.1038/s41591-020-0897-1
https://doi.org/10.1016/S0140-6736(21)00501-8
https://doi.org/10.1016/S0140-6736(21)00501-8
https://doi.org/10.1186/s13223-018-0278-1
https://doi.org/10.1186/s13223-018-0278-1
https://doi.org/10.1038/s41590-020-0782-6
https://doi.org/10.1111/joim.13560
https://doi.org/10.1016/j.envres.2022.112911
https://doi.org/10.1016/j.vaccine.2019.10.046
https://doi.org/10.1016/j.vaccine.2019.10.046
https://doi.org/10.1016/S0140-6736(21)00502-X
https://doi.org/10.1016/S0140-6736(21)00502-X
https://doi.org/10.1126/science.aay4014
https://doi.org/10.1126/science.aay4014
https://doi.org/10.1126/science.abn4947
https://doi.org/10.1126/science.abn4947
https://doi.org/10.1016/j.medj.2020.12.004
https://doi.org/10.1055/s-0041-1736459
https://doi.org/10.1055/s-0041-1736459
https://doi.org/10.1016/j.immuni.2020.10.004
https://doi.org/10.1016/j.cell.2020.09.038
https://doi.org/10.1001/jama.2021.3341
https://doi.org/10.1001/jama.2021.3341
https://doi.org/10.1172/JCI141206
https://doi.org/10.1016/j.jaci.2009.09.046
https://doi.org/10.1038/s41564-020-00813-8
https://doi.org/10.1038/s41564-020-00813-8


Pharmacia 70(4): 853–865 865

Shrestha NK, Burke PC, Nowacki AS, Terpeluk P, Gordon SM (2022) Ne-
cessity of coronavirus disease 2019 (COVID-19) vaccination in per-
sons who have already had COVID-19. Clinical Infectious Diseases 
75(1): e662–e671. https://doi.org/10.1093/cid/ciac022

Shrotri M, van Schalkwyk MCI, Post N, Eddy D, Huntley C, Leeman D, 
Rigby S, Williams SV, Bermingham WH, Kellam P, Maher J, Shields 
AM, Amirthalingam G, Peacock SJ, Ismail SA (2021) T cell response 
to SARS-CoV-2 infection in humans: A systematic review. PLoS 
ONE 16(1): e0245532. https://doi.org/10.1371/journal.pone.0245532

Siggins MK, Thwaites RS, Openshaw PJM (2021) Durability of Immu-
nity to SARSCoV-2 and Other Respiratory Viruses. Trends in Mi-
crobiology 29(7): 648–662. https://doi.org/10.1016/j.tim.2021.03.016

Slifka MK (2004) Immunological memory to viral infection. Current 
Opinion in Immunology 16(4): е443450. https://doi.org/10.1016/j.
coi.2004.05.013

Stamatatos L, Czartoski J, Wan YH, Homad LJ, Rubin V, Glantz H, 
Neradilek M, Seydoux E, Jennewein MF, MacCamy AJ, Feng J, Mize 
G, De Rosa SC, Finzi A, Lemos MP, Cohen KW, Moodie Z, McEl-
rath MJ, McGuire AT (2021) mRNA vaccination boosts cross-variant 
neutralizing antibodies elicited by SARSCoV-2 infection. Science 
372(6549): 1413–1418. https://doi.org/10.1126/science.abg9175

Turner JS, Kim W, Kalaidina E, Goss CW, Rauseo AM, Schmitz AJ, 
Hansen L, Haile A, Klebert MK, Pusic I, O’Halloran JA, Presti RM, 
Ellebedy AH (2021) SARS-CoV-2 infection induces long-lived bone 
marrow plasma cells in humans. Nature 595(7867): 421–425. https://
doi.org/10.1038/s41586-021-03647-4

Turvey SE, Broide DH (2010) Innate immunity. The Journal of Aller-
gy and Clinical Immunology 125(2, Suppl 2): S24–S32. https://doi.
org/10.1016/j.jaci.2009.07.016

Uprichard SL, O’Brien A, Evdokimova M, Rowe CL, Joyce C, Hackbart 
M, Cruz-Pulido YE, Cohen CA, Rock ML, Dye JM, Kuehnert P, Ricks 
KM, Casper M, Linhart L, Anderson K, Kirk L, Maggiore JA, Herbert 
AS, Clark NM, Reid GE, Baker SC (2022) Antibody response to SARS-
CoV-2 infection and vaccination in COVID-19-naïve and experienced 
individuals. Viruses 14(2): е370. https://doi.org/10.3390/v14020370

Varadé J, Magadán S, González-Fernández Á (2021) Human immunolo-
gy and immunotherapy: Main achievements and challenges. Cellular 

& Molecular Immunology 18(4): 805–828. https://doi.org/10.1038/
s41423-020-00530-6

Wang M, Zhou B, Fan Q, Zhou X, Liao X, Lin J, Ma Z, Dong J, Wang H, 
Ge X, Ju B, Zhang Z (2023) Omicron variants escape the persistent 
SARS-CoV-2-specific antibody response in 2-year COVID-19 con-
valescents regardless of vaccination. Emerging Microbes & Infections 
12(1): е2151381. https://doi.org/10.1080/22221751.2022.2151381

Welsh RM, Selin LK, Szomolanyi-Tsuda E (2004) Immunological mem-
ory to viral infections. Annual Review of Immunology 22(1): 711–
743. https://doi.org/10.1146/annurev.immunol.22.012703.104527

Wherry EJ, Barouch DH (2022) T cell immunity to COVID-19 vaccines. 
Science 377(6608): 821–822. https://doi.org/10.1126/science.
add2897

Wrapp D, Wang N, Corbett KS, Goldsmith JA, Hsieh CL, Abiona O, 
Graham BS, McLellan JS (2020) Cryo-EM structure of the 2019-
nCoV spike in the prefusion conformation. Science 367(6483): 
1260–1263. https://doi.org/10.1126/science.abb2507

Yang R, Li X, Liu H, Zhen Y, Zhang X, Xiong Q, Luo Y, Gao C, Zeng 
W (2020) Chest CT severity score: an imaging tool for assessing se-
vere COVID-19. Radiology: Cardiothoracic Imaging 2(2): e200047. 
https://doi.org/10.1148/ryct.2020200047

Zhu Q, Xu Y, Wang T, Xie F (2022) Innate and adaptive immune response 
in SARS-CoV-2 infection-Current perspectives. Frontiers in Immu-
nology 13: е1053437. https://doi.org/10.3389/fimmu.2022.1053437

Zhuang Z, Lai X, Sun J, Chen Z, Zhang Z, Dai J, Liu D, Li Y, Li F, Wang Y, 
Zhu A, Wang J, Yang W, Huang J, Li X, Hu L, Wen L, Zhuo J, Zhang 
Y, Chen D, Li S, Huang S, Shi Y, Zheng K, Zhong N, Zhao J, Zhou D, 
Zhao J (2021) Mapping and role of T cell response in SARS-CoV-
2-infected mice. The Journal of Experimental Medicine 218(4): 
e20202187. https://doi.org/10.1084/jem.20202187

Zuo J, Dowell AC, Pearce H, Verma K, Long HM, Begum J, Aiano F, 
Amin-Chowdhury Z, Hoschler K, Brooks T, Taylor S, Hewson J, 
Hallis B, Stapley L, Borrow R, Linley E, Ahmad S, Parker B, Hors-
ley A, Amirthalingam G, Brown K, Ramsay ME, Ladhani S, Moss P 
(2021) Robust SARS-CoV-2-specific T cell immunity is maintained 
at 6 months following primary infection. Nature Immunology 22(5): 
620–626. https://doi.org/10.1038/s41590-021-00902-8

https://doi.org/10.1093/cid/ciac022
https://doi.org/10.1371/journal.pone.0245532
https://doi.org/10.1016/j.tim.2021.03.016
https://doi.org/10.1016/j.coi.2004.05.013
https://doi.org/10.1016/j.coi.2004.05.013
https://doi.org/10.1126/science.abg9175
https://doi.org/10.1038/s41586-021-03647-4
https://doi.org/10.1038/s41586-021-03647-4
https://doi.org/10.1016/j.jaci.2009.07.016
https://doi.org/10.1016/j.jaci.2009.07.016
https://doi.org/10.3390/v14020370
https://doi.org/10.1038/s41423-020-00530-6
https://doi.org/10.1038/s41423-020-00530-6
https://doi.org/10.1080/22221751.2022.2151381
https://doi.org/10.1146/annurev.immunol.22.012703.104527
https://doi.org/10.1126/science.add2897
https://doi.org/10.1126/science.add2897
https://doi.org/10.1126/science.abb2507
https://doi.org/10.1148/ryct.2020200047
https://doi.org/10.3389/fimmu.2022.1053437
https://doi.org/10.1084/jem.20202187
https://doi.org/10.1038/s41590-021-00902-8

	Immune response – genesis, duration, and strength in patients with moderate and severe coronavirus infection of different age groups
	Abstract
	Introduction
	Material and method
	Results
	Discussion and conclusions
	References

