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A B S T R A C T   

The essential trace elements copper, selenium and zinc are of relevance for immunity and immune 
response to vaccination. In this longitudinal study, adult healthcare workers (n = 126) received 
two doses of an mRNA vaccine (BNT162b2), and longitudinal serum samples were prepared. 
Vaccine-induced antibodies and their neutralizing activity were analyzed, and the trace elements 
copper, zinc, and selenium along with the copper transporter ceruloplasmin were measured. 
Subjects with combined deficiency of copper and zinc, i.e. both in the lowest tertiles at baseline, 
displayed particularly low antibody titers at three (Double Q1: 13 AU/mL vs. not double Q1: 29 
AU/mL) and six (Double Q1: 200 AU/mL vs. not double Q1: 425 AU/mL) weeks after vaccination 
(p < 0.05). The results indicate the potential importance of an adequate trace element status of 
copper and zinc for raising a strong vaccine-induced SARS-CoV-2 antibody response, and high
lights the importance of considering combined micronutrient insufficiencies, as single deficiencies 
may synergize.   

1. Introduction 

A sufficient supply with the essential trace elements copper (Cu), selenium (Se) and zinc (Zn) is required for human development, 
metabolic control and maintaining health, in particular for a regular functioning of the immune system [1–5]. The trace elements Se 
and Zn have been identified as particularly relevant for raising a strong vaccination response, and for avoiding a severe disease course 
once infected [6–11]. The trace element Cu serves as an important constituent of Cu-containing proteins, conferring structural stability 
and redox reactivity, and participates as cofactor in the enzymatic reactions catalyzed by e.g. superoxide dismutase (Cu/Zn-SOD), 
cytochrome c oxidase (COX), lysyl oxidase (LOX), peptidylglycine alpha-amidating monooxygenase (PAM), and ceruloplasmin [12, 
13]. Hereby, Cu and Cu-dependent enzymes contribute to many essential developmental, metabolic and adaptive biochemical 
pathways, with a major impact on immune system functioning and immune cell activity [14–17]. 

A deficient Cu status may cause energy deficits due to insufficient activity of mitochondrial COX [18], impair regular endocrine and 
neuronal signaling because of low PAM expression [19], lead to elevated oxidative stress status as Cu/Zn-SOD becomes insufficiently 
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expressed [20], and disturb regular Cu transport and iron (Fe) metabolism by insufficient Cu loading of ceruloplasmin, rendering the 
apoenzyme enzymatically inactive [21,22]. By these and additional mechanisms, the functionality, activity and responsiveness of 
immune cells depend on a regular Cu supply which is maintained by ceruloplasmin, and strong deficiency or excessive intake may 
impair the immune response considerably, as observed in a variety of model systems and clinical studies [14,23–25]. 

While mild to moderate Cu deficiency seems to mainly affect phagocytic and T cell activity [15,26], severe deficits were associated 
with leukopenia and neutropenia [14,26,27]. Dietary Cu supplementation efficiently restored some of these defects in different model 
systems and clinical studies [25–27]. In the current pandemic, the Cu status has been associated with COVID-19 severity and mortality 
risk [28,29], as well as with nucleic acid replication, cell entry efficiency, and virus inactivation, [30–33]. In how far the baseline Cu 
status affects the immune response upon mRNA vaccination has not yet been investigated. To resolve this issue, we conducted a 
longitudinal observational study with adult healthcare workers who were vaccinated with an mRNA vaccine in a coordinated process 
during the start of the pandemic, and analyzed the interaction between Cu status and vaccination-induced humoral immune response. 

2. Results 

2.1. Blood sampling and baseline characteristics 

A total of 126 adult healthcare workers, of whom 110 were female and 16 were male, participated in this prospective observational 
study (Table 1). All participants received two doses of the BioNTech SARS-CoV-2 vaccine (BNT162b2) within a three week time in
terval. Four consecutive blood samples were taken, i.e., at the day of first and second vaccination, as well as 6 and 24 weeks after first 
vaccination (Fig. 1A). 

At baseline all but eight of the participants showed no presence of SARS-CoV-2 Immunoglobulin G (IgG) in their serum, and 
concomitantly no neutralizing activity against the spike protein. The median of the IgG titer and neutralizing activity was 0.6 AU/L and 
23 %, respectively. The median (IQR) concentration of serum Cu and ceruloplasmin at baseline was 1115 (963, 1241) μg/L, and 384 
(325, 515) mg/L, respectively, with women displaying higher levels than men (females vs. males; Cu: 1161 (1013, 1252) vs. 946 (833, 
1036) μg/L, ceruloplasmin: 392 (329, 534) vs. 351 (308, 411) mg/L). The overall median concentrations of Se and Zn were at 77 (69, 
87) μg/L, and 800 (738, 870) μg/L, respectively (Table 1). 

2.2. SARS-CoV-2 parameters and Cu status over time 

The dynamics of the SARS-CoV-2 IgG concentration and neutralizing activity over the observational period of 24 weeks in this 
cohort was presented previously, displaying a continuous increase in the first six weeks, reaching peak values and showing subse
quently declined readings at the last time point of analysis, i.e. at week 24 [13,34–36] (Supplementary Fig. 1). The Cu parameters total 
serum Cu and ceruloplasmin showed a strong linear positive correlation in the whole cohort of samples (R = 0.43, p < 0.001) (Fig. 1B). 
The Cu and ceruloplasmin concentrations varied slightly over the different time points of analysis (median; week 3, 6, and 24; Cu; 
1114, 1083, and 1106 μg/L, versus ceruloplasmin; 423, 380, and 338 mg/L) (Fig. 1C and D). 

2.3. Vaccination response in relation to baseline Cu status 

Baseline Cu and ceruloplasmin status of the participants at first vaccination was categorized into tertiles (Cu; Q1<1024.6 μg/L; Q2: 
1024.6–1211.0 μg/L; Q3>1211.0 μg/L, and ceruloplasmin; Q1<340.7 mg/L, Q2: 340.7–453.2 mg/L, Q3>453.2 mg/L). The resulting 
SARS-CoV-2 IgG concentrations differed significantly between the tertiles of Cu three weeks after vaccination (p < 0.05) (Fig. 2A; 
Supplementary Fig. 2A). A sub-analysis reveals a significant difference among the female participants only (Supplementary Fig. 3). The 
relatively lowest concentration of SARS-COV-2 IgG (median; 17.7 AU/mL) and neutralizing activity (median; 51.4%) was found in the 
samples with low Cu concentrations (Cu in Q1). In comparison, no significant differences across the tertiles of ceruloplasmin were 
detected (Fig. 2B; Supplementary Fig. 2B). The observed association of low Cu with low IgG concentrations and low neutralizing 
activity to SARS-COV-2 at the three week time point was dose-dependent, and a significant correlation was observed (p < 0.05) 
(Fig. 3A, C). In comparison, no correlation was detected for baseline ceruloplasmin with the IgG concentrations to SARS-COV-2 
(Fig. 3B, D). 

Table 1 
Baseline characteristics.  

Characteristic Overall, n = 126 Female, n = 110 Male, n = 16 

Age (yr) 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) 
Inhibition (%) 23 (18, 26) 23 (18, 26) 22 (14, 25) 
Copper (μg/L) 1115 (963, 1241) 1161 (1013, 1252) 946 (833, 1036) 
Ceruloplasmin (mg/L) 384 (325, 515) 392 (329, 534) 351 (308, 411) 
Selenium (μg/L) 77 (69, 87) 76 (68, 87) 81 (73, 91) 
Zinc (μg/L) 800 (738, 870) 798 (737, 869) 837 (754, 938) 

Median (IQR). 
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2.4. Vaccination response in subjects with combined trace elements deficiencies 

In a second analysis, participants were grouped into different categories according to combined trace element deficiencies 
(Table 2). Subjects who had low concentrations (Q1) of all three trace elements in parallel (Cu < 1024.6; Zn < 764.3; Se < 70.8 μg/L) 
were denoted as triple deficient (Triple Q1; TQ1). Participants with two trace elements in Q1 were denoted as double deficient (Double 

Fig. 1. Study design, serum copper and ceruloplasmin concentrations and longitudinal dynamics. A The schematic diagram of the study design is 
shown. B Serum copper and ceruloplasmin concentrations show a positive linear correlation. C There are no apparent differences in serum copper 
concentrations during the study period. D Similarly, serum ceruloplasmin concentrations are relatively constant during the observation period. The 
correlation analysis was performed using Spearman’s rank correlation; results are indicated as inset. 

Fig. 2. Dynamic changes in SARS-CoV-2 IgG concentrations according to baseline copper and ceruloplasmin status. A Comparison of SARS-CoV-2 
IgG titers in probands at baseline and week 3, 6, and 24 post vaccination with different copper status (Q1<1024.55 μg/L; Q2 1024.55–1211 μg/L; 
Q3 >1211 μg/L) at baseline indicates significant differences at 3 weeks post vaccination. B The comparison of SARS-CoV-2 IgG titers in relation to 
baseline Ceruloplasmin status (Q1<340.70 mg/L; Q2 340.70–453.23 mg/L; Q3 >453.23 mg/L) does not reveal significant differences. Two-sided 
Kruskal-Wallis test was used to assess differences. 
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Q1, DQ1), i.e., with serum concentrations in tertile Q1 of both Cu and Zn, or Cu and Se, or Se and Zn. The comparison of these groups 
showed no significant associations of the triple deficiency with Cu, Se and Zn in Q1 (TQ1-Cu-Se-Zn), or of the double deficiencies in Cu 
and Se (DQ1-Cu-Se; Cu < 1024.6 and Se < 70.8 μg/L), or Se and Zn (DQ1-Se-Zn; Se < 70.8 and Zn < 764.3 μg/L) with the induced IgG 
to SARS-CoV-2 (Supplementary Figs. 4A, B, C). However, the combined double deficiency in Cu and Zn (DQ1-Cu-Zn; Cu < 1024.6 and 
Zn < 764.3 μg/L) was associated with significantly lower IgG concentrations to SARS-CoV-2 at weeks three and six as compared to the 
other subjects with no deficiency in Cu or Zn (Fig. 4A). The neutralizing activity showed no significantly differences in this comparison 
(Fig. 4B, Supplementary Figs. 5A and B). 

3. Discussion 

In this prospective observational study, we investigated the association of baseline Cu status with the humoral immune response to 
SARS-CoV-2 vaccination. To this end, two biomarkers of Cu status, namely total serum Cu and circulating ceruloplasmin concen
trations, along with two biomarkers of vaccine-induced antibody response, namely IgG concentration and the neutralizing activity, 

Fig. 3. Correlation of baseline copper and ceruloplasmin with vaccination parameters. A Baseline copper concentration shows a linear 
correlation with SARS-CoV-2 IgG levels at baseline and week 3 post vaccination. B Baseline ceruloplasmin and SARS-CoV-2 IgG levels were not 
associated at week 3 post vaccination. C Correlation analysis of the inhibitory activity with baseline copper concentration at week 3 post vaccination 
indicates a moderate interaction. D No correlation between inhibition activity and baseline ceruloplasmin concentration at week 3 post vaccination 
was noted. Data were analyzed by Spearman’s rank correlation. 

Table 2 
Group characteristics.  

Group n = Age (yr) Copper (μg/L) Selenium (μg/l) Zinc (μg/L) 

Overall 126 47 (23–69) 1115 (743-2720) 77 (49–167) 800 (591-1208) 
Triple Q1: (Cu, Se, Zn) 6 40 (34–49) 951 (743-1023) 55 (49–70) 665 (609–745) 
Double Q1: (Cu, Zn) 17 44 (24–55) 917 (743-1023) 76 (49–167) 720 (592–764) 
Double Q1: (Cu, Se) 12 40 (24–49) 943 (743-1023) 58 (49–70) 760 (609–870) 
Double Q1: (Se, Zn) 16 42 (24–63) 1050 (743-1735) 63 (49–70) 685 (591–753) 

Median (Range); Copper = Cu; Selenium = Se; Zinc = Zn. 
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were assessed at different time points after vaccination. The results indicate that the subjects with relatively low Cu concentrations at 
baseline displayed the lowest antibody response three weeks after the vaccination, whereby the effect was observed with the female 
participants only. However, this may be due to the relatively low number of male participants. The effect on the immune response of 
the group with the lowest Cu concentrations was attenuated six and 24 weeks after the first vaccination, implying that the impact may 
be transient in nature. A combined relative deficiency in both Cu and Zn was associated with a poor antibody response over a longer 
period of time, detected at 3 and 6 weeks after vaccination. Nearly half of the participants in this combined relative deficiency group 
tested negative for SARS-CoV-2 antibodies at the time of the second vaccination, implying a potentially greater transient vulnerability 
to infection as compared to the other vaccinated subjects. These participants displayed an impaired immune response, with some 
similarity to the response of senior (>66 yr) immunosuppressed individuals, as reported in an earlier study [37]. Other potential 
confounding parameters, such as baseline socio-demographic, clinical or exposure characteristics, vaccine choice or country, proved to 
be of little relevance for an efficient SARS-CoV-2 vaccination response [38]. In comparison to Cu, there was no parallel association 
between ceruloplasmin concentration and Ab response, highlighting that despite the linear correlation of both Cu biomarkers, their 
interaction with the immune system is apparently dissimilar, with apparently little relevance of ceruloplasmin-bound Cu within the 
concentration range present in this study. 

The range of trace element concentrations determined in the participants of this study cohort is consistent with other recently 
published observational analyses with healthy European adults [39–41]. A significant sex-specific difference in serum Cu and ceru
loplasmin was observed, in agreement with prior studies comparing healthy adult men and women [41–43], which is likely due to the 
effects of estrogens on ceruloplasmin expression and the sex-specific responses of ceruloplasmin to Cu intake [44,45]. The different 
association of serum Cu and ceruloplasmin concentrations to the humoral immune response to vaccination points to the potential 
relevance of non-ceruloplasmin bound Cu, a fraction of circulating Cu that has been associated with oxidative stress, damage, cognitive 
decline and Alzheimer disease [46]. Alzheimer patients with elevated non-ceruloplasmin bound Cu showed a less severe cerebral 
atrophy, suggestive of a distinct role of mobile Cu for the disease process [47]. In this respect, the critical role of immune cells for 

Fig. 4. SARS-CoV-2 IgG according to double Q1 (deficiency) of copper and zinc at baseline. A Comparison of SARS-CoV-2 IgG titers in probands of 
different baseline copper and zinc status (Double Q1: copper <1024.55; zinc <764.3) indicates significant differences at 3 and 6 weeks post 
vaccination. B Comparison of neutralizing activity of different baseline copper and zinc status (Double Q1: copper <1024.55; zinc <764.3) baseline 
indicates no significant differences. Pairwise comparisons were conducted by applying the Wilcoxon-Rank-Sum test. 
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controlling the ratio of free versus protein-bound trace elements, and between their availability to potential pathogens versus host cells 
merits consideration, as this balance responds dynamically to infections [48]. Notably, ceruloplasmin has been shown to deliver Cu to 
immune cells, thereby supporting immune responses after infection and immunization, and likely affecting the balance of Cu-free 
apoenzyme to Cu-loaded ceruloplasmin [49]. As the enzymatic activities of ceruloplasmin depend on the Cu ligand, the balance of 
Cu-free to Cu-loaded ceruloplasmin determines its ferroxidase activity, iron metabolism, and may be responsible for the herein 
observed incongruent relationship to the vaccination response in comparison to total serum Cu [50]. 

3.1. Association of copper status and vaccination response 

The importance of a replete Cu status for a fully functioning immune system, in particular for the adequate activity of immune cells 
such as neutrophils, monocytes and T cells, has been demonstrated in several clinical and experimental studies [14,25,51,52]. Serum 
Cu is known to increase in inflammation and infections, as part of the positive acute phase response [53,54]. A potential permissive 
effect of Cu on the biosynthesis of antibodies by B cells is less well characterized, and the interaction is mainly known from severe Cu 
deficiency impairing humoral immune responses in mice [55]. Focused studies analyzing the role of Cu in healthy non-deficient adults 
have so far been missing, in particular in view of the current pandemic and the importance of efficient vaccination programs [56]. 
There are only few clinical studies analyzing immune parameters in relation to Cu status. Intervention studies with high and low 
copper diets have reported positive effects on indices of immune function, with dose-dependent associations [57,58]. These findings 
are in accordance with our results, indicating that Cu status and immune system activity correlate over wide concentration ranges, and 
are not only relevant in severe Cu deficiency. Even sub-optimal supply and slight deficiencies may be of relevance for an intensive 
immune response and an efficient increase of vaccination-induced antibodies. 

3.2. Combined trace element deficiency and vaccination response 

In previous studies, baseline concentrations of the essential trace elements Se and Zn have been associated with the activity of the 
immune system, collectively indicating the importance of replete supply [6,7,10]. Yet, our prior analyses indicated that the serum Se or 
Zn concentrations in this group of adult health care workers were unrelated to the antibody response after vaccination [35,36]. This 
notion accords with the analysis of the group of participants with a combined Se–Zn deficiency (DQ1-Se-Zn) in this study, which was 
not different from the better supplied subjects. However, once severely diseased and admitted to hospital, a combined deficiency of the 
trace elements was associated with higher complication rates in pulmonary infections [59]. The diverse observational studies have 
recently been supported by a randomized intervention trial (RCT), indicating significantly enhanced immune responses in subjects 
receiving Se and Zn supplementation [60]. This notion has recently been reinforced by the results from an RCT with supplemental Zn, 
reducing hospital stay and mortality rate in hospitalized patients with severe COVID-19 [61]. 

Our study accords with these findings on the importance of a sufficiently high trace elements supply, and indicates that Cu, and in 
particular the combined Cu and Zn status, are of relevance for an efficient immune response both acutely and for longer periods of time 
post vaccination. As mentioned, our study was not indicating any apparent modifying effect of Se status on these interactions. This 
finding may be due to the specific cohort studied, as the enrolled healthy adults from the particular clinics in Germany were well-aware 
of the high importance of a replete Se status for general health, in particular for surviving COVID-19, and almost none of the par
ticipants displayed strong Se deficiency at the different time points [36]. This particular pre-requisite is not usually found across 
Europe, where many subjects display strong Se deficiency [62], in particular when infected and admitted to hospital [29,63]. 

3.3. Strength and limitations 

Among the strengths of this study is the longitudinal design with a group of healthy volunteers who were vaccinated according to a 
pre-specified protocol during a well-defined short period of time. All participants received the same vaccine, and the serum samples 
were processed by standard operating procedures in parallel. In addition, the laboratory analyses were performed by experienced 
personnel blinded to all clinical information. Further, the two most informative biomarker of Cu status were determined and correlated 
linearly, and two meaningful readouts of vaccination-induced antibodies were assessed and compared, yielding congruent results. 

Among the notable limitations of the study are the focus on humoral parameters only, and the limited size of the cohort, where the 
majority of participants were female. Even though, two biomarkers of Cu status were analyzed, information of Cu-free versus Cu- 
loaded ceruloplasmin was not available, limiting the interpretation on ceruloplasmin enzymatic function under these conditions. In 
addition, all the participants were vaccinated with the BNT162b2 vaccine, and the results may not be applicable and of relevance to 
other SARS-CoV-2 vaccines. Moreover, like in all observational studies, residual confounding cannot be ruled out entirely. Information 
on BMI, smoking, alcohol intake or socioeconomic status, which were shown to possibly associate to Cu status and mortality, were not 
accessible. Moreover, follow up data on additional vaccinations and potential disease courses upon SARS-CoV-2 infections are un
known and were unfortunately not planned during the design and ethical approval of the study. Finally, the population studied was 
mainly European females, and extrapolations to other populations with different genetic or geographical background may not be 
appropriate. 

4. Conclusion 

In conclusion, this study shows that a copper status below 1024.55 μg/L is associated with a reduced vaccination response three 
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weeks after Covid-19 vaccination. Furthermore, participants with a copper status below 1024.55 combined with a zinc status below 
764.3 had reduced IgG titres three and six weeks after vaccination. 

4.1. STAR methods 

Key resources table.  

Reagent or Resource Source Identifier 

Biological samples 
Healthy donor serum Klinikum Aschaffenburg-Alzenau EA No. #20033; ID: DRKS00022294 
Critical commercial assays 
IDS SARS-CoV-2 IgG Immunodiagnosticsystems Cat#CVCL100G 
Spike Protein Inhibition Assay (SPIA) Immunodiagnosticsystems Cat#DKO205/RUO 
Software and package 
RStudio integrated development environment Posit Software https://posit.co/products/open-source/rstudio/ 
dplyr https://cran.r-project.org/web/packages/dplyr/index. 

html 
https://cran.r-project.org/web/packages/dplyr/ 
index.html 

tidyr https://cran.r-project.org/web/packages/tidyr/index. 
html 

https://cran.r-project.org/web/packages/tidyr/ 
index.html 

gtsummary https://cran.r-project.org/web/packages/gtsummary/ 
index.html 

https://cran.r-project.org/web/packages/ 
gtsummary/index.html 

ggplot2 https://cran.r-project.org/web/packages/ggplot2/ 
index.html 

https://cran.r-project.org/web/packages/ggplot2/ 
index.html 

ggpubr https://cran.r-project.org/web/packages/ggpubr/ 
index.html 

https://cran.r-project.org/web/packages/ggpubr/ 
index.html 

Other 
Benzoquinone Activated Horseradish 

Peroxidase (BQ-HRP) 
Immunodiagnosticsystems Cat#JC-1503-003 

BioFx TMB One Component HRP Microwell 
Substrat 

SURMODICS Cat#TMBW-0100-01 

sulphuric acid 96 % CARL ROTH Cat#4623.1 
Trace Elements Serum L-1 Seronorm Cat#201405 
Gallium standard fischer scientific Cat#16674124  

4.2. Resource availability 

4.2.1. Lead contact 
Further information and any related requests should be directed to and will be fulfilled by the lead contact, Lutz Schomburg (Lutz. 

Schomburg@charite.de). 

4.2.2. Material availability 
This study did not generate new unique reagents. 

4.2.3. Study design and subject details 
In the prospective observational ATORG study, all blood samples were collected from healthy adult health care workers [35]. The 

authorities in Bavaria, Germany, provided ethical counselling (Ethik-Kommission der Bayerischen Landesärztekammer, Munich, 
Germany, EA No. #20033), and the study had been registered at the German Clinical Trial Register (Deutsches Register Klinischer 
Studien, ID: DRKS00022294, Sept. 14th 2020), with an amendment added Jan. 12th, 2021. All enrolled participants gave written 
informed consent at the start of the study and consented to the publication of clinical results. The final cohort consisted mainly of 
female (n = 110) health care workers (n = 126 at baseline), who received two sequential doses of the Biontech/Pfizer vaccine 
(BNT162b2) in a coordinated vaccination process (Table 1). All enrolled participants were not pregnant and had no pre-existing health 
conditions. In addition, all Study participants completed a questionnaire about their diet and supplement intake. Serum samples were 
drawn at four time points, i.e. at the time of first vaccination (n = 126), at the second dose (n = 115) (week three), six weeks after first 
vaccination (n = 113) and at week 24 (n = 56). All samples obtained were shipped on dry ice to the analytical laboratory in Berlin, 
Germany, for trace element and immunoglobulin analysis by scientists and technicians blinded to the clinical data. 

Ethical approval 
The study was conducted according to the guidelines of the Declaration of Helsinki, and ethical counselling was provided by the 

authorities in Bavaria, Germany (Ethik-Kommission der Bayerischen Landesärztekammer, Munich, Germany EA No. #20033). The 
study was registered at the German Clinical Trial Register (Deutsches Register Klinischer Studien, ID: DRKS00022294, September 14, 
2020) with an amendment approved by the Ethik-Kommission der Bayerischen Landesärztekammer, Munich, Germany, on January 
12, 2021 (EA No. #20033a). 
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5. Method details 

5.1. Measurement of antibodies to SARS-CoV-2 and their neutralizing activity 

The methods for quantification of SARS-CoV-2 IgG and the assessment of their neutralizing activity were described earlier [34,36]. 
In brief, the SARS-CoV-2 IgG concentration was determined by a chemiluminescent two-step sandwich immunoassay on the ISYS 
automated laboratory analyzer (TGS COVID-19 IgG, Cat#CVCL100G, Immunodiagnostic Systems Holdings PLC (ids), UK). According 
to the manufacturer, the measuring range for the neutralizing activity is 0.0–160.0 AU/mL, with readings above 11.5 AU/mL indi
cating seropositivity. Samples above the measurable range should be diluted two to sixteen times with the supplied diluent and then 
corrected by the dilution factor to determine the initial concentration. Neutralization activity against the COVID-19 spike protein was 
determined via a commercial competitive immune-enzymatic colorimetric method (Cat#DKO205/RUO), as described [34,36]. The 
measurement range of the kit yields readouts from 0 to 100 %, and according to the manufacturer, interferences of 30 % and above are 
considered positive. 

5.2. Trace element quantification 

The concentration of serum trace elements was determined via total reflection X-ray fluorescence (TXRF) analysis using a benchtop 
TXRF spectrometer (S4 T-STAR, Bruker Nano GmbH, Berlin, Germany), as described [64,65]. Briefly, spiked serum samples with a 
gallium standard (cat#16674124, Merck KGaA, Darmstadt, Germany) (1000 μg/L) (1:2) were applied to polished glass slides and dried 
at 37 ◦C. The fluorescence from X-ray activation was captured by the benchtop TXRF spectrometer and used to calculate trace elements 
concentrations from the emission spectrum. A standard serum with validated trace elements concentrations (cat#201405, Seronorm 
Sero AS, Billingstad, Norway) served as control; intra- and inter-assay of coefficients of variation were below 5 % during the 
measurements. 

5.3. Ceruloplasmin measurement 

The concentration of circulating ceruloplasmin was assessed by a two-site non-competitive immunoassay as described earlier [66]. 
In brief, serum samples were pre-diluted 1:300, and 50 μl aliquots were incubated at room temperature on pre-coated ELISA plates 
with a ceruloplasmin-specific monoclonal antibody. After 30 min a three-times automatic wash step was performed to rinse the ELISA 
plates using a HydroFlexTM microplate washer (Tecan Group AG, Maennedorf, Switzerland). For detection, 50 μl of a second 
ceruloplasmin-specific monoclonal antibody coupled to horseradish peroxidase (cat#JC-1503-003) was added. Enzymatic detection 
was performed by adding 100 μL of 3,3′,5,5′-tetramethylbenzidine (cat#TMBW-0100-01), and the reaction was stopped by sulphuric 
acid (cat#4623.1) (0.25 M, 100 μL per well). Spectrophotometric read out was recorded within 10 min at 450 nm using a NanoQuant 
Infinite 200 Pro microplate reader (Tecan Group AG). Intra- and inter-assay coefficients of variation were below 15 % during the 
measurements. 

5.4. Statistical analysis 

Baseline characteristics of participants are presented as median (IQR; interquartile range), stratified by sex. Participants were 
categorized into tertiles (Q1, Q2, Q3) according to baseline status of each trace element or biomarker. Differences in humoral immune 
response across tertiles were investigated at different time points using Kruskal-Wallis-test. When comparing two groups of inde
pendent samples, i.e. in the case of combined deficiencies, Wilcoxon-Rank-sum test was used. Correlation of trace elements with 
humoral immune response parameters was investigated using Spearman’s rank correlation test. All statistical analyses were conducted 
using the R language, on the RStudio software [67], version 4.1.2, environment. The following packages were implemented into R 
Studio; dplyr [68], tidyr [69], gtsummary [70], ggplot2 [71], and ggpubr [72]. 
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