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ARTICLE INFO ABSTRACT

Keywords: Knowledge regarding the sustainability of immune responses after COVID-19 vaccination is
COVID-19 important, e.g., to decide whom and when to booster. Thus, we analyzed antibody titers in
SARS-CoV-2

firefighters six months after vaccination with the mRNA-based vaccine Comirnaty. SARS-CoV-2

;gggﬁ;eszsm dex (BMD) spike-binding antibodies (bAb) were quantified and compared to peak responses determined in
Vaceination healthcare workers (HCW). For the firefighters, neutralizing antibodies (nAb) were also analyzed.
MRNA vaccine Six months after the second vaccine dose, all analyzed firefighters had detectable bAb, and 91%
Antibodies exhibited nAb titers above 1:16. However, actual titers six months after vaccination were over 12-
Neutralization fold lower than in the HCW control group four weeks after vaccination. bAb and nAb responses

showed a significant correlation, and age correlated inversely with antibody responses. Unex-
pectedly, participants with a body mass index over 25 had higher neutralization titers after six
months. All participants with very low neutralization titers were offered booster vaccination. The
booster vaccination improved the extent and sustainability of antibody responses.

1. Introduction

Since the end of December 2020 and just one year after the identification of the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) as pathogen causing COVID-19, safe and effective vaccines are broadly available in Europe. In the European Union, five
COVID-19 vaccines have been approved so far: (I) the messenger RNA (mRNA)-based SARS-CoV-2 vaccine Comirnaty/BNT162b2
(Pfizer/BioNTech; date of marketing authorization: 21,/12/2020), (II) the mRNA vaccine Spikevax/mRNA-1273 (Moderna; date of
marketing authorization: January 06, 2021), (III) the vector-based vaccine Vaxzevria (AstraZeneca; date of marketing authorization:
29/01/2021), (IV) the vector-based COVID-19 Vaccine Janssen (Johnson & Johnson; date of marketing authorization: 11/03/2021),

Abbreviations: COVID-19, Coronavirus disease 2019; SARS-CoV-2, Severe acute respiratory syndrome coronavirus 2; BMI, Body mass index.
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and (V) the adjuvanted recombinant protein vaccine Nuvaxovid/NVX-CoV2373 (Novavax; date of marketing authorization: 20/12/
2021). Since the mRNA-based SARS-CoV-2 vaccine Comirnaty/BNT162b2 was the first vaccine available, we focused in this study on
the Comirnaty vaccine. The effectiveness of two doses of Comirnaty is 93.7% against symptomatic infections with the Alpha variant of
concern (VOC) and 88.0% against the Delta VOC [13]. The effectiveness of two doses against hospitalization due to infection with the
currently predominant Omicron VOC has been reported to be 70% [1]. The sustainability of immune protection following vaccination
against COVID-19 is gaining increasing interest as the first vaccinations already date back more than a year and the end of the
pandemic or at least the transition to an endemic phase are not foreseeable, raising the question how long the protection of early
vaccinees will last. During the first month after the second vaccination, patients exhibit peak antibody titers [15]. After this peak,
antibody titers continuously wane over time [10]. Accordingly, a booster vaccination 3 months after the second vaccination is
currently recommended by the permanent vaccination committee (STIKO) in Germany. Albeit with some country-specific aspects, all
30 EU/EEA countries currently recommend an additional dose as an extension of the primary vaccination series for immunocom-
promised individuals and as booster dose to different population groups to revert waning immunity [5]. This booster dose is usually
offered regardless of the vaccinee’s current antibody titer [17].

We tested SARS-CoV-2 IgG titers in firefighters, who were among the first recipients of the COVID-19 vaccine in Essen, Germany, as
essential critical infrastructure workforce, six months after the second vaccination with Comirnaty. The first vaccinations were
administered on December 21, 2020, literally on the day of the marketing authorization by the European Medicines Agency (EMA). We
compared the results with early immune responses as determined in a group of individuals four weeks after their second vaccination.
To evaluate the influence of age on humoral immune responses, we included people of different age groups. Furthermore, we con-
ducted a complementary questionnaire to evaluate potential associations between immune responses after vaccination and behavioral
factors such as sport, smoking, and body mass index (BMI). Neutralizing antibodies are regarded as correlates of protection against
SARS-CoV-2 infection and COVID-19 [6,7,11,14]. However, for routine diagnostics, the quantification of neutralizing antibodies (nAb)
by neutralization tests (NT) is challenging, because such assays are time-consuming and need to be performed in biological safety level
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Fig. 1. Binding antibodies (bAb) recognizing SARS-CoV-2 spike decline but remain present six months after the second Comirnaty vaccine dose. (A)
Characteristics of the firefighter and healthcare worker cohort. Age is shown as median with range in brackets. (B) Comparison of antibody re-
sponses determined from serum samples of 100 healthcare workers one month and 204 firefighters six months after the second Comirnaty vaccine
dose. a-SARS-CoV-2 spike bAD titers were measured by the LIAISON SARS-CoV-2 TrimericS IgG assay. Bars depict the median values. Dots show the
antibody titers of the individual subjects. (C) (D) Association between a-SARS-CoV-2 spike bAb titers one month (C) and six months (D) after the

second Comirnaty vaccine dose and the age of participants. Pearson’s correlation coefficient shows inverse linear correlation. Please note that the
scales of the y-axis differ.
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3 laboratories [18]. Therefore, we assessed the correlation between SARS-CoV-2 neutralization assays [16] with binding antibody
(bAD) responses determined by the LIAISON SARS-CoV-2 TrimericS IgG. The latter can be applied in routine diagnostics, e.g., for
immune surveillance programs and for decision making on the need for booster vaccinations.

2. Results
2.1. Binding antibodies recognizing SARS-CoV-2 spike decline but remain present six months after the second Comirnaty vaccine dose

To investigate whether the antibody responses induced by vaccination persist 6 months after vaccination, we tested 220 subjects
from the professional fire department Essen, Germany. The seven female and 213 male firefighters were among the first who received
vaccination in Essen, starting at the day of marketing authorization in the EU. The age of the participants ranged from 22 to 62 years
(Fig. 1A). All study participants were immunized with two doses of the Comirnaty mRNA vaccine. Blood samples were collected
approximately 6 months after the second vaccine dose. All tested subjects exhibited detectable anti-SARS-CoV-2 spike antibodies
(>33.8 BAU/ml) six months after vaccination. Of these 220 participants, 16 subjects were excluded from further correlation analyses
because of immunosuppressive medication or a subsided SARS-CoV-2 infection detected either by the presence of antibodies against
the nucleocapsid antigen or by a positive qRT-PCR test in the past. 198 (97%) of the 204 included subjects were males and six (3%)
females. The median antibody response 6 months after the second vaccination dose was 312 BAU/ml (interquartile range, IQR
191-516). These antibody titers were more than 12-fold lower than the titers of recently Comirnaty-vaccinated individuals (Fig. 1B),
indicating a substantial decline over time. The reference group consisted of 100 male healthcare workers who were administered the
Comirnaty vaccine twice and donated blood samples one month after the second dose. Here, the age ranged from 20 to 64 years
(Fig. 1A), and the median antibody response was 3825 BAU/ml (IQR 2315-5190). When we correlated the antibody responses with the
age of the participants, antibody titers correlated inversely with age at early and late time points after the second vaccination (Fig. 1C
and D). The degree of age dependency was increased at 6 months after vaccination (Fig. 1D, r = —0.3181, p < 0.0001), suggesting that
older vaccinees may particularly benefit from earlier booster immunization. Irrespective of this association with age, a high degree of
variation was obvious in this rather homogenous group (active professional firefighters) with some individuals exhibiting bAb titers
exceeding 2000 BAU/ml 6 months after second vaccination while others were close to the negative cut-off of the assay (Fig. 1B, D).

2.2. Binding and neutralizing antibody titers showed a significant correlation

The neutralizing antibody (nAb) titer was defined as the highest serum dilution at which 50% of input virus is neutralized. In the
firefighter cohort, one participant receiving immunosuppressive medication had no detectable nAb and 18 healthy subjects showed a
low nAb titer of <1:16. The median age of this subgroup of 18 participants was 49 years, higher than the overall cohort’s median age of
43 years confirming that antibody responses inversely correlate with age. When we compared bAD titers with nAb titers, we observed
significant linear correlation (Fig. 2A). This linear correlation applies in particular to samples below 200 BAU/ml and above 500 BAU/
ml whereas intermediate bAb titers between 200 and 500 BAU/ml showed much lower correlation to the corresponding nAb titers
(Fig. 2B). This finding implicates that bAb titer determination in routine diagnostics may be suitable to identify individuals with low
nAb titers.
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Fig. 2. Binding and neutralizing antibody titers showed a significant correlation. (A) The bAb and nAb titers of each of the 204 firefighter serum
samples are depicted. The Pearson correlation coefficient of 0.6772 indicates linear correlation between bAb and nAb titers. (B) The serum samples
were subgrouped with regard to their bAD titers. Violin plots with median of each subgroup are shown and the Pearson correlation coefficient of
each subgroup is depicted.
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2.3. Association between body mass index (BMI) and SARS-CoV-2 antibody responses six months after Comirnaty vaccination

To uncover additional factors associated with antibody responses, a questionnaire was distributed asking for information on
behavioral factors such as smoking, sport, height, and weight. Of the 204 firefighters, 91 (45%) volunteers participated in this survey
(although not all answered all questions). When integrating the information from the completed questionnaire, we observed that
subjects with a BMI over 25 showed preferentially higher antibody responses 6 months after Comirnaty vaccination compared to their
colleagues with a BMI below 25 (Fig. 3A). Whereas the trend did not reach statistical significance for a-SARS-CoV-2 spike bAb titers (p
= 0.149, Fig. 3A and B), the effect was significant for neutralizing antibodies (p = 0.019, Fig. 3A, C). No significant differences were
found for the other factors surveyed (physical training, smoking, Fig. 3A).

2.4. Booster vaccination improved the extent and durability of the antibody responses

Since several firefighters had low antibody titers 6 months after vaccination, participants with very low neutralization titers were
offered booster vaccination. Two weeks after the boost, these individuals were asked to donate an additional sample. Analysis of these
serum samples showed substantial increase of bAb (Fig. 4A) as well as nAb titers (Fig. 4B) in all tested subjects indicating that timely
booster vaccinations are important instruments to avoid waning of immune responses. To analyze the sustainability of immune
protection after booster vaccination, we invited the participants who had received the booster vaccination 6 months after the second
vaccination to provide a follow-up sample. When comparing the samples taken at 6 months after the third vaccination dose with the
samples taken at 6 months after the second vaccination dose, all tested vaccinees exhibited higher bAb and nAb titers after the booster
vaccination (Fig. 4C and D). This finding showed that the booster vaccination improved the extent and sustainability of antibody
responses in individuals with very low antibody titers 6 months after second vaccination.
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Fig. 3. Association between body mass index (BMI) and SARS-CoV-2 antibody responses 6 months after Comirnaty vaccination. (A) The influence of
the behavioral factors smoking, sport, and body mass index (BMI) on SARS-CoV-2 antibody responses 6 months after Comirnaty vaccination. Median
and interquartile range (IQR) are presented. Significance was calculated by Mann-Whitney U test. P < 0.05 was considered significant. (B) (C)
Subjects were grouped regarding their BMI. Violin plots with median of each subgroup are shown. bAD titers (B) and nAb titers (C) are presented.
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Fig. 4. Booster vaccination improved the extent and durability of the antibody responses. (A) (B) Serum samples from the same individual (n = 12)
before and after booster vaccination were analyzed regarding bAb (A) and nAb (B) titers. (C) (D) Serum samples taken at 6 months after the second
vaccination dose were compared to samples collected at 6 months after the third vaccination dose from the same individual (n = 9). bAb (C) and
nAb (D) titers are depicted.

3. Discussion

We conducted a study addressing humoral immune responses among professional firefighters 6 months after Comirnaty vacci-
nation against COVID-19. Firefighters belong to the essential workforce and contributed to the rollout of COVID-19 vaccines. Thus, we
are convinced that data regarding the long-term sustainability of their immune protection are relevant. We are not aware of previous
work addressing such issues. Accordingly, as of March 15, 2022, Pubmed, bioRxiv, and medRxiv queries with the terms “vaccine,
COVID-19, and firefighter(s)” in abstract or title only yielded two publications that deal with vaccine acceptance and natural infections
but not with vaccine responses. Our cohort is also special, because vaccinations started literally at the day of European marked
authorization of Comirnaty so that long-term consequences of vaccination and booster immunization were assessable.

Six months after vaccination, all participants had detectable bAb recognizing the trimeric SARS-CoV-2 S protein (median titer 312
BAU/ml; IQR 191-516; cut-off for positivity: 33.8 BAU/ml). However, compared to a reference cohort of male healthcare workers also
from Essen one month after Comirnaty vaccination, bAb responses were more than 12-fold reduced (Fig. 1B). Nevertheless, the vast
majority (>91%) of firefighters were found to have nAb responses >1:16. Increased age was inversely associated with bAb responses at
early and at late times after vaccination (Fig. 1C and D). Studies analyzing other groups came to similar conclusions. Both in
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convalescent COVID-19 patients [21] and in vaccinated people [12], immune responses are preferentially higher in younger in-
dividuals. Vaccinations against diphtheria, hepatitis A, hepatitis B, pneumococcal disease (pneumococcal polysaccharide vaccine), and
tetanus also show such associations [22], suggesting the existence of a broader age-associated immune senescence. Thus, strategies
recommending vaccination and booster immunizations for elderly people, which are in place in several EU/EEA countries [5,17], are
absolutely reasonable. Our data also underline the benefits of the third vaccine dose. Firefighters with exceptionally low antibody
responses 6 months after the second vaccination experienced a substantial increase in bAb as well as nAb titers after the third booster
dose of Comirnaty (Fig. 4A and B). These boostered humoral immune responses remained at high levels for at least 6 months (Fig. 4C
and D), suggesting that booster immunizations not just reestablish the peak immune responses but may also increase the long-term
sustainability of binding and neutralizing antibodies.

Across the entire range of BAU/ml titers, binding and neutralizing antibodies were significantly correlated (r = 0.6772; Fig. 2A).
Other studies also observed this association [4,9]. Accordingly, individuals with low levels of bAb (<200 BAU/ml) also have very few
nAb, and people with high bAD titers (>500 BAU/ml) almost without exception elicit strong neutralizing capacities. However, a close
examination of the bAb-to-nAb relationship showed that it is far from being linear. This is reflected by the fact that the predictive value
of the bAb determination regarding nAb titers is not very good at intermediate BAU/ml titers (201-500 BAU/ml) represented by a
lower correlation coefficient (r = 0.2706; Fig. 2B). We concluded that bAb assays such as CLIA or ELISA can provide important clinical
information by identifying individuals at risk of breakthrough infections due to waning immunity who would benefit from a booster
immunization. However, such tests may fail to uncover definitive correlates of protections since the group of people with intermediate
BAU/ml titers comprises both high and low neutralizers.

An intriguing observation of our study are the significantly higher nAb titers among the participants with a BMI above 25 six
months after vaccination. Some studies dealing with long-term immune responses following natural SARS-CoV-2 infections observed
similar effects [19,20]. At this point, we can only speculate regarding potential immunologic reasons. Interestingly, low serum levels of
leptin - a hormone predominantly produced by adipose cells and enterocytes - have been associated with reduced vaccine responses
[2]. If leptin would be beneficial for sustained nAb responses, this may explain the observed effect. It is noteworthy, that a higher BMI
not necessarily indicates more body fat but may also result from more muscles. This may be particularly relevant when evaluating a
male-dominated group with an occupation that comprises various physical activities, such as professional firefighters. However, we
did not observe a significant association between nAb responses and regular sports activities. Irrespective of the molecular reasons, we
think that our data suggest that people with a higher BMI may particularly benefit from COVID-19 vaccinations, firstly, because there is
clear evidence that obese people have a higher likelihood of life-threatening COVID-19 disease (e.g. Ref. [3]) and, secondly, because
their nAb responses appear to last longer.

Furthermore, direct and indirect occupational effects may occur. Irrespective of the professional activity, indirect occupational
effects may apply to a group conducting a given duty (e.g., as result of gender-biased career choices or a selection for certain education
levels based on defined requirements during the recruitment process). In addition to such indirect occupational influences such as
gender and age, direct occupational effects could exist that result from the actual tasks (e.g., if firefighters work nightshifts, alterations
of the circadian rhythm may influence immune responses). In follow-up studies, it would be interesting to investigate whether oc-
cupations in general may affect antibody responses after vaccination.

In conclusion, we provide relevant data regarding the correlation, sustainability, and increasibility of binding and neutralizing
antibody responses in professional firefighters who were among the first to receive an mRNA vaccine against COVID-19.

4. Limitations of the study

We analyzed antibody responses in 220 firefighters after mRNA vaccination. However, there is an obvious limitation of our study:
Since we purposely focused on a homogenous and in a certain way special and not generally representative group of vaccinees, it
remains to be investigated whether or not the findings can be extrapolated to other parts of the population.
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Khanh Le-Trilling (Khanh.Le@uk-essen.de).

Materials availability

No new materials have been generated. All reagents are commercially available and all protocols are either presented here or are
publicly available e.g., in previously published open-access papers. Technical questions should be directed and will be answered by the
Lead Contact, Vu Thuy Khanh Le-Trilling (Khanh.Le@uk-essen.de).

Data and code availability
The published article includes all data sets generated or analyzed in this study. This study did not generate new algorithms.

Experimental model and subject details

Cells, viruses, and serum samples

Vero E6 cells (ATCC CRL-1586) were cultivated in high glucose Dulbecco’s minimal essential medium (DMEM; Gibco 41,966-029)
supplemented with 10% (v/v) FCS, penicillin, and streptomycin at 37 °C in an atmosphere of 5% CO5. SARS-CoV-2 was isolated from a
patient sample using Vero E6 and confirmed by SARS-CoV-2 diagnostic qRT-PCR. Briefly, swab samples were collected using Virocult
vials (Sigma, Germany). Virocult medium from a SARS-CoV-2-positive sample was added to permissive Vero E6 cells. The next day, the
medium was discarded and fresh medium was added to the cells. The cells were incubated until all cells were infected. The virus
isolation and the collection of serum samples have been approved by the ethics committee of the Medical Faculty of the University of
Duisburg-Essen (20-9511-BO, 20-9512-BO, 21-10176-BO, 21-10005-BO). Informed consent was obtained from all study participants.
All work with infectious SARS-CoV-2 was conducted in a biosafety level 3 laboratory according to the regulations of the local au-
thorities. Viral titers were determined by TCID50 titration.

50% tissue culture infectious dose (TCID50) endpoint dilution assay

To quantify the 50% tissue culture infective dose (TCID50) of SARS-CoV-2 stocks, permissive VeroE6 cells were seeded into 96-well
plates one day before titration. Cells were then infected with 12 serial tenfold dilutions of the virus suspension in parallel octuplicates
(n = 8). After 4 days, cell cultures were microscopically inspected and evaluated regarding the presence or absence of SARS-CoV-2
infection. TCID50 values were calculated by the Spearman & Karber algorithm as previously described [8].

Sample collection

All study participants were immunized with two doses of the mRNA-based SARS-CoV-2 vaccine Comirnaty/BNT162b2 (Pfizer/
BioNTech). Firefighters mostly received the first vaccine dose in December 2020. The second dose was usually administered 3 weeks
after the first dose. Collection of blood samples was conducted approximately 6 months after the second vaccine dose. Six months after
vaccination, participants with very low antibody titers were offered booster vaccination and two weeks after this boost, these in-
dividuals were asked to donate an additional sample. These participants were also asked to donate a follow-up sample 6 months after
the third vaccine dose. The reference group of healthy healthcare workers was also vaccinated twice with Comirnaty. In June to July
2021, blood samples were taken one month after the second vaccine dose. Samples were centrifuged at 3500 g for 15 min. Sera were
stored at 4 °C for few days or at —20 °C for longer time periods.
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Quantification of anti-SARS-CoV-2 antibodies

Determination of anti-SARS-CoV-2 bAb titers was performed using the diagnostic LIAISON SARS-CoV-2 TrimericS IgG assay
(Diasorin, Saluggia, Italy) according to the manufacturer’s instructions. This test is a Chemiluminescence Immunoassay (CLIA) for
quantitative detection of SARS-CoV-2 antibodies against the Spike glycoprotein in human serum. Relative light units (RLUs) were
automatically converted into quantitative values for binding antibody units (BAU/ml). The cut-off for positivity was >33.8 BAU/ml.
Samples reaching more than 2080 BAU/ml (detection limit of the CLIA) were diluted 1:10 (v/v) with phosphate-buffered saline and
subsequently retested.

All serum samples were also analyzed regarding SARS-CoV-2 IgG antibodies against the nucleocapsid antigen to test previous SARS-
CoV-2 infections. This test was performed using the Architect i2000SR CoV-2 IgG assay (Abbott Diagnostics, IL, USA). Results with an
index >1.4 were considered positive for previous infections, an index between 0.4 and 1.4 was regarded as indication for mild in-
fections or infections dating back longer ago. All measurements were conducted according to the manufacturer’s instructions.

Neutralization assay

Neutralizing antibodies were analyzed by an in-cell-ELISA-based neutralization test (icNT) as previously described [16]. Briefly,
serum samples were inactivated at 56 °C for 30 min. 2000 PFU of SARS-CoV-2 (B.1) were incubated with serial dilutions of serum
samples for 1 h at 37 °C prior to infection of Vero E6 cells. At 20-24 h post-infection, cells were fixed with 4% (w/v) paraf-
ormaldehyde/PBS. Cells were permeabilized with 1% (v/v) Triton-X-100/PBS and blocked with 3% (v/v) FCS/PBS. The primary
antibody (a«-N mAb; ABIN6952435) was added and incubated for 2 h at room temperature or overnight at 4 °C. Peroxidase-labelled
secondary antibody (Dianova) was incubated for 1-2 h. Washing steps were performed with 0.05% (v/v) Tween-20/PBS. Tetrame-
thylbenzidin (TMB) substrate was added to visualize the enzyme reaction. The reaction was stopped with 0.5 M HCIl. The absorbance
was measured using a microplate multireader (Mithras2 LB 943; Berthold Technologies). The nAb titers represent the highest serum
dilution at which 50% of input virus was neutralized.

Statistical analysis

Statistical analyses were performed using SPSS software (v23, SPSS Inc., Chicago, IL, USA) and GraphPad Prism 8.0.1 (GraphPad,
CA, USA). Two-tailed p values less than 0.05 were considered statistically significant. Comparison between two groups was performed
using Mann-Whitney U test. Correlations were analyzed using Pearson test. Shapiro-Wilk test was used to test normality.
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