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Background: Since the introduction of various vaccines against SARS-CoV-2 at the end
of 2020, infection rates have continued to climb worldwide. This led to the establishment
of a third dose vaccination in several countries, known as a booster. To date, there has
been little real-world data about the immunological effect of this strategy.

Methods:We compared the humoral- and cellular immune response before and after the
third dose of BioNTech/Pfizer vaccine BNT162b2, following different prime-boost regimen
in a prospective observational study. Humoral immunity was assessed by determining
anti-SARS-CoV-2 binding antibodies using a standardized quantitative assay. In addition,
neutralizing antibodies were measured using a commercial surrogate ELISA-assay.
Interferon-gamma release was measured after stimulating blood-cells with SARS-CoV-
2 specific peptides using a commercial assay to evaluate the cellular immune response.

Results: We included 243 health-care workers who provided blood samples and
questionnaires pre- and post- third vaccination. The median antibody level increased
significantly after the third vaccination dose to 2663.1 BAU/ml vs. 101.4 BAU/ml (p <
0.001) before administration of the booster dose. This was also detected for neutralizing
antibodies with a binding inhibition of 99.68% ± 0.36% vs. 69.06% ± 19.88% after the
second dose (p < 0.001). 96.3% of the participants showed a detectable T-cell-response
after the booster dose with a mean interferon-gamma level of 2207.07 mIU/ml ± 1905
mIU/ml.

Conclusion: This study detected a BMI-dependent antibody increase after the third dose
of BNT162b2 following different vaccination protocols. All participants showed a
significant increase in their immune response. This, in combination with the low rate of
post-vaccination-symptoms underlines the potential beneficial effect of a BNT162b2-
booster dose.
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1 INTRODUCTION

Following an initially flattened curve of COVID-19 infections,
due to vaccination campaigns all over the world, there came a
subsequent resurgence of COVID-19 infections worldwide (1).
New variants of SARS-CoV-2 (2, 3) and decreasing immunity
after vaccination over time (4, 5), have caused an increased rate
of infection and hospitalization even in vaccinated individuals
(1). A well-established approach to handle the so-called
secondary vaccine failure, is the use of a booster dose – an
additional vaccine dose after the initial round of immunization
(1, 6). The effectiveness of a third dose of BioNTech/Pfizer
vaccine was suggested by several studies (7–9). Therefore, after
approval by the regulatory authorities in US (10) and in the
European Union (11), several countries such as Israel, USA,
UK and Germany, initiated a vaccination program for
administration of a third dose in vulnerable groups at least 5
months after a complete initial course of vaccination (1, 12). The
effect of this third dose on the immune response and the
resulting protective effects have been analyzed in several
registry and clinical studies (1, 9, 13, 14).

As the impact of different vaccines on the immune system
varies, considering both cellular and humoral immunity is
crucial. The detected levels of neutralizing antibodies have
been shown to be higher after administration of the BioNTech/
Pfizer vaccine BNT162b2 than those after receiving the
AstraZeneca vaccine ChAdOx1, although this could not be
shown for T-cell responses (15). These differences have led to
discussion regarding potential benefit from a heterologous
vaccination strategy (15–18).

We aimed to evaluate the humoral- and cellular immune
response after a third booster-dose of BNT162b2. The booster
dose was given following an initial administration of either two
doses of BNT162b2 (Group 1), two doses of ChAdOx1 (Group 2)
or cross-vaccination of BNT162b2+ChAdOx1 (Group 3) in a
real-world setting analyzing one of the most important groups in
this global pandemic – health care workers.
2 METHODS

2.1 Study Design
In this study we evaluated the effect of administration of a third
dose of BioNTech/Pfizer mRNA vaccine BNT162b2, within a
longitudinal study in health care workers initiated in April 2020
(19). All employees of the Hospital Reinbek St. Adolf-Stift, a
secondary care hospital located in Northern Germany, were
eligible to participate in the study. The vaccination program
for employees was established in December 2020. At the end of
October 2021, the Robert-Koch-Institute recommended
administration of a third dose in specific groups (20).
Following this recommendation, beginning in November 2021
all employees who had received their second vaccination more
than 6 months prior, were invited for a third booster-dose. In
order to have a reference value for the determination of the
booster-effect, blood samples were initially collected and
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analyzed before the administration of the third vaccine dose on
November 13th – 14th 2021 (4).

To evaluate the efficiency of the third dose, all participants
were asked to provide an additional blood sample and complete a
questionnaire 4 weeks after the booster-vaccination (December
13th – 14th 2021).

2.2 Vaccination Protocol
The vaccination program for employees was established in
December 2020. The vaccination was administered using either
the mRNA vaccine of BioNTech/Pfizer or the vector-vaccine
from AstraZeneca. This was necessary to ensure a timely
vaccination for all employees. Both vaccines use the prime-
boost protocol and the second dose of BNT162b2 was
administered 42 days after the primary dose whereas the
second dose of AstraZeneca was given 70 days later in
accordance with the Robert-Koch-Institute. Due to the
recommendations of the national regulatory board at the
Robert-Koch-Institute, a heterogeneous vaccination was offered
to all participants after a primary vaccination with a vector-
based vaccine.

2.3 Anti-SARS-CoV-2-IgG Antibodies
The anti-SARS-CoV-2-IgG Antibody-titer was expressed in
Binding Antibody Units per ml (BAU/ml) to stay in
accordance with the WHO standard. Antibodies were
determined by using a fully automated quantitative anti-SARS-
CoV-2-assay (IgG) from Abbott (Chicago, USA). This is a
chemiluminescent microparticle immunoassay (CMIA) which
measures the IgG antibodies against the spike receptor-binding
domain (RBD) of SARS-CoV-2. As recommended by the
manufacturer, a value below 7.1 BAU/ml was determined to be
negative whereas values ≥ 7.1 BAU/ml were determined to
be positive.

2.4 Neutralizing Antibodies Against
SARS-CoV-2
To evaluate the neutralizing anti-SARS-CoV-2 antibodies, all
samples were additionally tested using the NeutraLISA™ SARS-
CoV-2 Neutralization Antibody Detection KIT (Euroimmun,
Lübeck, Germany). Results were presented in binding inhibition,
where values ≥ 35% were considered positive. In contrast to the
widely established neutralization assays using cell-cultures, this
ELISA-based surrogate assay can be easily be performed in all
laboratories and has showed a good correlation to the known
cell-culture based assays (21). Even a selective testing against new
variants is not possible in the used ELISA-based assay, in silico
analyses according to the manufacturer’s instructions, suggest
strongly that the CE marked test system used in the present study
will not be negatively impaired by variants such as Omicron (22).

2.5 T-Cell-Response
In addition to the humoral immune response, the cellular
immunity to SARS-CoV-2 was also assessed using the Quan-
T-cell SARS-CoV-2 kit (Euroimmung, Lübeck, Germany)
working as an Interferon-gamma release assay (IGRA). The
analysis for this Quan-T-cell test was performed as previously
July 2022 | Volume 13 | Article 896151
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reported (4). IFN-gamma concentration was expressed as mIU/
ml. Values ≥ 200 mIU/ml were considered positive

2.6 Questionnaire
In the initial phase of this study in April 2020, participants
completed a questionnaire regarding their medical history,
including current medication and smoking habits. Before and
after administration of the third dose of vaccine, all participants
were asked to complete a questionnaire regarding their prior
vaccinations, current smoking behaviors, and in addition after
the third vaccination dose, possible side effects related to the
booster dose. Specifically, participants were questioned about
localized symptoms (local pain, lymphadenopathy) and systemic
symptoms, such as fever or fatigue.

This study was conducted in accordance with the Declaration
of Helsinki. All participants provided written and informed
consent before inclusion. This study was prospectively registered
at the German Clinical Trial Register (DRKS00021270) after
approval by the Ethics Committee of the Medical Association
Schleswig-Holstein.

2.7 Statistical Analysis
All variables are presented as means or medians with standard
deviation or interquartile range. Categorical variables are shown
as numbers with percentages. Statistical analysis was made using
IBM SPSS Statistics Version 25 (IBM Co., Armonk, NY, USA). In
addition, GraphPad Prism 9 was used for graphics.

Relationships between categorial variables were tested using the
Chi-square test or theFisher’s exact test, dependingon the sizeof the
groups. Inter-group differences were analyzed using Mann-
Whitney-U test or Kruskal-Wallis-test reporting the mean with
standard deviation. Pre- and post-third dose antibody and INF-
gamma levels were compared using Wilcoxon sign rank test. A p-
value < 0.05 was considered statistically significant.
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To investigate the joint effect of age, sex, body mass index
(BMI) and current smoking on the relative increase of antibody-
level, a linear regression analysis was performed to take the
antibody level before booster into account. The IgG-levels had a
skewed distribution and was logarithmized for the regression
analysis yielding an approximately normal distribution. As the
dependent variable, the difference of the logarithmized IgG-levels
after and before booster was used. The backward selection
method was used to determine the final model.
3 RESULTS

Before administration of the third vaccine-dose, 310 participants
provided a blood specimen, of which 243 resubmitted a blood
sample and completed questionnaire exactly 4 weeks after the
booster dose (follow-up-rate 78.39%).

The participants included 59 (24.3%) male and 184 (75.7%)
female participants with a mean age of 46.33 ± 11.44 years. The
characteristics of the study cohort are described in Table 1,
grouped according to their initial vaccination protocol.

All participants received abooster dose of BNT162b2, irrespective
of their primary vaccination protocol. The participants included 179
(73.7%) individuals who had previously received two doses of
BNT162b2 (Group 1), 50 (20.6%) individuals who had received
heterologous vaccinationswithBNT162b2+ChAdOx1 (Group2), 12
(4.9%) individuals who were double vaccinated with ChAdOx1
(Group 3), and 2 (0.8%) individuals who had a natural SARS-CoV-
2 infection followed by a single dose of BNT162b2.

3.1 Whole Study Cohort
3.1.1 Anti SARS-CoV-2-IgG Binding Antibodies
Prior to the booster dose, all participants still showed an
antibody level above the manufacturer’s cutoff (> 7.1 BAU/ml).
TABLE 1 | Characteristics of the study cohort (n = 243).

All (n = 243) Group 1 (n = 179) Group 2 (n = 50) Group 3 (n = 12)

Age, M ± SD [years] 46.33 ± 11.44 46.52 ± 10.99 43.94 ± 12.13 51.50 ± 13.62
Sex, n (%)
Male 59 (24.3) 45 (25.1) 11 (22.0) 2 (16.7)
Female 184 (75.7) 134 (74.9) 39 (78.0) 10 (83.3)

BMI, M ± SD [kg/m2] 25.95 ± 5.02 26.00 ± 5.08 26.47 ± 5.09 23.57 ± 3.20
Smoking, n (%) 56 (23.0) 47 (26.3) 8 (16.0) 1 (8.3)
Comorbidities, n (%)
Cardiac 44 (18.1) 33 (18.4) 8 (16.0) 3 (25.0)
Pulmonary 20 (8.2) 13 (7.3) 5 (10.0) 2 (16.7)
Metabolic 39 (16.0) 30 (16.8) 7 (14.0) 2 (16.7)
Immunologic 7 (2.9) 6 (3.4) 1 (2.0) 0 (0)

Other 50 (20.6) 39 (21.8) 8 (16.0) 3 (25.0)
Reaction after booster, n (%) 189 (77.8) 139 (77.7) 40 (80.0) 8 (66.7)
Local pain 147 (60.5) 109 (60.9) 31 (62.0) 5 (41.7)
Headache 49 (20.2) 32 (17.9) 13 (26.0) 4 (33.3)
Fatigue 91 (37.4) 61 (34.1) 26 (52.0) 3 (25.0)
Fever 30 (12.3) 21 (11.7) 9 (18.0) 0 (0)
Limb pain 47 (19.3) 34 (19.0) 10 (20.0) 3 (25.0)
Lymphadenopathy 12 (4.9) 11 (6.1) 0 (0) 1 (8.3)
July 2022 | Volume 1
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Two participants (1 male, 1 female) have had a different immunization protocol and are therefore not represented in one of the groups above.
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The median antibody level increased significantly after the third
dose, when the whole study cohort was considered (2663.1, IQR
1700.7-4180.9 vs. 101.4, IQR 60.6-163.6; p < 0.001). All
individuals showed increased antibody-levels with a median
increase of 2539.55, IQR 1613.2-4002.5 (Figure 1A). The
median relative increase was 25.9 (IQR 15.5-48.7).

3.1.2 Neutralizing Antibodies
Theadministrationofa thirddose ofBNT162b2vaccine also caused
a significant increase in neutralizing antibodies, throughout all
study groups (99.68% ± 0.36% vs. 69.06% ± 19.88%; p < 0.001)
(Figure 1B).Noparticipants showedabinding inhibition capability
below 96% following the booster-vaccination.

3.1.3 T-Cell Response
Before the booster dose in November 2021, 73.4% of the
participants still had a detectable T-cell response. This rate
increased in the evaluation after the third dose to 96.3%, with
a significantly higher mean INF-gamma level (2207.07 ± 1905.55
vs. 630.21 ± 650.53; p < 0.001) (Figure 1C).
3.2 Vaccination-Strategy Specific Cohorts
3.2.1 Anti SARS-CoV-2 Binding Antibodies
Anti-SARS-CoV-2 binding antibody levels differed significantly
between the subgroups (representing different prior vaccination
protocols), prior to booster-administration. In brief, pre-boost
antibody levels were highest in Group 2 (183.1 BAU/ml),
followed by Group 1 (124.9 BAU/ml) and Group 3 (52.75
BAU/ml). The administration of a third BNT162b2 dose led to
a highly significantly increased antibody-level, across all analyzed
subgroups. Inductive effects were highest within Group 3
participants (mean 2358 vs. 52.75 (4,370%), p = 0.002),
Frontiers in Immunology | www.frontiersin.org 4
followed by Group 1 (mean 3661 vs. 124.9 (2,831%), p <
0.001) and Group 2 (mean 2122 vs. 183.1 (1,058%), p < 0.001)
participants (Figure 2 and Table 2).

3.2.2 Neutralizing Antibodies
Neutralizing antibody levels also differed significantly between
the groups prior to booster-administration (Figure 3 and
Table 2). Specifically, individuals within Group 3 showed the
lowest percentage binding inhibition (49.55%), followed by
Group 1 (67.66%) and Group 2 (77.57%) participants. The
administration of a third BNT162b2 dose caused a significant
induction of binding antibody capability within all three groups,
whereby the strongest effect was detected for Group 3 (99.70% vs.
49.55% (induction: 101.21%)), followed by Group 1 (99.71% vs.
67.66% (induction: 47.37%)) and Group 2 (99.59% vs. 77.57%
(induction: 28.39%)) participants. Post-booster binding
inhibition capabilities did not differ significantly between the
different groups.

3.3.3 T-Cell Response
Prior to the administration of a booster BNT162b2 dosage,
SARS-CoV-2 specific IFN-gamma release of stimulated blood-
cells significantly differed between individuals of each considered
group (Figure 4; Table 2). Briefly, Group 1 participants showed
the lowest IFN-gamma mean-value (560.4 mIU/ml), followed by
individuals belonging to Group 3 (654.7 mIU/ml) and Group 2
(828.7 mIU/ml). SARS-CoV-2 specific T-cell response
significantly increased in boostered individuals within all
groups. The strongest percentage inductive effects were
observed for Group 3 individuals [3091 vs. 654.7 (372.12%)],
followed by participants belonging to Group 1 [2014 vs. 560.4
(259.39%)] and Group 2 [2425 vs. 828.7 (192.63%)].
B CA

FIGURE 1 | Determination of humoral- and cellular immunity against-SARS-CoV-2 before and four weeks after third booster vaccination with BNT162b2 (n = 243). (A) Anti-
SARS-CoV-2-IgG binding antibodies were determined using a quantitative assay from Abbott. In keeping with the WHO-standard, data were expressed in Binding Antibody
Units per ml (BAU/ml). Samples were marked seronegative below 7.1 BAU/ml whereas values above 7.1 BAU/ml were determined to be positive, as mentioned by the

manufacturer. (B) Binding inhibition capability of Neutralizing anti-SARS-CoV-2 antibodies was determined using the NeutraLISA™ SARS-CoV-2 Neutralization Antibody
Detection KIT from Euroimmun. According to the manufacturer, binding inhibition values above 35% were considered positive (horizontal black dotted line), whereas values
between 20% and 35% were considered equivocal (horizontal gray dotted line). (C) Cellular immunity to SARS-CoV-2 was assessed by using an Interferon (IFN)-gamma
release assay (IGRA) from Euroimmun (Quan-T-cell SARS-CoV-2 kit). Values > 200 mIU/ml were considered positive (horizontal black dotted line), whereas values between
100-200 mIU/ml were considered equivocal (horizontal gray dotted line). ****p < 0.0001 (Mann-Whitney U-test).
July 2022 | Volume 13 | Article 896151
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3.4 Factors Impacting the Immune Response
In the linear regression analysis, we identified the BMI as a
significant predictor for the antibody-level increase. The increase
was also dependent on the antibody-level before booster. Neither
sex, age or smoking had a significant effect. The estimated effect of a
previous COVID-19 infection is negative, however since very few
individuals (n = 2) had a prior infection, no conclusion can be
drawn from this result.Table 3 gives the result of the full regression
model. The fit of the model was very good with an R2 value of 0.43.
The regression coefficients remained virtually unchanged when
only the significant variables, BMI and antibody-level before
booster, remained in the final model (Table 3).

We compared the immune status before the third dose
showing that obese participants have a lower mean anti-SARS-
CoV-2 binding antibody level in comparison with the non-obese
participants (111.28 BAU/ml vs. 143.96 BAU/ml; p = 0.082).
This was also seen for the neutralizing antibodies (64.19% vs.
70.23%; p = 0.071).

From the regression model, the estimated antibody-level
showed both an absolute and relative increase given the BMI
and the antibody-level before booster. Table 4 provides the
estimates for some selected values. For example, an individual
with an antibody-level of 100 prior to booster and BMI of 25, has
Frontiers in Immunology | www.frontiersin.org 5
an estimated value of 2552 after the booster, which is an absolute
increase of 2452 and 25.5-fold relative increase.

3.5 Side Effects of Third Dose
The majority of the study cohort reported some minor side-
effect following the booster dose (Table 1). The occurrence of
side-effects did not differ between all three groups (p = 0.666).
Headache was more often reported in participants after two
doses of ChAdOx1 (33.3%) in comparison to the other groups
(p = 0.329). All other reported side effects occurred less often in
that group, however, this group only includes 12 participants.
54 participants (22.2%) reported no systemic or local reaction
after administration of the third dose. These participants
without side-effects have had a mean age of 49.28 years
whereas the mean age in the group with side-effects was
45.49 years (p = 0.051).
4 DISCUSSION

We present real-life data showing the impact of administration
of a third dose of COVID-19 vaccination using BNT162b2
mRNA vaccine, following different vaccination protocols in a
well-defined group of health care employees. Our data reveal a
significantly increased cellular and humoral immune response to
this additional vaccination dose.

Our data show that both humoral- and cellular immunity
appear to be most persistent after double ChAdOx1 vaccination
compared to the other vaccination strategies included in the
study. In contrast, Dulovic et al. in their study showed that the
persistence of neutralizing antibodies is shortest in individuals
who have received the homologous ChAdOx1 vaccine.
Contrarily, the administration of a heterologous- or a
homologous mRNA strategy led to a stronger persistence.
These discrepancies can be explained by the fact that Dulovic
et al. only examined persistence over a maximum period of 65
days following administration of the second vaccine dose (23). In
our study, we considered a much longer time period of 6 months.

Our study shows the highest increase in INF-gamma release,
binding-antibody expression, as well as neutralizing antibody
capability for participants initially vaccinated two times with
ChAdOx1. However, these participants showed the weakest
humoral immune response before administration of the
booster dose. A regression analysis detected a high BMI to be
associated with an increased immune response.

Several studies have analyzed the effect of a third dose on the
immune response and on the occurrence of infections, and
showed an overall beneficial effect of the third dose, without
relevant adverse events (8, 24–29).

Atmar et al. analyzed in their phase 1-2 open-label clinical
trial the efficiency of homologous and heterologous protocols for
the third dose, and found a stronger increase in immunity
against SARS-CoV-2 following a heterologous third dose (30).
This is also shown in the data presented here.

In addition to the determined overall binding antibody titers,
the neutralizing antibodies play a main role in the humoral
FIGURE 2 | Comparative determination of anti SARS-CoV-2 IgG binding
antibodies before and after third booster vaccination with BNT162b2. To
evaluate differences between vaccination-strategies, participants were
grouped into 3 cohorts: Group 1: three vaccine-doses of BNT162b2; Group
2: initially two vaccine-doses of ChAdOx1 and BNT162b2 booster-dosage;
Group 3: heterologous vaccination-protocol (ChAdOx1+ BNT162b2) and
BNT162b2 booster-dosage. Anti-SARS-CoV-2-IgG binding antibodies were
determined before and 4 weeks after third booster-dosage using a
quantitative assay from Abbott. In keeping with the WHO-standard, data were
expressed in Binding Antibody Units per ml (BAU/ml). Samples were marked
seronegative below 7.1 BAU/ml whereas values above or equal to 7.1 BAU/
ml were determined to be positive, as mentioned by the manufacturer.
*p < 0.05; ***p < 0.001; ****p < 0.0001 (Mann-Whitney U-test).
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immune response and are correlated with protection against
severe COVID-19 outcome (31).
Frontiers in Immunology | www.frontiersin.org 6
Using the commercial ELISA-based NeutraLISA assay from
Euroimmun, our data show a substantial increase in neutralizing
antibody capability in all participants after booster-administration.
This is in line with the data presented from Atmar et al. (30). Data
TABLE 2 | Values in accordance to the immunization protocol.

All Group 1 Group 2 Group 3

IgG [BAU/
ml]

INF-y [mlU/
ml]

NAK
[%]

IgG [BAU/
ml]

INF-y [mlU/
ml]

NAK
[%]

IgG [BAU/
ml]

INF-y [mlU/
ml]

NAK
[%]

IgG [BAU/
ml]

INF-y [mlU/
ml]

NAK
[%]

All 3266.26 ±
2194.17

2207.07 ±
1905.55

99.68 ±
0.36

3660.88 ±
2250.13

2013.70 ±
1780.13

99.71 ±
0.28

2357.80 ±
1815.63

3090.58 ±
2671.98

99.70 ±
0.18

2122.32 ±
1572.44

2424.93 ±
1520.45

99.59 ±
0.57

Sex
Male 3397.52 ±

2675.29
2010.27 ±
1526.05

99.65 ±
0.52

4064.25 ±
2716.71

2130.64 ±
1527.94

99.74 ±
0.16

1032.35 ±
707.32

771.40 ±
274.99

99.51 ±
0.28

1232.95 ±
707.32

1428.37 ±
1133.33

99.31 ±
1.13

Female 3224.17 ±
2022.59

2270.53 ±
2012.33

99.69 ±
0.29

3525.42 ±
2064.21

1974.13 ±
1861.38

99.70 ±
0.31

2622.89 ±
1872.16

3554.42 ±
2698.76

99.73 ±
0.14

2373.17 ±
1662.26

2706.01 ±
1508.11

99.66 ±
0.23

Smoking
Yes 3419.37 ±

2328.14
1649.21 ±
1347.08

99.71 ±
0.22

3737.61 ±
2390.63

1545.40 ±
1338.35

99.74 ±
0.12

2156.10 3934.84 99.61 1707.60 ±
880.06

1973.41 ±
1244.33

99.50 ±
0.47

No 3220.41 ±
2156.84

2375.03 ±
2016.98

99.68 ±
0.39

3633.56 ±
2206.79

2181.71 ±
1890.24

99.70 ±
0.32

2376.14 ±
1903.08

3013.83 ±
2788.49

99.70 ±
0.18

2201.32 ±
1668.18

2510.93 ±
1565.61

99.60 ±
0.59

Obesity
Yes 3772.66 ±

2586.61
1805.01 ±
1499.21

99.72 ±
0.10

4159.60 ±
2769.73

1501.28 ±
1307.93

99.72 ±
0.10

N/A N/A N/A 2760.68 ±
1737.00

2599.36 ±
1722.37

99.73 ±
0.09

No 3144.83 ±
2078.43

2303.98 ±
1982.24

99.67 ±
0.39

3543.94 ±
2104.28

2134.69 ±
1857.52

99.71 ±
0.31

2357.80 ±
1815.63

3090.58 ±
2671.98

99.70 ±
0.18

1898.04 ±
1469.99

2363.64 ±
1463.86

99.53 ±
0.66

Symptoms after vaccination
Yes 3397.22 ±

2277.30
2394.65 ±
1970.57

99.67 ±
0.39

3787.36 ±
2347.85

2203.38 ±
1891.74

99.70 ±
0.31

2768.40 ±
1962.11

3008.23 ±
1952.78

99.70 ±
0.18

2237.24 ±
1642.77

2622.83 ±
1601.94

99.57 ±
0.62

No 2807.92 ±
1819.79

1538.16 ±
1485.19

99.71 ±
0.18

3221.36 ±
1829.71

1337.65 ±
1078.61

99.73 ±
0.12

1536.60 ±
1324.94

3255.29 ±
4150.42

99.70 ±
0.18

1662.66 ±
1214.08

1633.30 ±
771.86

99.66 ±
0.33
Ju
ly 2022 | Volu
me 13 | Articl
IgG, Immunoglobulin G; INF-y, interferon gamma; NAK, neutralizing antibodies; N/A, not available. Values are reported as mean ± standard deviation except where otherwise specified.
FIGURE 3 | Comparative determination of neutralizing antibody binding-
inhibition-capability before and after third booster vaccination with BNT162b2. To
evaluate differences between vaccination-strategies, participants were grouped
into 3 cohorts: Group 1: three vaccine-doses of BNT162b2; Group 2: initially two
vaccine-doses of ChAdOx1 and BNT162b2 booster-dosage; Group 3:
heterologous vaccination-protocol (ChAdOx1+ BNT162b2) and BNT162b2
booster-dosage. Binding inhibition capability of neutralizing anti-SARS-CoV-2

antibodies was determined using the NeutraLISA™ SARS-CoV-2 Neutralization
Antibody Detection KIT from Euroimmun. According to the manufacturer, binding
inhibition values above or equal to 35% were considered positive (horizontal black
dotted line), whereas values between 20% and 35% were considered equivocal
(horizontal gray dotted line). ***p < 0.001; ****p < 0.0001 (Mann-Whitney U-test).
FIGURE 4 | Comparative determination of SARS-CoV-2 specific t-cell response
before and after third booster vaccination with BNT162b2. To evaluate differences
between vaccination-strategies, participants were grouped into 3 cohorts: Group 1:
three vaccine-doses of BNT162b2; Group 2: initially two vaccine-doses of
ChAdOx1 and BNT162b2 booster-dosage; Group 3: heterologous vaccination-
protocol (ChAdOx1+ BNT162b2) and BNT162b2 booster-dosage. Cellular
immunity to SARS-CoV-2 was assessed by using an Interferon (IFN)-gamma
release assay (IGRA) from Euroimmun (Quan-T-cell SARS-CoV-2 kit). Values ≥ 200
mIU/ml were considered positive (horizontal black dotted line), whereas values
between 100-200 mIU/ml were considered equivocal (horizontal gray dotted line).
*p < 0.05; ***p < 0.001; ****p < 0.0001 (Mann-Whitney U-test).
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fromUS and Israel underline the protective effect of a third dose of
BNT162b2 against a severe COVID-19-course (8, 32, 33).

4.1 Factors Causing a Reduced Immune
Response
Multiple studies have tried, and are still attempting, to evaluate
possible factors associated with a reduced immune response or
with a complete non-response to anti-SARS-CoV-2-vaccination.

Within the study cohort presented here, smoking, increased
age and BMI have previously been shown to have a negative
impact in studies involving two doses of BNT162b2 (34) or 9
months after vaccination, respectively (4). This could not be
reproduced in the results presented here (Table 3). The impact of
BMI on the vaccination induced immune response is described
heterogeneously after several vaccines. Previous data from
vaccination protocols, such as hepatitis B vaccine, range from
no impact (35) to a reduced immune response in obese
participants (36). Our data presented here showed a positive
correlation of a higher BMI with a stronger increase of the
antibody titer after the third dose within a short period of time.
This may be due to a lower antibody titer before administration
of the third dose as reported previously (4). Soffer et al. also
found a positive correlation after COVID-19 infection for
antibody titers and BMI, whereas Frasca et al. found the
Frontiers in Immunology | www.frontiersin.org 7
opposite correlation (37). The detected effect may also be due
to the short period of time after vaccination. Sheridan et al.
showed in their study on the immune response of obese
participants to influenza vaccination a higher initial antibody
level, which decline within 12 months after vaccination (38). In
contrast to this, Pellini et al. found a lower antibody level
immideatly after vaccination in obese participants (39)
showing that the effect of BMI on the immune response
remains still unclear.

Other factors potentially influencing the immune response
after a third dose of BNT162b2 are immunosuppression, for
instance in patients after solid-organ transplantation (24).

In our cohort, we could not detect any negative impact of older
age, although elderly participants are relatively underrepresented
in this trial. Data published by Eliakim-Raz et al. also described no
correlation to higher age in a group older than 60 years (25).

These findings can aid in the development of a safe
vaccination protocol, especially for patients with a potentially
higher risk, for example because of a high BMI. It also provides
real world data following different vaccination protocols, and
helps to develop benchmarks for a potential immune response.

Further studies are required to provide more accurate
information on risk factors associated with reduced immunity
to SARS-CoV-2.
TABLE 3 | Results of the linear regression analysis.

Dependent variable difference of the logarithmized IgG-levels after and before booster

Independent Variables Full model Final model

Estimate p Estimate p

Intercept) 5.518 <.0001 5.57 <0.0001
Log(IgG) (before Booster) -0.620 <.0001 -0.64 <0.0001
Age (in years) 0.002 0.58
BMI 0.023 0.005 0.024 0.003
Smoking -0.101 0.30
Sex (male vs. female) -0.049 0.60
Previous COVID -0.213 0.51
Model R2 0.43 0.43
July 2022 | Volume 13 |
TABLE 4 | Estimates for different selected values.

BMI antibody-level before Estimated values from regression model

antibody-level after Ratio after:before Difference after-before

20 50 1748.6 35.0 1698.6
100 2275.5 22.8 2175.5
200 2961.2 14.8 2761.2
400 3853.6 9.6 3453.6

25 50 1961.7 39.2 1911.7
100 2552.8 25.5 2452.8
200 3322.1 16.6 3122.1
400 4323.2 10.8 3923.2

30 50 2200.8 44.0 2150.8
100 2864.0 28.6 2764.0
200 3727.0 18.6 3527.0
400 4850.1 12.1 4450.1
BMI, Body mass index.
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4.2 Limitation
Despite the fact this study benefits from its real-life data in an
important group of health-care workers, and a relatively large
number of participants, it comes with some limitations.

This study is limited by its single-center design. The inclusion
of health-care workers led to the overrepresentation of women
and younger people, whereas groups with a higher risk for low
immune response to vaccination, such as elderly and participants
with an immunomodulatory treatment, are underrepresented.
To ensure a good comparability of the samples, we performed the
follow-up within two days. This led to a lost-to-follow-up
proportion of 21.6% of the previously screened participants,
due to holidays or different working schedules. Unfortunately,
the number of individuals in each group of vaccination protocols
were unequally distributed, as there was no individual choice
regarding the vaccine received. This led to a very small number
of participants in Group 3, limiting the reported strong immune
response. As this was designed as a serological study, the survey
of side-effects was not in the main focus and is limited due to the
retrospective evaluation. Additionally, this study is limited by the
use of an ELISA-based surrogate neutralization test. Even this
showed a good correlation to the gold standard of a cell-culture
based neutralization assay, the testing against new variants is not
possible. As this study aims to report the short-term-outcomes of
the third dose within the COVID-19-vaccination protocol, the
long-term effect, especially for debatable factors as the BMI,
are missing.
5 CONCLUSION

This study showed a BMI-dependent increase in antibody titers
after the third dose of BNT162b2 following different vaccination
protocols, although all participants were noted to have a
significant increase in their immune response. In this study,
participants after two doses of ChAdOx1 who received
BNT162b2 as a third dose showed the strongest immune
response. This effect, in combination with mild-to-none post-
vaccination symptoms, underlines the potential beneficial effect
of a BNT162b2-booster dose following 2 doses of anti-SARS-
Frontiers in Immunology | www.frontiersin.org 8
CoV-2-vaccine. Further studies are needed to evaluate thresholds
for the immune response – both humoral and cellular – and to
detect the longevity of the booster-induced immunity.
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27. Yavuz E, Günal Ö, Başbulut E, Şen A. SARS-CoV-2 Specific Antibody
Responses in Healthcare Workers After a Third Booster Dose of
CoronaVac or BNT162b2 Vaccine. J Med Virol (2022) 3768–75. doi: 10.
1002/jmv.27794
Frontiers in Immunology | www.frontiersin.org 9
28. Liu X, Munro APS, Feng S, Janani L, Aley PK, Babbage G, et al. Persistence of
Immunogenicity After Seven COVID-19 Vaccines Given as Third Dose
Boosters Following Two Doses of ChAdOx1 Ncov-19 or BNT162b2 in the
UK: Three Month Analyses of the COV-BOOST Trial. J Infect (2022) 795–
813. doi: 10.1016/j.jinf.2022.04.018

29. Davidov Y, Indenbaum V, Tsaraf K, Cohen-Ezra O, Likhter M, Ben Yakov G,
et al. A Third Dose of the BNT162b2 mRNA Vaccine Significantly Improves
Immune Responses Among Liver Transplant Recipients. J Hepatol (2022).
doi: 10.1016/j.jhep.2022.03.042

30. Atmar RL, Lyke KE, Deming ME, Jackson LA, Branche AR, El Sahly HM, et al.
Homologous and Heterologous Covid-19 Booster Vaccinations. N Engl J Med
(2022)1046–57. doi: 10.1056/NEJMoa2116414

31. Cromer D, Steain M, Reynaldi A, Schlub TE, Wheatley AK, Juno JA, et al.
Neutralising Antibody Titres as Predictors of Protection Against SARS-CoV-2
Variants and the Impact of Boosting: A Meta-Analysis. Lancet Microbe (2022)
3:e52–61. doi: 10.1016/S2666-5247(21)00267-6

32. Patalon T, Gazit S, Pitzer VE, Prunas O, Warren JL, Weinberger DM. Odds of
Testing Positive for SARS-CoV-2 Following Receipt of 3 vs 2 Doses of the
BNT162b2 mRNA Vaccine. JAMA Intern Med (2022) 182:179. doi: 10.1001/
jamainternmed.2021.7382

33. Perez JL, Pfizer MA. Breakthroughs That Change Patients’ Lives Efficacy &
Safety of BNT162b2 Booster-C4591031 2 Month Interim Analysis (Accessed
February 8, 2022).

34. Herzberg J, Vollmer T, Fischer B, Becher H, Becker A-K, Honarpisheh H, et al.
SARS-CoV-2-Antibody Response in Health Care Workers After Vaccination
or Natural Infection in a Longitudinal Observational Study. Vaccine (2021)
206–12. doi: 10.1016/J.VACCINE.2021.11.081

35. Kabir A, Lotfi S, Farsi F, Pazouki A. Impact of Body Mass Index on
Immunogenicity of Hepatitis B Vaccine in Bariatric Surgery Candidates: A
Retrospective Study. Diabetes Metab Syndr (2021) 15:102254. doi: 10.1016/
j.dsx.2021.102254

36. Weber DJ, Rutala WA, Samsa GP, Santimaw JE, Lemon SM. Obesity as a
Predictor of Poor Antibody Response to Hepatitis B Plasma Vaccine. JAMA J
Am Med Assoc (1985) 254:3187. doi: 10.1001/jama.1985.03360220053027

37. Frasca D, Reidy L, Cray C, Diaz A, Romero M, Kahl K, et al. Influence of
Obesity on Serum Levels of SARS-CoV-2-Specific Antibodies in COVID-19
Patients. PLos One (2021) 16:e0245424. doi: 10.1371/journal.pone.0245424

38. Sheridan PA, Paich HA, Handy J, Karlsson EA, Hudgens MG, Sammon AB,
et al. Obesity Is Associated With Impaired Immune Response to Influenza
Vaccination in Humans. Int J Obes (2012) 36:1072–7. doi: 10.1038/
ijo.2011.208

39. Pellini R, Venuti A, Pimpinelli F, Abril E, Blandino G, Campo F, et al. Obesity
May Hamper Sars-Cov-2 Vaccine Immunogenicity. medRxiv (2021).
doi: 10.1101/2021.02.24.21251664

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Herzberg, Fischer, Becher, Becker, Honarpisheh, Guraya, Strate and
Knabbe. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s) are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.
July 2022 | Volume 13 | Article 896151

https://doi.org/10.1056/NEJMc2108861
https://doi.org/10.1016/S0140-6736(21)02717-3
https://doi.org/10.1016/S0140-6736(21)01694-9
https://doi.org/10.1016/S0140-6736(21)01115-6
https://doi.org/10.1016/S0140-6736(21)01115-6
https://doi.org/10.1016/S1473-3099(21)00420-5
https://doi.org/10.1016/S1473-3099(21)00420-5
https://doi.org/10.1001/jamainternmed.2021.7372
https://doi.org/10.1001/jamainternmed.2021.7372
https://doi.org/10.1016/j.ijid.2020.10.026
https://doi.org/10.25646/9156
https://doi.org/10.1016/J.JCV.2021.104984
https://doi.org/10.1101/2021.12.01.21266960
https://doi.org/10.1001/jama.2021.12339
https://doi.org/10.1001/jama.2021.19885
https://doi.org/10.1101/2021.11.19.21266555
https://doi.org/10.1002/jmv.27794
https://doi.org/10.1002/jmv.27794
https://doi.org/10.1016/j.jinf.2022.04.018
https://doi.org/10.1016/j.jhep.2022.03.042
https://doi.org/10.1056/NEJMoa2116414
https://doi.org/10.1016/S2666-5247(21)00267-6
https://doi.org/10.1001/jamainternmed.2021.7382
https://doi.org/10.1001/jamainternmed.2021.7382
https://doi.org/10.1016/J.VACCINE.2021.11.081
https://doi.org/10.1016/j.dsx.2021.102254
https://doi.org/10.1016/j.dsx.2021.102254
https://doi.org/10.1001/jama.1985.03360220053027
https://doi.org/10.1371/journal.pone.0245424
https://doi.org/10.1038/ijo.2011.208
https://doi.org/10.1038/ijo.2011.208
https://doi.org/10.1101/2021.02.24.21251664
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Cellular and Humoral Immune Response to a Third Dose of BNT162b2 COVID-19 Vaccine – A Prospective Observational Study
	1 Introduction
	2 Methods
	2.1 Study Design
	2.2 Vaccination Protocol
	2.3 Anti-SARS-CoV-2-IgG Antibodies
	2.4 Neutralizing Antibodies Against SARS-CoV-2
	2.5 T-Cell-Response
	2.6 Questionnaire
	2.7 Statistical Analysis

	3 Results
	3.1 Whole Study Cohort
	3.1.1 Anti SARS-CoV-2-IgG Binding Antibodies
	3.1.2 Neutralizing Antibodies
	3.1.3 T-Cell Response

	3.2 Vaccination-Strategy Specific Cohorts
	3.2.1 Anti SARS-CoV-2 Binding Antibodies
	3.2.2 Neutralizing Antibodies
	3.3.3 T-Cell Response

	3.4 Factors Impacting the Immune Response
	3.5 Side Effects of Third Dose

	4 Discussion
	4.1 Factors Causing a Reduced Immune Response
	4.2 Limitation

	5 Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


