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Abstract: Background: BNT162b2 represents the authorized mRNA vaccine against Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) causing Covid—-19. Methods: We conducted a
prospective, single-center observational study with 273 employees of a medical facility to determine
the efficacy and safety of the BNT162b2 third dose in relation to sex and BMI, and explore the
possible determinants of neutralizing IgG and 25-hydroxy (25-OH) vitamin D levels. Results: At
the median follow—up of 4.7 months, 38 of the participants had Covid-19 following vaccination. The
incidence of adverse events (AEs) was significantly higher in females vs. males (p < 0.0108) and
subjects with a high BMI of > 30 kg/m? vs. low BMI (p < 0.0117). The values of IgG were significantly
enhanced in males vs. females (p < 0.0004), participants with high BMI vs. low BMI (p < 0.0003), a
high number of 23 AEs vs. low number of AEs (p < 0.0003), and following infection with Covid-19
vs. without Covid-19 (p < 0.0005). Multivariate analysis (MVA) showed sex, BMI, number of AEs,
and Covid-19 to be of predictive significance. On the contrary, 25-OH vitamin D concentrations in
individuals with high vs. low BMI were significantly reduced (p < 0.0144) but this was not evident
in MVA. Conclusions: This study confirmed the high efficacy of BNT162b2 in real-world scenario
and revealed that its safety was affected by sex and BMI. Higher IgG levels suggesting better
protection against infection were present in males, participants with high BMI, a high frequency of
AEs, and those who overcame Covid-19 following vaccination.

Keywords: BNT162b2; efficacy; safety; neutralizing IgG antibodies; 25-hydroxyl vitamin D

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causing Covid-19 led to an
urgent need for preventive measures and vaccination especially in high-risk populations. Several
mRNA vaccines were developed and tested including BNT162b2, a lipid nanoparticle-formulated,
nucleoside-modified RNA vaccine encoding a SARS-CoV-2 Spike protein (S protein). BNT162b2 was
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authorized for medical use based on a large, placebo controlled, randomized phase 3 study, which
testified to the safety and efficacy of two 30-ug doses administered 21 days apart [1,2]. At a median
of 10.8 months after the second dose, a third dose of BNT162b2 was administered [3]. At a median
follow—up of 2.5 months, the third dose of mRNA vaccine resulted in 95.5% effectiveness against
Covid-19 without identification of any new safety signals.

Health—care facilities represent places with a high risk of acquiring infections and personal
protective equipment (PPE) combined with vaccination became the strongest tools for protection
against Covid-19. Real world data specifically confirmed the high efficacy of BNT162b2 in health—
care workers (HCWs) as reported in randomized trials for general populations [4]. Despite the high
effectiveness of the vaccine, new Covid-19 cases enhanced over time and as a result, the issue of
waning immunity arose. A prospective study involving vaccinated HCWs revealed a consistent
decline of correlating IgG and neutralizing antibody titers over a half year of follow—up. Six months
after the second vaccine dose administration, neutralizing antibodies were significantly lower in
males, individuals of 65 years and older, and those with immunosuppression [5]. Our previous
project [6] showed high BNT162b2 efficacy despite a rapid decline of IgG antibodies and a negative
cell-mediated immunity response in the majority of enrolled HCWs. At 6 months, IgG antibodies and
T cell activation had declined significantly in individuals with obesity.

Some authors speculate that vitamin D plays a complementary role in the efficacy of different
vaccines developed against Covid—19 because it activates Toll-2 receptors, increases the synthesis of
antimicrobial peptides and enzymes which degrade lysosomes in macrophages, and promotes
autophagy, enhancing innate immunity. Moreover, vitamin D, through activation of T-dependent B
cells, stimulates production of virus—specific IgG1 antibodies and interleukin 10 (IL-10), along with
T helper 17 cell suppression and improving THafp CD+ T lymphocytes [7]. In the case of viral
influenza infection, a meta—analysis investigating the influence of vitamin D deficiency on the sero—
protection and —conversion rates following vaccination, showed no significant associations [8]. When
considering the high prevalence of vitamin D deficiency in an apparently healthy Slovak population
[9], although having improved during Covid-19 pandemic probably due to higher supplementation
of vitamin D [10], our interest in the relationship between Covid-19, serum neutralizing IgG and
depleted levels of vitamin D in a vaccinated population became justified.

The purpose of the current study was to identify the efficacy of a third dose of BNT162b2 and its
safety according to sex and body mass index (BMI) in the real-world setting of a medical facility (the
National Cancer Institute, Bratislava, SK; NCI) and to explore plasma IgG antibodies and serum 25—
hydroxyl (25-OH) vitamin D concentrations following vaccination and to correlate these by sex, BMI,
number of adverse events (AEs), and the presence of Covid-19.

2. Methods

2.1. Study design, inclusion/exclusion criteria, study end points

This is a prospective, non-randomized, single—center observational study with the primary
objective of determining the effectiveness of the third dose BNT162b2 and its safety by sex and BMI
in a real-world scenario. Effectiveness was defined by the subsequent onset of Covid-19. Infection,
or its absence, was confirmed in the laboratory by rapid antigen, rapid antigen real-time reverse
transcriptase polymerase chain reaction (RT-PCR), RT-PCR, or loop-mediated isothermal
amplification (LAMP) tests. A secondary objective was to reveal possible differences in plasma
neutralizing IgG and serum 25-OH vitamin D following vaccination.

To be eligible for enrollment, participants had to be current employees of NCI, vaccinated with
three doses of BNT162b2, and > 18 years of age. Vitamin D supplementation and Covid-19 diagnosed
between second and third administration of the vaccine were exclusion criteria. The protocol and
amendments were reviewed by the Ethics committee of the NCI, the code of protocol was Covid19-
SK001. The trial was conducted in accordance with the International Council for Harmonization of
Good Clinical Practice Guidelines (ICH GCPG) and the principles of the Declaration of Helsinki. All
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participants provided written informed consent. Data relating to this study were entered by the
investigators into electronic data files and validated by an independent investigator.

2.2. Process of vaccination

All subjects were vaccinated at the NCI. The process of BNT162b2 handling was described
elsewhere [6] and all steps conform to the manufacturer’s recommendations and the product license.

2.3. 1gG neutralizing antibodies and vitamin (250H) D measurement

Blood samples were obtained from fasting participants by 6 mL vein puncture in the morning to
the BD Vacutainer® with citrate and tested by the Atellica® IM SARS-CoV-2 IgG (sCOVG), a two-
step sandwich immunoassay based on indirect chemiluminescent technology for the qualitative and
quantitative determination of IgG neutralizing antibodies to the receptor binding-domain (RBD) of
the S1 antigen of the SARS-CoV-2 [11]. Results were reported in index values as nonreactive < 1.00
index, which were negative for IgG, or reactive > 1.00 index considered positive for IgG. The analytical
measuring interval was of 0.5-150.0 index.

25-OH vitamin D was measured from blood samples taken to the 6 ml BD Vacutainer® SST™ II
Advance and the Cobas e 411 was used for analysis [12]. First, the blood sample (20 pl) was incubated
with pretreatment reagents to release 25-OH vitamin D from the vitamin D binding protein (VDBP).
Then, the pretreated sample was incubated with ruthenium labeled VDBP to form a complex between
the 25-OH vitamin D and the ruthenylated VDBP. The 24, 25-dihydroxy vitamin D present in the
sample was bound with a specific unlabeled antibody to inhibit cross-reactivity. Finally, after the
addition of streptavidin—coated micro—particles and 25-OH vitamin D labeled with biotin, the
unbound ruthenylated labeled VDBPs became occupied. A complex of the ruthenylated VDBP and
the biotinylated 25-OH vitamin D was formed and became bound to the solid phase via interaction
of biotin and streptavidin. The reaction mixture was aspirated into the measuring cell where the
microparticles were magnetically captured onto an electrode surface. The unbound substances were
then removed with ProCell/ProCell M and application of voltage to the electrode induced
chemiluminescent emission which was measured by a photomultiplier. Results in ng/ml were
determined via an instrument — specifically a calibration curve generated by 2—point calibration and
a master curve provided via the reagent barcode. 25-OH vitamin D concentrations were measured
in ng/ml and values of < 30 ng/ml were classified as vitamin D deficiency.

2.4. Statistical Analyses

The cutoff date for this study was March 20, 2022. For continuous variables, data were
summarized by mean + standard deviation (SD) and range, p values were calculated using the T test
for normally distributed values or the Wilcoxon-Mann-Whitney test for non—normally distributed
values. For categorical variables, data were summarized by frequency and p values were calculated
using x2 or Fisher’s exact test. Multivariate analysis (MVA) was carried out by multiple linear
regression. A p value of 0.05 was considered significant. All statistical analyses were performed using
NCSS 23 Statistical Software, Kaysville, UT, USA [13].

3. Results

3.1. Participants

Between October 2021 and March 2022, 273 eligible subjects who met the inclusion criteria were
enrolled into this study. Of these, 232 were HCWs (48 doctors, 103 nurses, 8 pharmacists, 52 medical
technicians, 1 psychologist, 2 physiotherapists, 18 other HCWs) and 41 were non-HCWs. Overall, the
majority were females (N = 233, 85.3%) and the median of BMI was 24.8 kg/m? (range 16.3 to 44.6
kg/m?). Fifty—three participants had a high BMI of > 30 kg/m?2. All individuals had been vaccinated
with 3 doses of BNT162b2. The median time from second to third dose of the vaccine was 8.5 months
(range 4.9 to 10.9 months). Baseline characteristics are showed in Table 1.
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Table 1. Characteristics of participants.

Study population N % Median Range
Overall 273 100.0

Age (years) 47 22 to 80

Sex
Male 40 14.7
Female 233 85.3
BMI (kg/m?) 24.8 16.3 to 44.6

<30 220 80.6
> 30 53 19.4

Abbreviations: N: number of participants; BMI: body mass index.

3.2. Effectiveness of vaccination

Thirty—eight participants contracted Covid-19 following vaccination. Therefore, the efficacy of
the BNT162b2 third dose was of 86.1% at the median follow—up of 4.7 months (range 2.9 to 5.0
months). In Slovakia during spring 2022, the predominant circulating SARS-CoV-2 strain was the
omicron variant (B.1.1.529). The median time from the BNT162b2 third dose to the diagnosis of
Covid-19 was 1.1 months (range 0.1 to 4.4 months) and all patients had a mild course of infection.

3.2. Adverse events following the third dose of the BNT162b2

At least one AE had 258 (94.5%) participants and the median number of BNT162b2 adverse
events (AEs) was 3 (range 0 to 13). Three or more AEs had one hundred and forty-three subjects
(52.4%) had three or more AEs.

Pain at the injection site, fatigue, and limb pain were most frequent and all AEs are summarized
in Tables 2 and 3. In addition, 17 participants reported other AEs possibly related to the vaccination
as herpes infection (3), shiver (3), vomitus (2), vomitus and diarrhea (1), diarrhea (1), tinnitus (1), dry
cough (1), abdominal pain (1), loss of appetite (1), lower back pain (1), tachycardia (1), and eyelid
edema (1). The median number of AEs was significantly higher in females compared to males (3.0 +
2.8 vs. 1.5 £2.6, p <0.0108) and in participants with high BMI compared to those with low BMI (4.0 +
3.0vs. 2.0 £2.8, p <0.0117). No serious AEs (SAEs) were reported.

Table 2. Adverse events of the third dose of the BNT162b2 by sex.

Females Females

Study population N % Males (N)  Males (%) 4
(N) (%)
Headache 62 227 56 24.0 6 15.0 <0.2086
Muscle pain 68 249 60 25.8 8 20.0 <0.4381
Joint pain 47 17.2 45 19.3 2 5.0 <0.0271
Injection site pain 200 73.3 175 75.1 25 62.5 <0.0967
Fatigue 120 44.0 105 45.1 15 37.5 <0.3741
Chills 55 20.1 49 21.0 6 15.0 <0.3806
Fever 51 18.7 43 18.5 8 20.0 <0.8172
Injectionsite 30 135 33 14.2 3 75 <0.2508
swelling
Nausea 25 9.2 22 9.4 3 7.5 <0.6946
Injectionssite g 106 27 11.6 2 5.0 <0.2125
redness
Lymphaticnodes ;) 18.0 5 125 0.3933
enlargement
Insomnia 19 7.0 15 6.4 4 10.0 <0.4143
Limb pain 90 33.0 84 36.1 6 15.0 <0.0091
Injection site itching 12 4.4 12 52 0 0.0 <0.1429
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Lethargy 23 8.4 32 13.7 3 7.5 <0.2769
Soreness 9 3.3 8 3.4 3 7.5 <0.2278

Abbreviations: N: number of participants.

Table 3. Adverse events of the third dose of the BNT162b2 by body mass index.

BMI<30 BMI<30 BMI=30 BMI=30

Study population N % ke/m? (N) kg/m? (%) ke/m? (N) kg/m? (%)
Headache 62 22.7 46 20.9 16 30.2 0.1485
Muscle pain 68 249 48 21.8 20 37.7 <0.0164
Joint pain 47 17.2 33 15.0 14 26.4 <0.0486
Injection site pain 200 73.3 160 72.7 40 75.5 <0.6859
Fatigue 120 44.0 91 41.4 29 54.7 <0.0793
Chills 55 20.1 41 18.6 14 26.4 <0.2059
Fever 51 18.7 41 18.6 10 18.9 <0.9691
Injection site swelling 36 13.2 24 10.9 12 22.6 0.0237
Nausea 25 9.2 20 9.1 5 94 <0.9382
Injection site redness 29 10.6 18 8.2 11 20.8 <0.0078
Lymphaticnodes 39 17.7 8 151 <0.6492
enlargement
Insomnia 19 7.0 14 6.4 5 9.4 <0.4313
Limb pain 90 33.0 70 31.8 20 37.7 <0.4116
Injection site itching 12 4.4 6 2.7 6 11.3 <0.0061
Lethargy 23 8.4 28 12.7 7 13.2 <0.9254
Soreness 9 3.3 10 4.5 1 1.9 <0.3778

Abbreviations: N: number of participants; BMI: body mass index.

Regarding sex, the incidence of joint pain and limb pain was statistically significantly higher in
females vs. males (p < 0.0271 and p < 0.0091, respectively; Table 2.). The participants with high BMI
more frequently reported muscle pain, joint pain, swelling, redness and itching at the injection site (p
<0.0164, p <0.0486, p = 0.0237, p < 0.0078, and p < 0.0061, respectively; Table 3.).

3.3. IgG and 25-OH vitamin D following vaccination

The median time to plasma IgG and serum 25-OH vitamin D measurement was 3.4 months
(range 2.1 to 4.8 months). Vitamin D deficiency (25-OH vitamin D serum concentrations of < 30
ng/ml) were present in 203 (74.4%) of participants. The medians of plasma IgG and serum 25-OH
vitamin D values were 114.9 index (range 4.7 to 150.0 index), and 24.21 ng/ml (range 7.3 to 62.1 ng/ml),
respectively.

Neutralizing IgG antibodies were significantly higher in males vs. females, in participants with
high BMI than low BM]I, in individuals with a high number of AEs of >3 vs. a low number of AEs, and
in patients testing positive for Covid-19 vs. individuals without Covid-19 (p <0.0004, p < 0.0001, p <
0.0003, and p < 0.0005, respectively; (Table 4, Figure 1).

Table 4. Plasma neutralizing IgG antibodies following the third dose of the BNT162b2.

Study population N Mean (index) 1:::;1; SD SEM p
Females 233 97.48 102.47 49.98 3.18
Males 40 126.99 150.00 39.37 7.68  <0.0004
BMI <30 kg/m? 220 96.25 91.12 50.47 3.26
BMI 230 kg/m? 53 124.84 150.00 38.44 6.65  <0.0001
Number of AEs <3 130 90.56 86.59 50.83 4.26

Number of AEs 23 143 112.03 150.00 46.35 4.06 <0.0003
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Without Covid-19 235 97.69 98.78 49.92 3.17
Covid-19 positive tested 38 127.27 150.00 39.52 7.89  <0.0005

Abbreviations: N: number of participants; BMI: body mass index; AEs: adverse events; SD: standard

deviation; SEM: standard error of mean.

Figure 1A Plasma neutralizing 1gG antibodies by sex
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Figure 1C. Plasma neutralizing IgG antibodies by number of AEs
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Figure 1D. Plasma neutralizing IgG antibodies by Covid-19 positive participants
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Figure 1. Plasma neutralizing IgG antibodies following the third dose of the BNT162b2 by sex (0—
females and 1-males; Figure 1A), body mass index (0-BMI < 30 kg/m? and 1-BMI > 30 kg/m? Figure
1B), number of adverse events (0—AEs < 3 and 1-AEs 2 3; Figure 1C), and Covid-19 positive
participants (0-no and 1-yes; Figure 1D).

MVA demonstrated the independent predictive significance of sex, BMI, number of AEs, and
Covid-19 for plasma concentrations of neutralizing IgG antibodies (p < 0.0001, p = 0.0095, p < 0.0001,
and p = 0.0001, respectively).

Following the third dose of the BNT162b2, the differences in 25-OH vitamin D levels were
insignificant between the sexes, among patients with high or low incidences of AEs, and those with
or without positivity for Covid-19.

However, participants with high BMI had significantly lower 25-OH vitamin D serum
concentrations than those with low BMI (p < 0.0144; Table 5, Figure 2). No independent predictive
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significance of sex, BMI, number of AEs, and Covid-19 for 25-OH vitamin D serum concentrations
was shown in MVA (p = 0.4090, p = 0.1901, p = 0.8960, and p = 0.0934, respectively).

Table 5. Serum 25-OH vitamin D following the third dose of the BNT162b2.

Mean Median

Study population (ng/ml) (ng/ml) SD SEM p
Females 233 25.57 24.23 10.36 0.67
Males 40 23.97 22.94 9.73 1.62 0.3718

BMI <30 kg/m? 220 26.05 24.79 10.35 0.69

BMI 230 kg/m? 53 22.38 21.46 9.45 1.40 <0.0145
Number of AEs <3 130 25.03 23.60 10.86 0.90

Number of AEs >3 143 25.61 24.23 9.72 0.86 <0.4812
Without Covid-19 235 25.74 24.23 10.54 0.67

Covid-19 positive tested 38 22.84 23.10 8.03 1.66 <0.2137

Abbreviations: N: number of participants; BMI: body mass index; AEs: adverse events; SD: standard
deviation; SEM: standard error of mean.

Figure 2. Serum 25-OH vitamin D by body mass index (BMI)
50

40 4
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Figure 2. Serum 25-OH vitamin D following the third dose of the BNT162b2 by body mass index (0
BMI < 30 kg/m? and 1-BMI > 30 kg/m?).

4. Discussion

In our prospective observational study, which included more than 270 participants, a third 30—
ug dose of BNT162b2 received at a median of 8.5 months after the second dose was effective-and safe.
The efficacy of vaccination was 86.1% and 94.5% of participants had at least one AE. Among the most
frequent AEs were injection site pain, referred to by 73.3% of participants, followed by fatigue (44.0%)
and limb pain (33.0%). In the overall study population, statistically significant differences emerged
in the incidence of pain (joints and limbs) in favor of males and pain (joints and muscles) with local
reactions at the injection site in terms of swelling, itching and redness in favor of participants with
low BMI. These observations corresponded with a significantly higher median number of adverse
events in females compared to males and in participants with high vs. low BMI.

The effectiveness of BNT162b2 was slightly lower than in the phase 3 study [3], in which the use
of the third dose of this vaccine was authorized for persons who were 16 years of age or older as
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increased protection against Covid-19. The lower efficacy found in our study could be explained by
the longer follow—up period and the circulation of a different predominant SARS-CoV-2 strain when
efficacy was evaluated. An important fact may also be that the majority of this study population was
represented by HCWs who are often more aware of clinically minor symptoms and signs that could
lead to more frequent testing for SARS-CoV-2, and thus to a higher proportion of Covid-19 cases
diagnosed. The higher overall incidence of AEs could also be explained by the structure of the study
population consisting mostly of HCWs who are better informed about AEs and have a greater
tendency to attribute newly developed difficulties to the administered vaccine.

The higher incidence of AEs in females than males and in those with high BMI compared to low
BMI could stem from recognized germ line encoded differences in the innate responses evident in
polymorphisms or variability in sex chromosomes and the autosomal genes encoding immunological
proteins. Among the intersex differences are the varying number and activity of innate immune cells,
CD4+, CD 8+ T and B lymphocyte subsets, the production of cytokines and chemokines. Finally,
hormonal mediators, sex steroids as estradiol, progesterone, and androgens, play an important role
in both innate and adaptive immunity. All these factors have an impact on vaccine efficacy. The effect
of environmental factors as nutrition and microbiota cannot also be dismissed [14]. Our results are
consistent with those of a meta—analysis which included 46 studies and showed higher rates of
adverse events in females rather than males following immunization after seasonal influenza vaccine
[15]. Differences in the incidence of adverse events following BNT162b2 mRNA vaccine in favor of
males were shown in a further meta—analysis conducted by Green et al. (16).

Furthermore, this study reveals statistically significant higher plasma neutralizing IgG
antibodies following the third vaccine dose measured at the median time of 3.4 months in males,
participants with high BMI and high number of AEs, and those with Covid-19. MVA showed all these
factors were independent predictors of IgG values. Data relating to sex as a predictor of humoral
immune response to vaccination are inconsistent. In some studies males emerged as low responders
[17,18] but others have failed to confirm such a correlation [19]. Papaioannidou ef al. did not establish
any significant relationship between BMI and IgG antibodies after two doses of the BNT162b2 vaccine
among HCWs in their hospital in Northern Greece [20]. However, in our previous paper on dynamics
of IgG following double BNT162b2 administration [6], we provided evidence of high vaccine efficacy
despite the rapid decline of plasma IgG and negative or borderline immune cell response in a specific
population of employees of a medical facility. Certain significant differences in IgG were identified
as being related to BMI, however these differences could have been a result of the small number of
subjects in some subgroups. The associations between SARS-CoV-2 IgG antibody titer and the
incidence of AEs following double vaccination with BNT162b2 [21] and greater IgG levels in
individuals who were infected after their booster mRNA vaccine compared to the uninfected subjects
[22] have been reported previously.

Covid-19 reduced mitochondrial bioenergy functions [23] and vaccination against SARS-CoV-
2 prevented the reduction of mitochondrial respiration and energy production in platelets [24], hence
hypothetical dysregulation in immune cell mitochondrial bioenergetics could constitute the
mechanism of differing plasma IgG levels following vaccination in SARS-CoV-2 infected vs. non—
infected participants within this study.

In our study, most participants suffered from vitamin D deficiency, defined as 25-OH vitamin
D serum concentrations of < 30 ng/ml, which reflected the fact that previous vitamin D
supplementation was an exclusion criterion and was fully compliant with a previously published
paper [9]. Despite the important roles of vitamin D in immunity, including interactions with innate
and adaptive immune cells, co-regulation of their differentiations [7], suppression of pro-
inflammatory cytokines [25], and induction of the transcription of the antimicrobial peptides
cathelicidin and defensin [26], we did not reveal any significant variances on 25-OH vitamin D
concentrations in serum related to sex, AEs, and the infection caused by SARS-CoV-2 following
vaccination. Even though the participants with low BMI had significantly higher 25-OH vitamin D
levels, the predictive value of BMI was not confirmed in MVA.
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The limitations of this study involve the lack of data on antibody levels prior to vaccination,
chronic health conditions and their treatments, the upper limit of analytical measuring interval of
150.0 index, and various methods for confirming the diagnosis of Covid-19 including rapid antigen,
rapid antigen RT-PCR, RT-PCR, and LAMP tests. However, our results brought real-world evidence
on efficacy and safety of a third dose of the BNT162b2 mRNA vaccine against SARS-CoV-2 in a
specific medical facility providing healthcare for patients with cancer diseases.

To conclude, this prospective, observational study confirmed the high effectiveness and safety
of a third dose of BNT162b2 in employees of a national cancer center. A greater incidence of vaccine—
related AEs was demonstrated in females and participants with high BMI. Furthermore, we revealed
the dependance of neutralizing IgG antibodies in plasma on several factors including sex, frequency
of vaccine adverse events, body mass index, and Covid-19 diagnosed following vaccination. As we
believe that IgG titers are of great importance against Covid-19 infection disease outbreak, the
knowledge obtained in this study could facilitate the setting up of vaccination programs and
adaptation of the vaccine dosage and/or dose interval according to the characteristics of individual
subjects.
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