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Abstract. Soon after the beginning of the severe acute respi‑
ratory syndrome coronavirus 2 (SARS‑CoV‑2) pandemic 
in December, 2019, numerous research teams, assisted by 
vast capital investments, achieved vaccine development in 
a fraction of time. However, almost 8 months following the 
initiation of the European vaccination programme, the need 
for prospective monitoring of the vaccine‑induced immune 
response, its determinants and related side‑effects remains 

a priority. The present study aimed to quantify the immune 
response following full vaccination with the BNT162b2 
coronavirus disease 2019 (COVID‑19) mRNA vaccine by 
measuring the levels of immunoglobulin G (IgG) titers in 
healthcare professionals. Moreover, common side‑effects 
and factors associated with IgG titers were identified. For 
this purpose, blood samples from 517  individuals were 
obtained and analysed. Blood sampling was performed at a 
mean period of 69.0±23.5 days following the second dose 
of the vaccine. SARS‑CoV‑2 IgG titers had an overall mean 
value of 4.23±2.76. Females had higher titers than males 
(4.44±2.70 and 3.89 ±2.84, respectively; P=0.007), while 
non‑smokers had higher titers than smokers (4.48±2.79 and 
3.80±2.64, respectively; P=0.003). An older age was also 
associated with lower antibody titers (P<0.001). Moreover, 
the six most prevalent adverse effects were pain at the 
injection site (72.1%), generalized fatigue (40.5%), malaise 
(36.3%), myalgia (31,0%), headache (25.8%) and dizzi‑
ness/weakness (21.6%). The present study demonstrated 
that the immune response after receiving the BNT162b2 
COVID‑19 mRNA vaccine is dependent on various modifi‑
able and non‑modifiable factors. Overall, the findings of the 
present study highlight two key aspects of the vaccination 
programs: First, the need for prospective immunosurveil‑
lance studies in order to estimate the duration of immunity, 
and second, the need to identify those individuals who are at 
a greater risk of developing low IgG titers in order to evaluate 
the need for a third dose of the vaccine.
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Introduction

Human coronaviruses have long been known to the scientific 
community since their first discovery in the 1960s; however, 
severe acute respiratory syndrome coronavirus 2 (SARS‑CoV‑2) 
is a new member of the Coronaviridae family  (1). These 
viruses have a zoonotic source, with bats being the presumed 
reservoirs (2,3). The disease caused by SARS‑CoV‑2 is known 
as the corona virus disease‑19 (COVID‑19) and was officially 
described in December, 2019 in Wuhan, China. Following 
intensive research on SARS‑CoV‑2 biology, it is now known 
that it expresses four structural proteins: Spike (S), nucleo‑
capsid (N), envelope (E) and membrane (M) proteins (4). It 
has been proven that among these four proteins, the S protein 
plays the most crucial role in SARS‑CoV‑2 infection, since 
it mediates viral attachment, fusion and entry into host cells. 
The S  protein consists of two domains, S1  and  S2, from 
which the S1 domain has been proven to mediate the initial 
binding to the angiotensin‑converting enzyme  2 (ACE2) 
receptor via its receptor binding domain (RBD) (5), while the 
C‑terminal subunit (S2 domain) entails the fusion of virus 
with the cellular membranes (6). It has been demonstrated that 
polyclonal antibodies that specifically targeted SARS‑CoV‑2 
S protein were able to inhibit SARS‑CoV‑2 entry into target 
human cells that expressed ACE2  (7). ACE2 is expressed 
on the cellular membrane of a variety of organs, including 
the lungs, kidneys, heart, arteries and cerebral cortex. Even 
though the primary manifestations of COVID‑19 arise from 
the respiratory system (namely pneumonia and acute respira‑
tory distress syndrome) (8), it is well known that COVID‑19 
also affects other systems, the majority of which express 
ACE2. Such extra‑respiratory manifestations may include 
neurological, gastrointestinal and cardiovascular dysfunc‑
tions (9‑12). Even though the majority of infected individuals 
will develop mild‑to‑moderate disease, a fraction of patients 
will be hospitalized in order to receive oxygen supplementa‑
tion and supportive therapy (13,14). In addition, some of these 
patients will require intensive care unit (ICU) admission and 
mechanical ventilation due to cardiorespiratory decompensa‑
tion. In fact, it has been well established that such cases are 
associated with a higher mortality rate (15).

As part of the global effort to halt the progression of 
SARS‑CoV2 and its negative impact on health, various 
vaccines have been developed, and under certain legislation, 
have been distributed for mass use. In Greece, the BNT162b2 
COVID‑19 mRNA vaccine was the first vaccine available 
and healthcare professionals were prioritized for vaccina‑
tion. Since the vaccine was developed and authorized under 
a conditional market authorization regime, safety and efficacy 
parameters, such as the duration of immunity, need to be 
closely monitored and examined (16). The aim of the present 
study was to examine the immune response to the BNT162b2 
COVID‑19 mRNA vaccine among healthcare professionals 
and to identify determinants of antibody titers.

In order to measure antibody titers [immunoglobulin (Ig)A,  
IgM and IgG], serological tests on whole blood, serum, 
plasma or saliva are usually performed. Some of these are 
qualitative, while others are semi‑quantitative and others 
quantitative (11,17,18). The present study utilized semi‑quan‑
titative ELISA in order to evaluate IgG titers in the serum of 

vaccinated individuals who have received two doses of the 
BNT162b2 COVID‑19 mRNA vaccine.

Subjects and methods

Population characteristics and sample collection. Healthcare 
professionals working at the Venizeleion General Hospital of 
Heraklion and the General Hospital of Ierapetra, (both located 
in Crete, Greece) were invited to participate in the present 
study through public announcements in each hospital. Sample 
collection was performed from March to June, 2021. The 
study was approved by the Ethics Committees and Scientific 
Councils of University Hospital of Heraklion (PAGNI), 
Venizeleion General Hospital of Heraklion, General Hospital 
of Ierapetra, and written informed consent was obtained from 
all participants. All samples generated by the present study 
were anonymized, and personal data were managed according 
to the EU General Data Protection Regulation (GDPR; 
https://gdpr‑info.eu/). Demographics and anthropometric char‑
acteristics were recorded using a questionnaire. The collected 
information included age, sex, weight, height and smoking 
habits. Additionally, the nutritional status of the participants 
was recorded based on a self‑report of any known deficiencies 
in vitamins (vitamin D, vitamin B12 and folic acid) and iron 
(Fe), since such deficiencies may be linked to an inadequate 
immune response (19,20). Furthermore, the use of immuno‑
modulatory substances (such as corticosteroids) and a medical 
history of any chronic disease were also recorded. Participants 
were asked to keep a diary of any adverse effects, using a 
predetermined list of 27 adverse effects that were stratified 
into five categories (localized symptoms, allergic reactions, 
neurological/sensory symptoms, cardio‑pulmonary and 
systemic symptoms). The exclusion criteria were the following: 
i) Individuals who had not received any dose of the BNT162b2 
COVID‑19 mRNA vaccine; ii) individuals who have received 
only the first dose of the vaccine; and iii) the unwillingness 
of the individual to participate in the study. In total, 517 indi‑
viduals were included, of which 319 reported the exact dates 
of their vaccinations. According to the medical history of the 
participants, no one had been affected by SARS‑CoV‑2 at the 
time of blood sampling.

Blood sampling was performed by obtaining 3 ml of 
venous blood. The sample was placed in vials and centrifuged 
for 10 min at 2,900 x g at room temperature in order to separate 
serum. All samples were kept at ‑20˚C until further analysis.

Sample analysis. The analysis of the samples was performed 
using ELISA with a semi‑quantitative ELISA test kit 
(BIO‑SHIELD, 2019‑nCoV IgG; cat. no.  C1148/C1196; 
Prognosis Biotech SA) for the determination of IgG anti‑
bodies against SARS‑CoV‑2 in the serum of individuals who 
had been fully vaccinated (two doses) with the BNT162b2 
COVID‑19 mRNA vaccine, as per the manufacturer's instruc‑
tions. The wells of the microtiter strips were coated with a 
mixture of different recombinant epitopes of SARS‑CoV‑2 
S protein, including the SARS‑CoV‑2 S protein. The diluted 
serum specimens, positive controls, cut‑off controls and nega‑
tive controls provided with the ELISA assay were added to 
the wells of the microtiter plate. The antibody isotypes against 
SARS‑CoV‑2 in the specimens or controls (if present) bind 
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to the coated recombinant S protein epitopes. Any unbound 
immunoglobulin was removed with a washing step. A detec‑
tion solution with the same mixture of recombinant epitopes 
of SARS‑CoV‑2 S protein, conjugated to HRP, provided with 
the ELISA assay was added and a double antigen sandwich 
system was formed. The detection reagent that did not react 
was removed by washing. A chromogen substrate was added 
to the wells resulting in the progressive development of a blue 
coloured complex with the detection reagent.

Colour development was then terminated by the addition 
of stop solution. The measurement was performed photometri‑
cally at 450 nm and the intensity of the produced coloured 
complex was proportional to antibodies present in the spec‑
imen. The presence of IgG against SARS‑CoV‑2 S protein 
in an individual specimen was determined by comparing the 
optical density of the specimen to the optical density of the 
cut‑off control.

According to the instructions provided with the assay, the 
recorded intra‑assay precision (% CV values) for one negative 
and three positive samples that were assayed 42 times were 
6.7% for the negative specimen and from 3.7 to 4.2% for the 
positive specimen, and the recorded inter‑assay precision 
(% CV values) for one negative and 3 positive samples assayed 
in 10 separate runs over 14 days were 7.1% for the negative 
and from 3.1 to 4.4% for the positive samples (according the 
assay brochure, version 2020‑04‑03/rev. 03, BIO‑SHIELD 

2019‑nCoV IgG). The results from the specimens are 
expressed by the ratio of specimen OD/cut‑off control mean 
OD. A specimen ratio <0.8 was considered as negative, a ratio 
between 0.8 and 1.0 was considered to be ‘equivocal’ and 
ratios r≥1 were considered as positive.

Statistical analysis. In order to evaluate the induced immune 
response from the two doses of the vaccine, antibody titers 
were evaluated in 517  individuals. Categorical variables 
were expressed as number (n) and percentage (%), while 
continuous variables as the mean ± SD and median. Due to the 
non‑normal distribution of SARS‑2‑COVID19 antibodies, a 
Mann‑Whitney test was applied for comparing antibody levels 
between two groups and a Kruskal‑Wallis test was applied for 
comparisons between more than two groups. The correlation 
between two variables was examined using Spearman's Rho. 
Multivariate linear regression analysis was applied to establish 
correlates of SARS‑CoV‑2 antibody titers, with demographics, 
time of sampling relative to vaccination and adverse/side 
effects being used as independent variables in the model. Bar 
charts and scatterplots were applied for data presentation. IBM 
SPSS Statistics 26.0 was used for data analysis (IBM Corp.). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Due to the self‑reported completion of the questionnaire, 
certain data on demographics, such as age (508 valid cases, 
98.2%) and body mass index (BMI; 481 valid cases, 93.0%) 
were not provided. Moreover, there was a marked number of 
missing values in the date of vaccination or in the question‑
naire completion, with 319 participants providing complete 
data for vaccination dates.

The demographics and anthropometric characteristics of 
the study participants are presented in Table I. The mean age 
was 47.7 years, ranging from 23 to 87 years, while the majority 
of the participants were 51‑60 years of age. Approximately 
two‑thirds of the participants were females. The distribution of 
BMI revealed that 4.9% of the individuals were underweight 
(<20 kg/m2), 36.6% were of normal weight (BMI ≥20 and 
<25 kg/m2), 32.4% were overweight (23%, ranging from 25 
up to 28 kg/m2 and 12% ranging from 28 to 30 kg/m2), while 
23.2% were obese (≥30 kg/m2). For the remaining 6.9% of the 
participants, no data for BMI were provided by the partici‑
pants. Smokers comprised 34.4% of the participants.

The data on the self‑reported nutritional status and the use 
of immunomodifiers are presented in Table SI. Vitamin D defi‑
ciency was the most prevalent deficiency reported, followed 
by Fe deficiency. The use of immunomodifiers was reported 
by 9.1% of the participants, from which 4.8% reported the 
use of corticosteroids. As regards the presence of chronic 
diseases among the participants, this was reported in only 
0.9% (Table SI).

The six most prevalent adverse effects were pain at the 
injection site (72.1%), generalized fatigue/discomfort (40.5%), 
malaise/sickness (36.3%), myalgia (31.0%), headache (25.8%) 
and dizziness/weakness (21.6%) (Fig. 1). Of note, less than 
one fifth of the participants did not report any adverse effects. 
The prevalence of adverse effects among participants, both 

Table I. Demographic and somatometric measures of the 
517 participants.

Characteristic	 Measurement values

Sex, n (%)	
  Female	 343 (66.3)
  Male	 174 (33.7)
Smoking status (yes), n (%)	 178 (34.4)
Age groups, divided in years, n (%)	
  ≤30	 56 (11.0)
  31‑40	 75 (14.8)
  41‑50	 130 (25.6)
  51‑60	 198 (39.0)
  ≥61	 49 (9.6)
Age, years; mean ± SD (range)	 47.7±11.6 (23‑87)
BMI groups (kg/m2), n (%)	
  <20	 24 (4.9)
  ≥20 and <25	 176 (36.6)
  ≥25 and <28	 111 (23.1)
  ≥28 and <30	 58 (12.1 )
  ≥30	 112 (23.2)
BMI (kg/m2); mean ± SD (range)	 26.7±5.0 (17.4‑59.3)
Weight (kg)	 75.4±16.9 (45.5‑190)
Height (m)	 1.68±0.09 (1.49‑2.00)

Age was registered for 508 cases and BMI for 481 cases. BMI, body 
mass index. 
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separately for each effect and for each category of effects is 
presented in Table SII.

The SARS‑CoV‑2 antibody titers ranged from 0.26 to 14.16, 
with a mean value of 4.23±2.76. The scatterplot illustrated in 
Fig. 2 presents the measurements of the whole study group 
(517 participants) performed using ELISA. The mean ± 2SD 

value indicates the limits of estimated SARS‑CoV‑2 anti‑
bodies at 9.75. Out of the 517 individuals that were included, 
198 (38.3%) did not report one or both dates of their vaccina‑
tion with the BNT162b2 COVID‑19 mRNA vaccine. However, 
a comparison of the mean value of the IgG titer of the group 
with known vaccination dates (319 participants) (4.43±2.84) 

Figure 1. Categorization of symptoms and prevalence of each symptom for the 517 participants in the present study.

Figure 2. The mean levels and their normal limits (mean ± SD, mean ± 2SD) of the anti‑SARS‑CoV‑2 IgG antibodies. Blue dots refer to antibodies with an 
unknown date of vaccination and green dots to the known dates of vaccination.
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labelled with green non‑solid dots vs. the mean value of the 
whole group (all 517 participants) did not exhibit any statisti‑
cally significant difference (P=0.339).

The time (days) of blood sampling post‑vaccination ranged 
from 0 to 117 days with a mean period of 69.0±23.5 days.  statis‑
tically significant negative correlation was found between 

the antibody titers from all cases (Rho=‑0.318, P<0.001; 
black line), while for the time post‑vaccination in 319 cases 
exhibited a similar association (Rho=‑0.323, P<0.001; green 
line). However, no statistically significant correlation was 
found between the antibody titers in participants whose blood 
samples were obtained <3 weeks post‑vaccination after the 

Table II. SARS‑CoV‑2 antibody titers according to demographics, anthropometric variables and smoking status.

	 SARS‑CoV‑2 antibody titers
	 -------------------------------------------------------------------------------------------------------------------
Characteristic	 Mean	 SD	 Median	 P‑value

Sex				      0.007a

  Female	 4.44	 2.70	 3.97	
  Male	 3.89	 2.84	 3.28	
Age groups, divided in years				    <0.001b

  ≤30	 5.45	 2.97	 5.42	
  31‑40	 4.43	 2.91	 3.68	
  41‑50	 4.42	 2.70	 3.70	
  51‑60	 3.94	 2.65	 3.37	
  ≥61	 3.23	 2.42	 2.57	
BMI groups (k/m2)				      0.063b

  <20	 4.84	 3.16	 3.90	
  ≥20 and <25	 4.41	 2.56	 4.06	
  ≥25 and <28	 3.95	 2.62	 3.45	
  ≥28 and <30	 3.53	 2.69	 2.89	
  ≥30	 4.15	 2.92	 3.63	
Smoking status				      0.003a

  No	 4.48	 2.79	 4.01	
  Yes	 3.80	 2.64	 2.98	

P‑values were obtained using the aMann‑Whitney test or bKruskal‑Wallis test.

Figure 3. Scatterplot with correlation lines for the 319 cases of anti‑SARS‑CoV‑2 IgG titers for whom both vaccination dates were known (black line). Data 
were additionally divided into two time groups: ≤3 weeks (phase of ‘developing’ antibodies, blue line; and >3 weeks, green line).
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final dose of the vaccine (Rho=0.321, P=0.155) (blue line) 
(Fig. 3).

The SARS‑CoV‑2 antibody titers according to demo‑
graphics, anthropometric variables and smoking status are 
presented in Table  II. Females had higher antibody titers 
(4.44±2.70) compared with males (3.89±2.84; P=0.007). 
Statistically significant differences were also observed 
between non‑smokers (4.48±2.79) and smokers (3.80±2.64; 
P=0.003). An older age was also associated with lower anti‑
body titers (P<0.001). No statistically significant differences 
in antibody titers was observed among the different BMI 
groups. As regards the self‑reported vitamin D, B12, folic acid 
and Fe deficiency, no significant differences were observed in 
the antibody titers. In addition, the titers of patients who used 
immunomodifiers did not markedly differ from that of the 
general population titer (all P>0.050) (Table III).

The antibody titers according to the self‑reported adverse 
effects post‑vaccination are presented in Table IV. Participants 
reporting any adverse effects had higher titers compared with 
those reporting no effects (P=0.002). A similar observation was 
made for participants with systemic adverse effects compared 
with those having no systemic adverse effects (P=0.001). 
Higher antibody titers were found in participants who expe‑
rienced redness at the injection site (4.72±2.78, P=0.047, 
discomfort (4.57±2.85 P=0.015), headache (4,87±2,86, 
P=0.001), myalgia 4.81±2.99, P=0.003) and sickness/malaise 
(4.58±2.69; P=0.007), chilling and fever compared with those 
who reported none of the aforementioned symptoms.

From the multivariate linear regression analysis (Table V), 
age and time (days) of sampling post‑vaccination were nega‑
tively associated with antibody titers. Myalgia was positively 
associated with antibody titers.

Discussion

SARS‑CoV‑2 has become one of the most pronounced health 
challenges of the 21st century, affecting not only the global 

healthcare systems, but the socioeconomic systems as well. 
In order to halt its progression and protect those individuals 
who are at a high risk of developing severe COVID‑19 infec‑
tion, national authorities implemented a series of emergency 
measures among which were restrictions in transportation, 
socialization and periodic lockdowns (21,22). Despite certain 
transient improvements in infection rates, these measures 
had major side‑effects, such as the economic stagnation and 
social/psychological impairment that numerous individuals 
experienced (23). In order to address these issues, considerable 
investments in human and financial resources have been made 
in order to identify a solution that will allow a safe, rapid and 
permanent return to normality (24).

In the absence of specific pharmacotherapy  (25‑29), 
vaccines are expected to play an important role in 
suppressing the COVID‑19 pandemic (30). Several vaccine 
platforms have been tested, such as those containing protein 
subunits, virus‑like particles, DNA or RNA sequences, 
non‑replicating viral vectors, replicating viral vectors, inac‑
tivated SARS‑CoV‑2 and live attenuated SARS‑CoV‑2 (31). 
To date, 297 vaccines are in development; 112  are 
currently undergoing clinical testing (https://www.who.
int/publications/m/item/draft‑landscape‑of‑covid‑19‑candidate- 
vaccines) (45 in phase 3 clinical trials https://covid19.trackvac‑
cines.org/vaccines/) and 22 have received authorization by at 
least one country (https://covid19.trackvaccines.org/trials‑vacc
ines‑by‑country/#trials); however, only four are widely autho‑
rized for emergency use (https://www.covid‑19vaccinetracker.
org/). One of the first vaccines that was authorized for emer‑
gency use was the BNT162b2 COVID‑19 mRNA vaccine (32). 
It contains mRNA that encodes the S protein, a trimeric trans‑
membrane glycoprotein located on the surface of the virus 
that plays a key role in viral entry into host cells. The mRNA 
is encapsulated in a lipid nanoparticle in order to protect it 
from degradation before entering the target cells. Following 
injection, the nanoparticles fuse with the target cell membrane 
and release the mRNA in the cytoplasm where it is translated 

Table III. Antibody titers according to nutritional status, the use of immunosuppressants and corticosteroids (data retrieved from 
self‑reported questionnaire).

	 SARS‑CoV‑2 antibody titers
	 --------------------------------------------------------------------------------------------------------------------------------------------------------------------------
	 No	 Yes
	 ------------------------------------------------------------------------------	 -------------------------------------------------------------------------
Variables	 Mean	 SD	 Median	 Mean	 SD	 Median	 P‑value

Deficiency							     
  Fe	 4.20	 2.76	 3.64	 4.66	 2.87	 4.00	 0.180
  Vitamin D	 4.35	 2.86	 3.79	 4.06	 2.57	 3.52	 0.489
  Vitamin B12	 4.29	 2.84	 3.60	 4.16	 2.44	 3.90	 0.947
  Folic acid	 4.31	 2.79	 3.73	 4.07	 2.87	 3.33	 0.536
Use of							     
  Immunosuppressants	 4.27	 2.76	 3.68	 3.56	 3.05	 2.78	 0.134
  Corticosteroids	 4.29	 2.78	 3.68	 3.21	 2.30	 2.44	 0.064

P‑values were obtained using the Mann‑Whitney test. Fe, iron.
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into S protein. Subsequently, the cell projects the protein on 
to its surface, which results in the development of an immune 
response and the production of antibodies (33).

In Greece, the vaccination program against SARS‑CoV‑2 
was initiated on December 27, 2020 with the first vaccine avail‑
able for use being the BNT162b2 COVID‑19 mRNA vaccine. 
Since then, three more vaccines, namely Ad26.COV2.S (34), 
mRNA‑1273  (35), ChAdOx1 nCoV‑19  (36), became avail‑
able, accelerating the progress of the vaccination program 
and achieving >5.5 million vaccinations as of July,  2021 
(https://emvolio.gov.gr/; accessed August 20, 2021). However, 
a major issue of anti‑SARS‑CoV‑2 vaccination that is not yet 
fully understood is the levels of anti‑SARS‑CoV‑2 antibody 
titers following complete vaccination, and the various param‑
eters that may affect this. The present study demonstrates that 
the IgG antibody titers induced by the BNT162b2 COVID‑19 

mRNA vaccine are significantly dependent on and corre‑
lated with both modifiable and non‑modifiable parameters. 
Non‑modifiable parameters include: i) Age, with younger adults 
developing higher IgG titers than older adults; and ii) sex, with 
females developing higher titers than males. Moreover, the 
presence of any systemic or non‑systemic symptoms following 
inoculation was associated with higher antibody titers. On 
the other hand, among the modifiable parameters that were 
proven to affect antibody titers is the smoking habit, with 
non‑smokers having higher IgG titers than smokers (37). In 
addition, the time of sampling after the second vaccine dose 
appeared to negatively correlate with antibody titers starting 
from the third week post‑vaccination. This suggests that moni‑
toring for a potential decrease in the immune response should 
be performed at 3 weeks post‑vaccination. These findings are 
of utmost importance, since they suggest that those individuals 

Table IV. Antibody titers according to self‑reported adverse effects post‑vaccination.

	 SARS‑CoV‑2 antibody titers
	 ----------------------------------------------------------------------------------------------------------
	 No	 Yes
	 -------------------------------------------	 -------------------------------------------
Adverse effects	 Mean	 SD	 Mean	 SD	 P‑value

Any symptom	 3.47	 2.47	 4.41	 2.79	 0.002
Regional	 3.94	 2.77	 4.37	 2.76	 0.087
Neuro/sensory	 4.17	 2.78	 4.54	 2.73	 0.146
Cardio/‑respiratory	 4.28	 2.77	 3.97	 2.79	 0.492
Systemic 	 3.79	 2.61	 4.57	 2.82	 0.001
  Allergic reactions (generalized rash, anaphylaxis,	 4.27	 2.77	 3.61	 2.54	 0.621
  facial or throat swelling)
Regional (at injection site)					   
  Pain	 3.93	 2.76	 4.37	 2.78	 0.074
  Swelling	 4.11	 2.68	 4.76	 3.05	 0.104
  Redness	 4.16	 2.76	 4.72	 2.78	 0.047
Neuro/sensory					   
  Nausea	 4.14	 2.72	 5.19	 2.99	 0.053
  Dizziness/weakness	 4.15	 2.75	 4.44	 2.74	 0.297
Cardio‑respiratory					   
  Tachycardia	 4.24	 2.74	 3.62	 2.89	 0.181
  Heart palpitations	 4.25	 2.77	 4.60	 2.79	 0.526
Systemic reactions					   
  Discomfort	 3.96	 2.65	 4.57	 2.85	 0.015
  Headache	 3.98	 2.67	 4.87	 2.86	 0.001
  Myalgia/muscle pain	 3.95	 2.59	 4.81	 2.99	 0.003
  Gastrointestinal disorders	 4.17	 2.73	 4.93	 3.07	 0.214
  Malaise	 4.00	 2.76	 4.58	 2.69	 0.007
  Chills	 3.98	 2.62	 5.19	 3.07	 0.001
  Fever	 4.08	 2.71	 5.21	 2.86	 0.004
  Arthralgia	 4.14	 2.72	 4.60	 2.88	 0.186
  Lymphadenopathy	 4.17	 2.75	 5.10	 2.61	 0.085
  Insomnia	 4.18	 2.74	 4.92	 2.94	 0.316

P‑values were obtained using the Mann‑Whitney test.
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who are at a greater risk of developing severe COVID‑19 
infection (older individuals, smokers) are in fact the same 
individuals who will not develop high titers of IgG antibodies. 
These individuals may thus be vulnerable for SARS‑CoV‑2 
infection despite immunization or their immunization may 
last as long as that of other individuals. However, even though 
some studies have suggested that IgG titers in vaccinated 
individuals decline over time, the exact rate of this decline in 
IgG titers or the critical titer level up to which they can still be 
considered as adequately protected from infection and disease, 
remain unclear (38). At this point, it should be emphasized that 
the immune system may produce a series of antibody variants, 
each with a different neutralizing capacity, depending on the 
exact target‑epitope (39‑42).

Notably, a multicenter, perspective study (named 
CRO‑VAX HCP) was conducted recently in Belgium on 200 
subjects having received the BNT162b2 mRNA COVID‑19 
vaccine, aiming to assess the antibody response (41). To this 
end, antibodies against the SARS‑CoV‑2 nucleocapsid and 
SARS‑CoV‑2 S protein were measured in different time points, 
ranging from 14 to 90 days. Of note, a significant decrease 
in antibody titers was observed at 3 months compared with 
the peak response, with the antibody response being higher 
in seropositive compared with initially seronegative partici‑
pants  (41). A second study was also performed, enrolling 
a homogenous healthcare workers group in Romania, in 
an attempt to investigate the immunity status of subjects 
having received the BNT162b2 mRNA COVID‑19 vaccine 
as well (42). In this framework, it was found that following 
the first vaccination dose, the IgG levels in non‑infected 
subjects exhibited an increase of ~12‑fold in males and one 
of ~11‑fold in females; however, following the second round 
of vaccination, the IgG levels increased 1.33‑fold in males 

and 2.11‑fold in females, when compared with those after the 
first dose (42). Importantly, in that study, the most prevalent 
adverse effects observed were pain at the injection site and 
flu‑like symptoms, which are in accordance with the findings 
of the present study. Moreover, in another study that involved 
203 patients who had recovered from SARS‑CoV‑2 infection 
in Denmark, broad serological profiles within the cohort were 
reported, with the majority of patients having robust adaptive 
immune responses regardless of their disease severity (43). 
Of note, the viral surface spike protein was identified as the 
dominant target for both neutralizing antibodies and CD8+ 
T‑cell responses.

In conclusion, crucial questions remain to be answered as 
regards the duration of immunity post‑vaccination. The find‑
ings of the present study highlight the need for more effective 
and detailed immunosurveillance programs. Such programs 
are required to focus on those individuals that the present 
study identified and to closely monitor their IgG titers in order 
to identify in an early stage when they should receive a third 
dose of the vaccine.
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Table V. Multivariate linear regression analysis of antibody titer sampling post‑vaccination.

	 SARS‑CoV‑2 antibody titers
	 -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
	 Unstandardised	 Standardised
	 -------------------------------------------------------------------------------------------------------------	 ----------------------------
Variables	 β	 95% LL	 95% UL	 β	 P‑value

Age	 ‑0.064	 ‑0.091	 ‑0.038	 ‑0.268	 <0.001
Sex	 ‑0.074	 ‑0.750	  0.601	 ‑0.012	   0.829
Smoking status	 ‑0.574	 ‑1.211	  0.063	 ‑0.096	   0.077
Days after 2nd dose	 ‑0.040	 ‑0.053	 ‑0.027	 ‑0.331	 <0.001
Redness	  0.132	 ‑0.694	  0.957	  0.017	   0.754
Discomfort	 ‑0.194	 ‑1.015	  0.626	 ‑0.034	   0.641
Headache	 ‑0.056	 ‑0.775	  0.662	 ‑0.009	   0.878
Myalgia/muscle pain	 0.821	  0.004	  1.638	  0.134	   0.049
Malaise	 ‑0.038	 ‑0.852	  0.775	 ‑0.006	   0.926
Chills	  0.010	 ‑0.907	  0.927	  0.001	   0.983
Fever	  0.606	 ‑0.496	  1.708	  0.068	   0.280

Standardised and unstandardized beta with 95% coefficients are presented, estimated after applying multivariate linear regression using 
SARS2‑COVID‑19 antibodies as dependent and demographics, smoking status, time of sample collection post‑vaccination and adverse effects 
as explanatory variables. LL, lower limit; UL, upper limit of 95% coefficients. 
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