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ARTICLE INFO ABSTRACT

Keywords: The essential trace element selenium (Se) is of central importance for human health and particularly for a regular

SARS-CoV-2 functioning of the immune system. In the context of the current pandemic, Se deficiency in patients with COVID-

Xac'ctinz 19 correlated with disease severity and mortality risk. Selenium has been reported to be associated with the
ntibody

immune response following vaccination, but it is unknown whether this also applies to SARS-CoV-2 vaccines. In
this observational study, adult health care workers (n = 126) who received two consecutive anti-SARS-CoV-2
vaccinations by BNT162b2 were followed for up to 24 weeks, with blood samples collected at the first and
second dose and at three and 21 weeks after the second dose. Serum SARS-CoV-2 IgG titres, neutralising antibody
potency, total Se and selenoprotein P concentrations, and glutathione peroxidase 3 activity were quantified. All
three biomarkers of Se status were significantly correlated at all the time points, and participants who reported
supplemental Se intake displayed higher Se concentrations. SARS-CoV-2 IgG titres and neutralising potency were
highest three weeks after the second dose and decreased towards the last sampling point. The humoral immune
response was not related to any of the three Se status biomarkers. Supplemental Se intake had no effect at any
time point on the vaccination response as measured by serum SARS-CoV-2 IgG levels or neutralising potency.
Overall, no association was found between Se status or supplemental Se intake and humoral immune response to
COVID-19 mRNA vaccination.

Glutathione peroxidase
Cohort study

1. Introduction particularly an efficient immune system [15].

The humoral and cell-mediated immune responses critically depend

The trace element selenium (Se) is incorporated into a set of proteins
termed selenoproteins that are involved in vital functions, making this
micronutrient essential for human health [1,2]. Hereby the Se status,
mainly controlled by dietary intake, constitutes a limiting factor for
selenoprotein expression [3,4]. A deficient Se status has been associated
with several disease risks, including cardiovascular disease (CVD) [1,
5-7] and cancer [8,9]. Further, Se is needed for many important aspects
of life such as fertility [10-12], thyroid hormone regulation [13,14], and
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on Se and selenoproteins, as shown both by experimental and clinical
studies [16,17]. Se deficiency is associated with autoimmune diseases
(AID) and may trigger disease onset directly by increasing ferroptosis
rate of neutrophils due to insufficient expression of glutathione peroxi-
dase 4 (GPx4) [18]. Accordingly, AID may develop in conditions of
severely suppressed Se status, such as after pregnancy, severe illness or
COVID19 [19,20]. A central role of Se supply is also documented in the
context of viral infections. The endemic Keshan disease in areas of low
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Fig. 1. Study design, IgG response, and selenium status of the cohort. (A) Participants received two doses of BNT162b2 vaccine within a three week-interval. Blood
sampling was conducted at first and second dose, three weeks and 21 weeks after the second dose. In serum samples, SARS-CoV-2 IgG titres, neutralising potency of
antibodies, total Se, SELENOP, and activity of GPx3 were measured. (B) Most IgG titres were below the cut-off of seropositivity (11.5 AU/mL, red line) at time point
of first sampling, except for eight participants. All volunteers reached seropositivity three weeks after the second vaccination. A waning of the IgG titres was observed
at the last sampling time-point, however the titres were still significantly higher than baseline. A similar pattern for neutralising potency of the antibodies was
observed (Fig. S1). (C) Serum Se and SELENOP correlated tightly below the threshold of 120 pg/L (black dots) (R = 0.605, p < 0.001), while the two parameters
showed no significant correlation above 120 pg/L (gray dots). Serum Se and GPx3 activity correlated well below the threshold for GPx3 saturation (90 pg/L, black
dots; R = 0.23, p < 0.001), but not above (gray dots). SELENOP and GPx3 activity correlated in the whole cohort (R = 0.27, p < 0.001). (D) Study participants who
reported recent supplemental Se intake had higher levels of all three Se status biomarkers at baseline. Two-sided Wilcoxon-Rank-sum test was applied to detect

differences between the two groups.

habitual Se intake constitutes a most instructive example, as it develops
in severely Se deficient subjects upon coxsackievirus infection [21].
Supplementation with Se proved efficient for disease prevention [22].
Similarly, Se deficiency has been associated with survival and progres-
sion of HIV-1 infection [23-25]. Besides other essential micronutrients
like zinc, copper or vitamin D, the central role of an adequate Se status is
vividly discussed in the context of the COVID-19 pandemic. Individual
level [26,27], cumulative population level [28] as well as geographical

data [29] have shown an inverse association of Se status and infection
risk or outcome of COVID-19.

A direct association of Se status with immune response after vacci-
nations has been suggested [30]. A recent study described how the
Se-GPx4-ferroptosis pathway regulates function of follicular T-helper
cells supporting antibody production [31]. Supplementation of Se was
shown to increase GPx4 expression and antibody titres following Influ-
enza vaccination [31]. Given the wide-ranging involvement of Se for an
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efficient humoral and cellular immune response, we hypothesized that
Se status correlates with antibody response following COVID-19 mRNA
(BNT162b2) vaccination.

2. Material and methods
2.1. Study cohort

Blood sampling was conducted within the ATORG Study [32].
Ethical counselling was provided by the authorities in Bavaria, Germany
(Ethik-Kommission der Bayerischen Landesarztekammer, Munich, Ger-
many, EA No. #20033), and the study was registered at the German
Clinical Trial Register (Deutsches Register Klinischer Studien, ID:
DRKS00022294, Sept. 14th 2020), with an amendment of the
Ethik-Kommission der Bayerischen Landesarztekammer on Jan. 12th’
2021. All volunteering participants provided written informed consent
for the study prior to enrolment. In brief, adult health care workers (n =
126 at baseline) received two doses of BNT162b2, Biontech/Pfizer
vaccine. A serum sample was prepared at first dose, second dose (week
three), week six and at week 24, shipped on dry ice to the analytical
laboratory in Berlin, Germany, and analysed by scientists and techni-
cians blinded to the clinical data, as described [26,32].

2.2. Assessment of SARS-CoV-2 IgG and neutralising activity

Both methods have been described in detail earlier [32]. Briefly, an
automated chemiluminescent two-step capture immunoassay (TGS
COVID-19, product code: CVCL100G, Immunodiagnostic Systems (ids)
Holdings PLC, Frankfurt, Germany) for the automated analyser (IDS-i-
SYS Multi-Discipline Automated System, ids) was used to determine
serum SARS-CoV-2 IgG concentrations. The neutralising activity was
assessed by measuring the interference of serum samples on the binding
of recombinant spike protein to SARS-CoV-2 receptor ACE2 by a
competitive method (SPIA, Spike Protein Inhibition Assay, product
code: DKO205/RUO, ids Holdings PLC) on the same automated
analyser.

2.3. Quantification of total serum Se

Total serum Se concentrations were determined by total reflection X-
ray fluorescence (TXRF) analysis, as described [33]. Briefly, serum
samples were mixed with an internal standard containing 1000 pg/L
gallium, in a 1:2 dilution, and applied to quartz glass carriers. Mea-
surements were conducted using a TXRF spectroscope (54 TStar, Bruker
Nano GmbH, Berlin, Germany). A standard serum with validated Se
concentrations (Seronorm Sero AS, Billingstad, Norway) served as con-
trol; intra- and inter-assay of coefficients of variation were below 5%
during the measurements.

2.4. Quantification of selenoprotein P

A validated, commercial sandwich ELISA (selenOtestTM, selenOmed
GmbH, Berlin, Germany) was used to assess serum SELENOP concen-
trations [34]. According to the manufacturer’s instructions, three
different control samples with low, medium and high concentrations of
human SELENOP were included in all assay runs. Intra- and inter-assay
coefficient of variation was below 15% during the analyses.

2.5. Quantification of GPx3 enzyme activity

Enzymatic activity of GPx3 was measured by a coupled enzyme ac-
tivity assay [35]. Briefly, glutathione and tert-butyl-hydroperoxide
served as substrates for GPx3. The decrease in NADPH during the con-
sumption by glutathione reductase catalyzing glutathione reduction was
measured at 340 nm as readout of GPx3 activity. A standard was
included during all measurements and served to control the reaction
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conditions. Intra-assay coefficient of variation was below 12% during
the analyses.

2.6. Statistical analysis

For all continuous variables, normality was assessed using the
Shapiro-Wilk-Test. Continuous variables are presented as median with
interquartile range (IQR). For the main analyses, Se biomarkers were
categorized into tertiles. Comparisons between two groups were con-
ducted applying Wilcoxon-Rank-sum test, and comparisons between
three groups were conducted applying Kruskal-Wallis test. Correlation
between Se biomarkers was assessed using Spearman’s Rank correlation
test. All analyses were two-sided and p-values below 0.05 were
considered significant. The statistical analyses were performed by the R
software, version 4.1.1, implementing the packages dplyr [36], tidyr
[37], gtsummary [38], ggplot2 [39], ggpubr [40].

3. Results

3.1. Study cohort, vaccination and baseline SARS-CoV-2 IgG
concentrations

In this observational study, a cohort of healthy adult health care
professionals received two doses of the BNT162b2 mRNA vaccine within
a time interval of 3 weeks and provided serum samples for analysis. The
observational period comprised the two vaccinations in addition to two
later time points at six and 24 weeks after first vaccination (Fig. 1A). The
majority of the participants were female (87.3% at enrolment) (Ta-
bleS1). At the time of first vaccination, all but eight of the participants
were IgG seronegative, with a median SARS-CoV-2 IgG titre of 0.6 AU/
mL (Fig. 1B). Twenty-eight subjects reported intake of Se containing
supplements.

3.2. Longitudinal immune response

Vaccination response was assessed by quantifying the SARS-CoV-2
IgG titres at the different time points. Already three weeks after vacci-
nation, the majority of samples was above the threshold of positive
humoral immune response, as predefined by the assay provider (indi-
cated as horizontal orange line in Fig. 1B). A maximum was observed at
sampling point three, i.e., six weeks after first vaccination, and declined
concentrations were observed at 24 weeks after first vaccination
(Fig. 1B). However, the IgG titres were still strongly above baseline and
above the threshold for positive SARS-CoV-2 IgG titres, i.e., can be
classified as seropositive. The dynamic increase and decrease of neu-
tralising antibody titres showed a very similar trend at all the time points
(Fig.S1).

3.3. Biomarkers of Se status during the study and according to supplement
use

Three different biomarkers of Se status were quantified in all the
serum samples available and correlated significantly with each other,
indicating a suboptimal Se status for full expression of selenoproteins in
this cohort (Fig. 1C). Established thresholds for the saturation of Se-
dependent expression of SELENOP (120 pg/L) and GPx3 (90 pg/L)
were used to assess the correlation of the biomarkers in more detail. As
expected, total Se correlated tightly with SELENOP below the threshold
(Fig. 1C, left, black dots), while no significant correlation was observed
above the cut-point. Similarly, total Se was closely correlated with GPx3
activity in serum samples below the threshold (Fig. 1C, centre, black
dots), but no significance was detected above the cut-point. In the full
collection of samples, a significant correlation between SELENOP con-
centrations and GPx3 activity was observed (Fig. 1C, right). The par-
ticipants reporting a supplemental Se intake at baseline had a higher Se
status according to all of the biomarkers analysed (Fig. 1D).
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Fig. 2. Humoral immune response according to supplementary Se intake. (A) Subjects who reported recent supplementary Se intake did not have significantly
different SARS-CoV-2 IgG titres than those who did not supplement Se. (B) Similarly, no differences in neutralising potency (Inhibition in %) was detected between
the two groups at any sampling time. Spearman’s Rank test was used for correlation analysis, and two-sided Wilcoxon-Rank-sum test was applied to assess differences

between groups.

3.4. Effect of Se supplementation on the humoral immune response to
vaccination

The humoral immune response of the participants with self-reported
Se supplementation was compared to those not reporting recent sup-
plemental Se intake by assessing two biomarkers of immune response.
Neither the SARS-CoV-2 IgG titres (Fig. 2A), nor the neutralization po-
tency of the serum on SARS-CoV-2 spike protein binding to the ACE2
receptor (Fig. 2B) differed significantly between the two groups at any of
the time points analysed.

Baseline Se status in relation to the humoral immune response to
vaccination.

Next, SARS-CoV-2 IgG titres were compared according to baseline Se
status. For that purpose, all three biomarkers were categorized into
tertiles (Q1-Q3) (Fig. 3). Except for a slight difference in tertiles of
SELENOP, implying a U-shaped relation to IgG levels at the second
sampling point (Fig. 3B), no significant differences were observed.
Similarly, neutralising antibody titres were compared according to
baseline Se biomarker tertiles. Again, no significant differences across
the tertiles were observed (Fig.S2). As a sensitivity analysis, we
compared IgG response across Se biomarker tertiles excluding partici-
pants with a reported Se intake, without identifying differences (Fig.S3).

IgG titres or inhibition potency did also not differ significantly when
assessing a double-deficient group in micronutrients, with a combined
Se and vitamin D deficiency (Fig.S54).

4. Discussion

In this prospective observational study, we analysed three bio-
markers of Se status in relation to time-resolved SARS-CoV-2 IgG titres
and antibody neutralization potency in adult health care workers. In
contrast to our hypothesis, we observed no significant association of Se
status with the humoral immune response to BNT162b2 vaccine in this
study. However, our cohort consisted only of healthy adults with a
moderate Se status, and did not include seniors, children or adolescent
subjects. Moreover, the findings should not be extrapolated to sick pa-
tients or chronically ill subjects, who may have a compromised immune
system or be predisposed to severe Se deficiency.

The data are unexpected, as prior research indicated a beneficial
effect of Se supplementation or high Se status for the immune response,
e.g. upon influenza vaccination in three independent interventional
studies [31,41,42]. However, the reported improvements were mainly
related to cellular parameters, such as an increase in T cell proliferation,
or to specific cytokines including IL-8 and IL-10. A recent study reported
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Fig. 3. Baseline Se status in relation to SARS-COV-2 IgG titres. (A) Serum Se was categorized into tertiles (Q1; <70.8 pg/L, Q2; <82.7 ug/L, and Q3; >82.7 pg/L), and
no significant differences were observed between these groups. (B) Serum SELENOP was divided into tertiles (Q1; <3.6 mg/L, Q2; <4.3 mg/L, and Q3; <4.3 mg/L). A
significant U-shaped difference was observed at the second time point (p = 0.023). However, this observation was not retained in the follow-up. (C) Serum GPx3
activity was classified into tertiles (Q1; <215.3 (U/L), Q2; <248.0 (U/L) and Q3; >248.0 (U/L)), and no differences in immune response were noted across the tertiles
of GPx3 activity. Two-sided Kruskal-Wallis test was used to assess differences.

also positive effects of Se supplementation on the titres of induced an- 4.1. Strengths and limitations

tibodies to influenza vaccination in healthy adults [31]. Similar effects

are reported from an intervention study with sodium selenite for the Among the strengths of the study are the longitudinal nature and a
immune response to vaccination against poliovirus [16]. relatively large cohort of healthy subjects being vaccinated in a highly

coordinated manner within a similar environment and by the same
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protocol, minimizing variations in the vaccines and processing of the
biosamples. Moreover, the analyses were conducted in parallel by the
same methods and scientists, blinded to any clinical information, and
the interaction analysed was assessed by two complementary bio-
markers for immune response and by three biomarkers of Se status.
Hereby, a relative comprehensive and reliable assessment of both the
humoral immune response and the Se status was obtained, yielding
moreover congruent results irrespective of the individual biomarkers
used. Finally, the study period chosen proved as most fortunate to not
only capture immediate response, but also the decline.

Among the limitations are that only humoral parameters were ana-
lysed, whereas cell-mediated vaccination response was not assessed. The
study period still is somehow limited, and additional time points would
have provided a more dynamic picture. Finally, the Se status of the
subjects was neither on the high sufficient side, as usually observed in
Se-replete populations such as US Americans or inhabitants of other Se-
rich areas, nor did we include severely Se-deficient subjects that are
residing in areas of marginal Se intake, such as central Asia or Africa.
Collectively, in view of the observed lack of interrelationship of Se status
biomarkers with SARS-CoV-2 IgG titres and neutralising activity, it ap-
pears unnecessary to consider Se supplementation for the antibody
response to vaccination. Nevertheless, living with a low Se supply and
developing a deficient Se status bears a number of other health risks
ranging from infection and autoimmune to cardiovascular and cancer
risks [2,15,20,43]; therefore, avoiding a severe Se deficit appears pru-
dent and meaningful for staying healthy, in particular during the current
pandemic.
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Characteristic Overall, N = 126 Female, N = 110 Male, N = 16
Age (Years) 47 (37, 55) 47 (37, 55) 42 (36, 53)
SARS-CoV-2 IgG (AU/mL) 0.6 (0.0, 2.0) 0.6 (0.0, 2.0) 0.6 (0.0, 2.5)
Neutralising Potency (%) 23 (18, 26) 23 (18, 26) 22 (14, 25)
Selenium (ug/L) 77 (69, 87) 76 (68, 87) 81 (73, 91)

SELENOP (mg/L)
GPx3 Activity (U/L)
Selenium Supplement
Median (IQR); n (%)

3.78 (3.23, 4.32)
222 (203, 240)
28 (22%)

3.78 (3.23, 4.31)
220 (200, 240)
25 (23%)

3.84 (3.45, 4.38)
232 (219, 258)
3 (19%)
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