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Introduction

The new coronavirus severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 

emerged in December 2019 causing a pandemic [1,2]. Ongoing vaccination efforts are 

aimed at mitigating it. Studies on the immune responses to SARS-CoV-2 vaccines are 

necessary to evaluate these vaccination programs by correlating serological response 

data and clinical effectiveness data. Non-responders and low-responders to vaccina-

tions are often encountered in clinical medicine (e.g., regarding hepatitis B) [3]. We 

wished to confirm serological responses to SARS-CoV-2 vaccination for the health care 
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Purpose: Studies on the immune responses to severe acute respiratory syndrome corona-
virus 2 vaccines are necessary to evaluate the ongoing vaccination programs by correlating 
serological response data and clinical effectiveness data. We performed a longitudinal immu-
nological profiling of health care workers vaccinated with mRNA-1273 (Moderna, Cambridge, 
MA, USA). Half of these vaccinees had experienced a mild coronavirus disease 2019 (CO-
VID-19) infection in the spring of 2020 (“COVID-recovered” cohort), whereas the other half of 
the vaccinees had no previous COVID-19 infection (“COVID-naive” cohort).
Materials and Methods: Serum was drawn at multiple time points and subjected to assays 
measuring anti-Spike immunoglobulin G (IgG), avidity of anti-Spike IgG, avidity of anti-receptor 
binding domain (RBD) IgG, virus neutralizing activity, and interferon-ɣ release from stimulated 
lymphocytes.
Results: Between both cohorts and within each cohort, we found remarkable inter-individual 
differences regarding cellular and humoral immune responses to the Moderna mRNA-1273 
vaccine.
Conclusion: First, our study indicates that the success of mRNA-1273 vaccinations should be 
verified by serological assays in order to identify “low-responders” to vaccination. Second, 
the kinetics of anti-S IgG and neutralizing activity correlate well with clinical effectiveness data, 
thus explaining incipient protection against infection 2 weeks after the first dose of mRNA-1273 
in COVID-naive vaccinees. Third, our IgG-avidity data indicate that this incipient protection is 
mediated by low-avidity anti-RBD IgG and low-avidity anti-S IgG.

Keywords: COVID-19, Non-responders, Vaccination, Avidity, SARS-CoV-2
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workers (HCWs) in our department which was performed 

with two doses of mRNA-1273 (Moderna, Cambridge, MA, 

USA) applied within 4 weeks.

Materials and Methods

Serological assays
The Liaison “SARS-CoV-2 S1/S2 IgG” assay from DiaSorin 

(Saluggia, Italy), the surrogate virus neutralization test (sVNT) 

“cPass Neutralization Antibody Detection Kit” from GenScript 

(Piscataway, NJ, USA), and the “recomLine SARS-Cov-2 IgG 

avidity” assay from Mikrogen (Neuried, Germany) were per-

formed according the manufacturer’s instructions (cut-off for 

DiaSorin >15 AU/mL; cut-off for Mikrogen >60%). For the 

GenScript assay, a cut-off of 30% inhibition was applied ac-

cording to Meyer et al. [4] who recently validated this novel 

test. The QuantiFERON SARS-CoV-2 Interferon-ɣ release as-

say (Qiagen, Hilden, Germany) was also performed accord-

ing to the manufacturer’s recommendations.

Study design
Six HCWs volunteered to donate serum at multiple time points. 

Half of the volunteers had experienced a mild laboratory-con-

firmed coronavirus disease 2019 (COVID-19) infection in the 

spring of 2020 (the “COVID-recovered” vaccinee cohort), the 

other half of the volunteers were without previous COVID-19 

infection (the “COVID-naive” vaccine cohort). The median 

age in the COVID-naive group (denoted a, b, c) was 56 years, 

the median age in the COVID-recovered group (denoted d, e, 

f) was 61 years. The female:male ratio in both groups was 1:2. 

Interestingly, one COVID-recovered vaccinee ‘f’ received on-

ly one vaccination at day 1 and no second dose due to gener-

al vaccine shortage and a change in vaccination recommen-

dations during the course of this study.

  Vaccinations were performed at day 1 and 28, time point 

“0” refers to control sera taken before the first vaccination. 

Some participants could unfortunately not provide samples 

at each planned time point: vaccinee ‘d’ at 3 time points: day 

6–7, day 31–32, and day 37–40; vaccinee ‘f’ at 2 time points: 

day 34–35 and day 37–40; and vaccinee ‘b’ at 1 time point: 

Fig. 1. (A, B) Time course of anti-Spike immunoglobulin G (IgG) in coronavirus disease (COVID)-naive vaccinees (individuals a, b, and c). Vacci-
nations were performed at day 1 and 28. One participant (c) could not provide a sample at day 51–54. The lacking sample is depicted as ϕ.
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day 51–54. Samples for the interferon-ɣ (INF-ɣ) release assay 

were obtained 12–13 weeks after the first vaccination.

Ethics statement
Written informed consent of all volunteers was obtained. Sam-

ple and data acquisition were approved by the Medical Ethics 

Committee of the University Hospital RWTH Aachen (EK 

093/20).

Results

Using the DiaSorin anti-S1/S2 IgG assay (a chemilumines-

cence immunoassay), we found that COVID-naive vaccinees 

did not show anti-S immunoglobulin G (IgG) before vaccina-

tion (day 0) and at day 3–4 and day 6–7 after their first vacci-

nation [5] (Fig. 1A). Seroconversion was first observed at day 

10–12 after first vaccination when anti-S IgG became measur-

able (Fig. 1A depicts day 0–32 and Fig. 1B depicts day 32–54). 

Peak levels of anti-S IgG were reached around day 34–35 (7 

days after the second vaccination performed at day 28). Inter-

estingly, we noticed remarkable quantitative inter-individual 

differences between single vaccinees: for example, at time 

point 34–35 days (the time point of peak levels), vaccinee ‘a’ 

showed high levels of anti-S IgG (7,140 AU/mL) whereas vac-

cinee ‘c’ showed much lower levels (1,200 AU/mL). This amounts 

to an almost sixfold difference between these two individuals 

vaccinated with mRNA-1273.

  After profiling our COVID-naive cohort, we next examined 

the serological profile of our second cohort, the COVID-re-

covered vaccinees (Fig. 2). As perhaps expected, all COVID-

recovered vaccinees already had low levels of anti-S IgG be-

fore their first vaccination (Fig. 2A depicts day 0 and 3–4, where-

as Fig. 2B depicts the full time-course). Subsequently, anti-S 

IgG rapidly increased to reach peak levels during the second 

week after the first dose in all COVID-recovered vaccinees 

(day 10–12). Surprisingly, the second vaccine dose at day 28 

did not show any further increasing effect in those COVID-

recovered vaccinees who received a second dose (individuals 

‘d’ and ‘e’). Interestingly one COVID-recovered vaccinee who 

received two doses (individual ‘e’) showed similar anti-S IgG 

values (3,130 AU/mL) 3–4 weeks after the second dose (at 

day 51–54) as the COVID-recovered vaccinee who only re-

ceived a single dose at day 1 and no second dose (individual 

‘f’, 3,630 AU/mL).

  Once again, we noticed remarkable inter-individual differ-

ences within this cohort. For example, at time point 34–35 days, 

vaccinee ‘d’ showed high levels of anti-S IgG (11,400 AU/mL) 

whereas vaccinee ‘e’ showed much lower levels (3,850 AU/

mL). This amounts to an almost threefold difference between 

these two individuals which both received two doses.

  In both COVID-naive and COVID-recovered vaccinees, 

anti-S IgG levels decreased after reaching peak levels. Inter-

estingly, COVID-recovered vaccinees reached peak levels at 

day 10–12 after the first dose and showed decreasing anti-S 

IgG values at later time points despite a second vaccination at 

day 28. In contrast, peak levels in COVID-naive vaccinees were 

reached 1 week after the second dose (at day 34–35 after first 

vaccination) and decreased afterwards.

  Next, we subjected our samples to a sVNT, which measures 

the ability of serum samples to disrupt the interaction of the 

Fig. 2. (A, B) Time course of anti-Spike immunoglobulin G (IgG) 
in coronavirus disease (COVID)-recovered vaccinees (individu-
als d, e, and f). Vaccinations were performed at day 1 and 28. 
Some participants could not provide samples at each time 
point (participant ‘e’: day 6–7, day 31–32, and day 37–40; 
participant ‘f’: day 34–35 and day 37–40). The lacking sam-
ples are depicted as ϕ.
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receptor binding domain (RBD) of SARS-CoV-2 and its re-

ceptor angiotensin converting enzyme 2 (ACE2) [6]. In brief, 

1:10 diluted serum samples were incubated with horseradish 

peroxidase (HRP)-conjugated RBD as a bait. Subsequently, 

this mix is added to enzyme-linked immunosorbent assay 

(ELISA) plates coated with ACE2 and the resulting plate-re-

tained complexes of ACE2 and RBD-HRP are incubated with 

a colorimetric HRP substrate. The results of this convenient 

assay—which can be performed without high biosafety re-

quirements—correlates well with results from classical cell 

culture virus neutralization tests [7]. As shown in Fig. 3A (Fig. 

3A depicts COVID-naive vaccinees and Fig. 3B COVID-recov-

ered vaccinees), COVID-naive vaccinees did not develop neu-

tralizing activity until day 10–12 after their first vaccination, 

subsequently raising to high levels after their second vaccina-

tion at day 28.

  In contrast (and perhaps expected), all COVID-recovered 

vaccinees (Fig. 3B, lower panel) possessed already measur-

able neutralizing activity at time point 0 before their first vac-

cination (as also seen for anti-S IgG, compare Fig. 2A). This is 

remarkable as their COVID-19 infections had occurred a year 

ago. Within 4–7 days after their first vaccination, high levels of 

neutralizing activity (reaching the maximum level of 100% 

inhibition of the kit with 1:10 diluted samples) were rapidly 

Fig. 3. Time-course of angiotensin converting enzyme 2 (ACE2):receptor binding domain (RBD) binding inhibition (surrogate virus neutralization test) 
in coronavirus disease (COVID)-naive (A) and COVID-recovered vaccinees (B). Some participants could not provide samples at each time point 
(individual ‘b’: day 51–54; individual ‘e’: day 6–7, day 31–32, and day 37–40; individual ‘f’: day 34–35 and day 37–40). The lacking samples are 
depicted as ϕ.
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reached in this group (Fig. 3B). We did not attempt to further 

titrate our serum samples (beyond the 1:10 dilution proposed 

by the manufacturer of the kit) to obtain “sVNT titers” because 

this would be laborious and because the quantitative results 

of the DiaSorin anti-S IgG assay reportedly correlate well with 

titers of SARS-CoV-2 neutralizing activity [8].

  Taken together, our data revealed a synchronous time-course 

of rising anti-S IgG and rising neutralizing activity (compare 

time-course of Figs. 1 and 2 with Fig. 3) in all vaccinees after 

the first vaccination.

  “IgG avidity” describes the strength of binding between 

IgG and its target epitope. During affinity maturation IgG of 

high avidity develops and high-avidity IgG is considered as 

more capable than low-avidity IgG in terms of neutralizing 

pathogens. Therefore, we next explored the avidity of anti-S 

IgG and anti-RBD IgG (RBD: the RBD of spike) in our COVID-

naive vaccinees (Fig. 4A: anti-RBD IgG; Fig. 4B: anti-S IgG) 

using the “recomLine SARS-CoV-2 IgG avidity” assay from 

Mikrogen. In this assay, nitrocellulose test strips coated with 

recombinant virus proteins (spike and RBD) are incubated 

with IgG-containing sera from vaccinated individuals. Un-

bound antibodies are then washed away and the immunob-

lot is being incubated with secondary antibodies conjugated 

to HRP, washed, and finally developed by the addition of an 

HRP-substrate. To address the avidity of the anti-spike or an-

ti-RBD antibodies, the assay is in parallel being performed in 

the presence or absence of a proprietary solution which dis-

rupts the binding of low-avidity IgG to antigens without af-

fecting the binding of high-avidity IgG to antigens. Subsequent-

ly both blots are scanned and densitometric values are com-

pared to each other: a persistent band intensity of >60% de-

spite the presence of the low-avidity disrupting solution (red 

arrows in Fig. 4) is indicative of high-avidity IgG. We found 

that all COVID-naive vaccinees started out with low-avidity 

IgG (day 17–19 after first dose) but later reached high-avidity 

anti-S IgG after their second dose (at day 51–54 after start of 

vaccination). Interestingly, no high-avidity anti-Spike IgG anti 

anti-RBD IgG was found at day 17–19, a time point at which 

neutralizing activity was present in these sera (compare to 

Fig. 3A). In addition to this observation, we once again no-

ticed inter-individual differences (for instance compare vac-

cinee ‘a’ and vaccinee ‘b’).

  Vaccines induce humoral and cellular immune responses. 

Next, we examined cellular immune responses to vaccination 

with mRNA-1273. Interferon-ɣ Release Assay are commonly 

used in diagnostic laboratories to measure if pathogen-spe-

cific T lymphocytes are present in the blood of individuals [9]. 

In such assays, blood lymphocytes are stimulated with patho-

gen-specific peptides and INF-ɣ release is measured by ELI-

SA. High levels of INF-ɣ release after stimulation with patho-

gen-derived peptides indicate established cellular immunity 

against the pathogen. Therefore, blood from our vaccinees 

was drawn 12–13 weeks after the start of the vaccination and 

subjected to an INF-ɣ Release Assay from Qiagen. This kit us-

es two specific SARS-CoV-2 peptide pools (Ag1 and Ag2) en-

compassing the spike protein and designed to stimulate CD4 

and CD8 T cells inducing the releases of INF-ɣ. The kit also 

contains a positive control antigen which induces robust INF-ɣ 

release from T cells. We first confirmed that this internal posi-

tive control works: all participants showed robust INF-ɣ re-

lease in response to positive control (data not shown). Subse-

quently we evaluated the INF-ɣ response to SARS-CoV-2 an-

tigens Ag1 and Ag2 in our vaccinees. As shown in Fig. 5, we 

found remarkable inter-individual differences in terms of 

Fig. 4. (A, B) Avidity-maturation of anti-receptor binding domain (RBD) immunoglobulin G (IgG) and anti-S IgG in coronavirus disease (COVID)-
naive vaccinees (individuals a, b, c) between day 17–19 and day 51–54 after vaccination (vaccinations were performed at day 1 and 28). Red 
arrows indicate the cut-off for high-avidity IgG according to the manufacturer’s instructions ( >60%).
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INF-ɣ release induced by both antigens ranging from 5,597 

IU/mL (Ag2 in vaccinee ‘d’) down to 0 IU/mL (Ag1 in vaccin-

ee ‘b’). Within the cohort of covid-naive vaccinees (individu-

als a, b, c), vaccinee ‘a’ showed the highest response for both 

antigens (Ag1: 0.41 IU/mL and Ag2 0.824 IU/mL), vaccinee ‘c’ 

showed an intermediate response for both antigens (Ag1 0.233 

IU/mL and Ag2 0.301 IU/mL) and vaccinee ‘b’ showed a low 

response for both antigens (Ag1 0 IU/mL and Ag2 0.069 IU/

mL). Thus, when comparing the response to Ag2 we found an 

almost twelvefold difference between vaccinee ‘a’ and vac-

cinee ‘b’.

  Regarding the cohort of covid-recovered vaccinees (indi-

viduals d, e, and f), vaccinee ‘d’ showed the highest response 

(Ag1 2,642 IU/mL and Ag2 5,597 IU/mL) whereas vaccinees 

‘e’ and ‘f’ both showed rather low responses (vaccinee ‘e’: Ag1 

0.069 IU/mL and Ag2 0.162 IU/mL; vaccinee ‘F’: Ag1 0.06 IU/

mL and Ag2 0.111 IU/mL). Thus, when comparing the respons-

es to Ag2 we found an almost thirtyfold difference between 

vaccinee ‘d’ and vaccinee ‘e’.

  Taken together—in a similar way as observed for antibody 

responses—, we also found large inter-individual differences 

in terms of cellular responses in our cohort of Moderna vac-

cinees.

Discussion

During the vaccination campaign in our department, we mon-

itored the time-course of immunological responses to Mod-

erna mRNA vaccination in volunteering COVID-recovered 

and COVID-naive HCWs. Verifying serological responses to 

vaccinations seems warranted because the clinical effective-

ness of the Moderna vaccine amounts to 94.6% [10] and as 

non-responders or low-responders to vaccinations are not 

uncommon in clinical medicine [3]. Accordingly, breakthrough 

infection despite SARS-CoV-2 vaccination have been report-

ed [11].

  Using the DiaSorin anti-S IgG assay and surrogate virus neu-

tralization assay, we found no evidence of “non-responders” 

(without seroconversion) in our Moderna vaccinees. Howev-

er, we observed remarkable inter-individual differences be-

tween single vaccinated individuals suggesting the existence 

of high-responders and low-responders to the Moderna vac-

cine: we found a sixfold difference between highest respond-

er and lowest responder in the COVID-naive vaccine cohort 

and a threefold difference between highest responder and 

lowest responder in the COVID-recovered cohort. This differ-

ence is probably caused by individual differences regarding 

responsiveness to the Moderna vaccine as also known for 

other established vaccines [3]. The problem of low titers after 

standard vaccination regimes might be overcome by addi-

tional booster doses as established for hepatitis B immuniza-

tion of low-responders [3]. As the magnitude of anti-S IgG 

levels correlate with protection against emerging variants of 

concern [12] and because anti-S-IgG levels diminish over time 

[13], our data seems relevant to health authorities because 

those vaccinees with rather low “starting levels” of anti-S IgG 

after their second dose might need a third (booster) dose ear-

lier than those vaccinees with higher anti-S IgG starting levels 

after their second dose. Thus, determining anti-spike IgG us-

ing an assay with a good correlation to neutralizing activity 

(such as the DiaSorin anti-S IgG assay [8]) appears recommen

dable to evaluate the level of vaccination-induced acquired 

humoral immunity after the second dose to obtain a “starting 

titer set point.” In analogy to the established approach regard-

ing hepatitis B vaccinations [3], a serological evaluation of 

anti-S IgG levels after completed SARS-CoV-2 vaccination 

should be discussed at least for high-risk groups such as HC-

Ws or immunosuppressed patients. Encouragingly, research 

is getting closer to establish cut-offs for convenient serologi-

cal assays as “correlates of immunity” after successful SARS-

Fig. 5. Comparison of interferon-ɣ (INF-ɣ) release in vaccinees 12–13 
weeks after after mRNA-1273 vaccination. Individuals ‘a’, ‘b’, and ‘c’ 
refer to our coronavirus disease (COVID)-naive vaccinees, whereas 
individuals ‘d’, ‘e’, and ‘f’ refer to our COVID-recovered vaccinees. Indi-
vidual ‘f’ received only one vaccine dose.
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CoV-2 vaccination [14].

  Besides triggering humoral immune responses, vaccines 

also induce adaptive cellular responses and cellular immuni-

ty against SARS-CoV-2 is emerging as resilient against variants 

of concern [15,16]. INF-ɣ Release Assays such as the QuantiF-

ERON test platform from Qiagen are commonly used in clini-

cal laboratories, e.g., to evaluate cellular immunity for Cyto-

megalovirus or Mycobacterium tuberculosis [17]. We used the 

QuantiFERON SARS-CoV-2 assay to evaluate cellular respons-

es in our Moderna vaccinees. Similar to the differences ob-

served regarding anti-S IgG levels, we also found remarkable 

inter-individual differences in terms of INF-ɣ release. In a sim-

ilar pattern as observed for anti-S IgG responses, vaccinee ‘d’ 

showed the highest response levels within the COVID-recov-

ered vaccinee cohort whereas vaccinee ‘a’ showed the high-

est levels within the COVID-naive cohort. Thus, we also found 

high-responder and low-responder in terms of cellular re-

sponses to vaccination with mRNA-1273.

  Another interesting aspect of our study is that COVID-re-

covered vaccinees and COVID-naive vaccinees can be readily 

distinguished according to their different serological profiles, 

because COVID-recovered vaccinees showed rapidly raising 

anti-S IgG and sVNT values (as surrogate for neutralizing an-

tibodies) within the first week after their first vaccination, wher

eas COVID-naive vaccinees do not start showing such respon

ses until the second week after first vaccination. Moreover, 

COVID-naive vaccinees do not show high levels of immune 

responses until after their second vaccination whereas COV-

ID-recovered vaccinees reach high levels already after a first 

vaccination. Thus, our data are in line with other recent re-

ports suggesting that COVID-recovered individuals may only 

need one vaccine dose to mount a sufficient humoral immune 

response [18,19]. This opinion is supported by our data, be-

cause we had the particular opportunity to compare the sero-

logical responses of one individual who received two doses of 

mRNA-1273 (vaccinee ‘f’) and one individual who only re-

ceived a single dose of mRNA-1273 (vaccinee ‘e’): both vac-

cinees had similar levels of anti-S IgG at day 51–54 after first 

dose; moreover, both vaccinees showed similar responses re-

garding INF-ɣ release (12–13 weeks after first dose).

  Avidity assays for anti-RBD IgG and anti-S IgG demonstrat-

ed maturing responses with increasing avidity in COVID-na-

ive vaccinees between 17–19 days and 51–54 days. Thus, at 

day 17–19 post-vaccination low-avidity anti-RBD IgG/anti-S 

IgG and neutralizing activity were present in our samples, in-

dicating that low-avidity anti-RBD IgG and low-avidity anti-S 

IgG exert neutralizing activity. It is very interesting to corre-

late our serological data of COVID-naive vaccinees with clini-

cal studies exploring the degree of protection after the first 

dose mRNA-1273 vaccination in COVID-naive individuals. A 

recent study by Moderna in COVID-naive individuals found 

a 52% protection against COVID-19 between the first and sec-

ond dose starting 12 days after the first dose and a maximal 

protection of 94.6% observed 7 days after the second dose [10]. 

Intriguingly these clinical findings correlate perfectly with our 

kinetic serological data in that anti-S IgG and neutralizing ac-

tivity appear at day 10–12 after the first dose and reach high 

levels 6–7 days after the second dose (day 34–35) (Figs. 1, 3). 

As we also found low-avidity anti-S IgG and anti-RBD IgG at 

day 17–19 after the first dose, our data indicate that neutraliz-

ing low-avidity anti-S IgG and neutralizing low-avidity anti-

RBD IgG contribute to the partial clinical protection against 

SARS-CoV-2 infection in the early time window after the first 

vaccination in COVID-naive vaccinees. However, this intrigu-

ing correlation does not rule out other early-onset innate or 

adaptive immunological mechanisms contributing to the in-

cipient protection in the early time window after a first vac-

cine dose.

  The limitation of our study is a rather small number of par-

ticipants, whereas the advantages are a high frequency of se-

rum sampling and an in-depth analysis with complementary 

immunological assays. Further studies will be necessary to 

support the presented data and conclusions.
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