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The World Health Organization classified B.1.1.529 (Omicron) 
on 26 November 2021 as a severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) variant of concern (VoC). 

Omicron has since become the dominant VoC in most countries1. 
Earlier VoCs showed either an enhanced ability for transmission 
(VoCs Alpha (B.1.1.7) and Delta (B.1.617.2)) or a partial immune 
escape with variable effects on neutralization by polyclonal serum 
antibodies (VoCs Beta (B.1.351), Gamma (P.1/B.1.1.28)) and 
Delta)2–7. A striking characteristic of the VoC Omicron, which 
apparently developed independently, is the large number of amino 
acid substitutions, insertions and deletions in the viral spike pro-
tein—32 compared with the original Wuhan-hu-1 virus8—that 
likely contribute to its extraordinarily rapid spread in the popu-
lation. The number of epitopes in the spike protein, which are  

relevant for neutralization and are targeted by polyclonal antibody 
responses in coronavirus disease 2019 (COVID-19) convalescent 
or vaccinated naive individuals, is an important determinant of the 
genetic barrier to viral escape from humoral immunity6,9. Thus, 
physician–scientists anticipated early on Omicron’s potential for a 
pronounced immune escape.

Neutralizing antibody levels are highly predictive of immune pro-
tection from symptomatic SARS-CoV-2 infection10. Affinity matu-
ration of neutralizing antibodies can markedly alter their capacity 
to control SARS-CoV-2 variants11. In general, somatic hypermuta-
tions in variable regions of antibodies increase their binding affin-
ity depending on type and duration of antigen exposure6,12. Affinity 
maturation can markedly expand the breadth and efficiency of 
neutralizing antibodies against SARS-CoV-2 infection13. This may 

Three exposures to the spike protein of 
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Infection-neutralizing antibody responses after severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection or 
coronavirus disease 2019 vaccination are an essential component of antiviral immunity. Antibody-mediated protection is chal-
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even enable the neutralization of emerging virus variants that have 
evolved to escape neutralization by ancestral antibodies.

In this Article, we characterized the antibody response in a 
longitudinal cohort of 98 convalescent individuals, infected with 
SARS-CoV-2 during the first pandemic wave in spring 2020, and 
73 infection-naive individuals matched for sex, age, working con-
ditions and risk factors14. We quantified anti-spike IgG titers, IgG 
antibody avidity and infection-neutralizing capacity in serum sam-
ples from these two groups collected after the first, second and third 
vaccinations with the mRNA BNT162b2 COVID-19 vaccine. The 
aim of the study was to characterize the dynamics of infection neu-
tralization against SARS-CoV-2 and its VoCs after different timely 
spaced infection events and vaccinations.

Results
Convalescents develop a higher neutralization capacity against 
all SARS-CoV-2 variants of concern than naive individuals 
after vaccination. We established a cohort of 98 convalescents 
from mild COVID-19 (for details, see Supplementary Table 1 and 
Extended Data Fig. 1 and work by Koerber et al.14), of which 6 were 
excluded because of suspected SARS-CoV-2 re-exposure and 62 
were followed up after vaccination. Then, 73 infection-naive indi-
viduals were randomly matched for age, sex and infection expo-
sure risk. These individuals were continuously followed since the 
first wave of the COVID-19 pandemic in spring 2020, through 
their initial COVID-19 vaccinations with mRNA BNT162b2 in 
early 2021 and after a third vaccination during the last quarter of 
2021, with a total of 486 serum samples collected. In this cohort, 
we determined the dynamics of SARS-CoV-2 spike protein anti-
bodies and serum-neutralization capacity against the early clini-
cal SARS-CoV-2 isolate B.1.177 (EU1) and all five VoCs: B.1.1.7 
(Alpha), B.1.351 (Beta), P.1/B.1.1.28.1 (Gamma), B.1.617.2 (Delta), 
as well as B.1.1.529 (Omicron, sublineage BA.1; Extended Data  
Fig. 1). The first (1) and second (2) COVID-19 vaccination were 
given 3 weeks apart, and the third vaccination dose (3) was applied 
9 months later.

To quantify infection neutralization, we used a novel, high- 
throughput live-virus neutralization assay comprising all known VoCs 
that were isolated from individuals with COVID-19. Hereby, immortal-
ized human MDA-MB-231 cells expressing the angiotensin-converting 
enzyme 2 (hACE2) receptor (MDA-MB-231–hACE2 cells)15,16, which 

are highly susceptible to SARS-CoV-2 infection and display a strong 
cytopathic response to infection, allowed for the rapid quantification 
of neutralizing activities against SARS-CoV-2. Sera from COVID-19  
convalescents collected approximately 9 months after infection 
showed a low-level infection-neutralization capacity against the early 
2020 SARS-CoV-2 variant EU1 and against all VoCs (Fig. 1a). After 
a first vaccination (1) with mRNA BNT162b2, serum-neutralization 
titers of convalescents showed a 63-fold increase on average, while 
titers in infection-naive vaccinees remained close to background  
(Fig. 1b). Neutralization titers in naive individuals markedly increased 
after vaccination 2, still remaining significantly lower than those of 
convalescents (Fig. 1c). Interestingly, even at 4 and 7 months after 
vaccination 2, no significant difference in neutralization capacity was 
detected comparing convalescents vaccinated once or twice within 
a 3-week interval (Fig. 1d and Extended Data Fig. 2). Although in 
naive individuals the infection-neutralization capacity after vaccina-
tion 2 was significantly lower than that of vaccinated convalescents  
(Fig. 1c,d and Extended Data Fig. 2), the relative ability of individual 
VoCs to escape neutralization relative to EU1 at 7 months after vac-
cination 2 was similar for convalescent and naive individuals (Fig. 1e 
and Extended Data Fig. 3). Overall, the infection-neutralization capac-
ity for Omicron and, albeit less pronounced, for Beta was lower than 
for the other SARS-CoV-2 variants confirming the immune escape 
properties of these two VoCs (Fig. 1a–e and Extended Data Figs. 2 
and 3). Around 40.6% (95% confidence interval: 29.4–52.9%) of naive 
individuals, but only 4.0% (95% confidence interval: 1.1–13.5%) of 
convalescents showed no neutralization activity against Omicron 7 
months after the initial vaccinations.

Strikingly, after COVID-19 vaccination 3, administered 9 
months after vaccinations 1 and 2, the infection-neutralization 
capacity against all VoCs, including Omicron, reached high lev-
els in both naive and convalescent individuals (Fig. 1f). Again, 
infection-neutralization capacity remained higher in vaccinated 
convalescents, and there was no difference whether convalescents 
had received one or two vaccine doses (Fig. 1f). Figure 1g summa-
rizes neutralization of VoCs compared to that of EU1, highlighting 
both the prominent immune escape properties of Omicron and the 
impact of a third vaccination in naive individuals that was able to 
partially counteract this pathogen’s evolution.

Overall, COVID-19 convalescents showed a higher neu-
tralization capacity against all SARS-CoV-2 VoCs compared to 

Fig. 1 | Kinetics and comparison of infection-neutralization activities for SARS-CoV-2 variants of concern in naive individuals and convalescents after 
BNT162b2 vaccination. a–g, COVID-19 convalescents (orange), convalescents who received only vaccinations 1 and 3 (red) and naive individuals (blue) 
at indicated time points before and after BNT162b2 vaccination. a–d,f, Serum IC50 values for infection-neutralization capacity of SARS-CoV-2 strain EU1 
and VoCs Alpha, Beta, Gamma, Delta and Omicron normalized to 107 viral RNA copies shown as boxplots with median, bounds between upper and lower 
quartiles and whiskers between the 10th and 90th percentiles. Numbers of serum samples analyzed are indicated below, with those against Omicron 
in parentheses. a, 51 (50) SARS-CoV-2 convalescents at approximately 9 months after infection and 34 (29) SARS-CoV-2 naive individuals before 
vaccination (pre), naive individuals versus convalescents for Omicron **P = 0.0033, Beta ***P = 0.0002, all other VoCs ****P < 0.0001, all other VoCs 
****P < 0.0001. b, 59 (56) convalescents and 48 (42) naive individuals at 2 weeks after vaccination 1 (w2), ****P < 0.0001. c, 23 (22) convalescents and 
47 (42) naive individuals at 2 weeks after vaccination 2, ****P < 0.0001. d, 16 (16) convalescents and 65 (64) naive individuals at 7 months (m7) after 
vaccination 2 and 34 (34) convalescents having received only vaccination 1, naive individuals versus twice-vaccinated convalescents for all variants 
****P < 0.0001, and versus once-vaccinated convalescents for EU1 **P = 0.0011, Alpha **P = 0.0054, Beta ***P = 0.0004, Gamma**P = 0.0031, Delta 
****P < 0.0001 and Omicron **P = 0.0034. e, Fold reduction of IC50 values comparing neutralization of EU1 with that of VoCs depicted as boxplots with 
median, bounds between the upper and lower quartiles, and whiskers between the 10th and 90th percentiles in 50 convalescents and 64 naive individuals 
(blue) at m7; numbers above boxes indicate average (avg.) fold changes comparing EU1 and VoCs; in convalescents comparing EU1 to Alpha **P = 0.0017, 
Delta ***P = 0.0005 and all other VoCs ****P < 0.0001, and in naive individuals comparing EU1 and Alpha***P = 0.0002 and all other VoCs ****P < 0.0001. 
f, 14 convalescents and 59 naive individuals at 2 weeks after vaccination 3, and 22 convalescents who received only vaccination 1 and 3; naive individuals 
versus twice-vaccinated convalescents for Gamma **P = 0.0064, Delta **P = 0.0025 and Omicron **P = 0.0069, and versus three-times-vaccinated 
convalescents for Alpha *P = 0.0307, Beta *P = 0.0155, Gamma *P = 0.0342, Delta *P = 0.0115 and Omicron **P = 0.0089. g, Heat map illustrating average 
fold reduction of IC50 values for VoCs compared to IC50 values for EU1 in convalescent (conv.) and naive participants. Connecting lines indicate statistically 
significant differences between groups. Absence of connecting lines or asterisks indicates absence of significance. Statistics were calculated using 
Mann–Whitney U test (a–c), Kruskal–Wallis test with Dunn’s multiple-testing correction (d,f) and two-sided Friedman test with Dunn’s multiple-testing 
correction (e). Pre, before first vaccination; 1, first vaccination; 2, second vaccination; 3, third vaccination; w2, 2 weeks after respective vaccination;  
m4, 4 months after vaccination 2.
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infection-naive individuals, even after three vaccinations in the lat-
ter. The Omicron VoC is characterized by an unprecedented escape 
from antibody neutralization in serum samples from convalescents 
and naive individuals at all time points of this study.

Increased infection-neutralization capacity is associated with 
higher antibody avidity. The higher neutralization capacity of con-
valescents in light of the immune escape properties of the Omicron 
VoC prompted us to investigate the longitudinal dynamics of 
infection-neutralization capacity and compare these to binding anti-
body titers against the S1 domain and polyclonal antibody-binding 
strength to the S1 and S2 ectodomains of the spike protein of the 
original Wuhan SARS-CoV-2 strain. Serum anti-spike IgG levels 
reached their maximum in convalescents after one vaccine dose, and 
in naive individuals after two vaccinations (Fig. 2a). Subsequently, 
IgG levels declined in both groups at 4 months and even more so at 7 
months after vaccination 2, albeit more rapidly in naive individuals 
(Fig. 2a). After vaccination 3, serum anti-spike IgG levels increased 
significantly compared with 7 months after the initial vaccinations, 
on average by a factor of 2.7 and 9.6 for vaccinated convalescent and 
naive individuals, respectively (Fig. 2a).

The marked decline in serum anti-spike IgG levels in both study 
groups following vaccination 2 (Fig. 2a) was contrasted by a sub-
stantial infection-neutralization capacity of convalescents against 
all VoCs (Fig. 1d). This lack of an association between antibody 
titers and infection-neutralization capacity led us to reanalyze the 
data from our cohort for the dynamics of neutralization activity 
against the different VoCs over time (Extended Data Fig. 4). We 
found that neutralization capacity in infection-naive individuals, 
which was particularly low against Omicron, significantly increased 
after vaccination 3 (Fig. 2b,c). In convalescent individuals, vacci-
nation 3 further increased their capacity to neutralize EU1 as well 
as Alpha, Gamma and Omicron, whereas the increase was less 
pronounced for Beta or Delta VoCs (Fig. 2b,c and Extended Data 
Figs. 4 and 5). Specifically, the neutralization capacity against Delta, 
reflected by the 50% inhibitory concentration (IC50) value, showed 
an 8.1-fold increase in naive individuals, but only a 4.6-fold increase 
in convalescents (Fig. 2d). Against Omicron, a >42-fold increase in 
naive individuals and a >14-fold increase in convalescents, respec-
tively, were observed (Fig. 2e), indicating the particular relevance of 
a third vaccination to be able to neutralize this VoC.

To better assess the relative efficacy of serum antibodies for 
virus neutralization, we determined the ratio between the IC50 neu-
tralization and anti-spike IgG titers. Notably, we observed a high  

neutralization capacity per antibody unit in sera of convales-
cents against EU1 and all VoCs, including Omicron, that slightly 
increased after vaccination 2 and became more pronounced after 
vaccination 3 (Fig. 2f,g and Extended Data Fig. 6). For naive indi-
viduals, in contrast, this ratio was low after vaccinations 1 and 2, 
increased over time (m4 and m7), and further after vaccination 3, 
reaching levels comparable to those seen in convalescents (Fig. 2f,g 
and Extended Data Fig. 6).

Collectively, these results suggest a maturation of antibody 
responses over time and after each encounter with the SARS-CoV-2 
spike protein. Conceptually, this could be due to either an increased 
breadth of the polyclonal neutralizing antibody repertoire directed 
against the spike protein or an increase of their strength of binding 
to the spike protein. To experimentally address the latter, we quan-
tified the avidity of serum IgG binding to the S1/S2 SARS-CoV-2 
spike protein ectodomain of the original Wuhan-hu-1 SARS-CoV-2 
strain. In convalescent individuals, we detected a step increase in 
antibody avidity after a single vaccine dose, which remained largely 
stable over the following 7 months and did not further increase 
after vaccination 3 (Fig. 2h). This is consistent with a maturation of 
spike-specific antibodies that have been reported after SARS-CoV-2 
infection17,18 and which required only a single vaccination to reach 
maximal avidity. Hereby, the long time period of 9 months after 
infection may have supported a matured antibody response. In 
naive individuals, however, spike protein-specific antibody avid-
ity only increased 7 months after vaccination 2, and vaccination 3 
was required to increase the avidity to levels comparable to those 
in vaccinated convalescents (Fig. 2f). Taken together, these results 
suggest that an increase in antibody avidity may be critical for a 
highly potent infection-neutralization capacity, and provide mecha-
nistic insight into the exceptional benefit of a third vaccination in 
infection-naive individuals or two timely spaced vaccinations in 
convalescents to counteract VoCs with immune escape potential 
such as Omicron.

Delta and Omicron breakthrough infections in twice-vaccinated, 
naive individuals boost neutralizing responses comparably to a 
third vaccination. To explore the applicability of the findings in our 
longitudinal cohort of the high immune-protective benefit of three 
separate exposures to SARS-CoV-2 spike antigen—either from vac-
cination alone or from infection and vaccination—in a real-world 
scenario, we investigated a second cohort of 31 individuals with 16 
Delta and 15 Omicron breakthrough infections. Of these, 30 indi-
viduals had received two vaccine doses and one person had been 

Fig. 2 | Longitudinal analysis of serum antibody titers, infection neutralization of Delta and Omicron variants of concern and antibody avidity following 
mRNA BNT162b2 vaccination. a, Anti-spike S1 domain IgG titers in 274 sera from 62 convalescents, and 304 sera from 73 naive participants as binding 
arbitrary units (BAUs) per ml, convalescent ***P = 0.0004, naive pre-vaccination (pre) versus w2 after vaccination (vacc.) 1 ***P = 0.0002, w2 after vacc. 
1 versus m4 after vacc. 2 *P = 0.0181, m4 after vacc. 2 versus w2 after vacc. 3 *P = 0.0123, convalescent m7 after vacc. 2 versus w2 vacc. 3 ***P = 0.0005, 
naive w2 after vacc. 1 versus m7 vacc. 2 ***P = 0.0003. b,c, Serum IC50 values for infection-neutralization capacity normalized to 107 viral RNA copies 
of SARS-CoV-2 VoCs Delta in 266 and 296 sera (b) and Omicron in 261 and 279 sera (c) from 62 convalescents and 73 naive individuals, respectively; 
convalescent w2 vacc. 1 versus m7 vacc. 2 *P = 0.0357, and versus w2 vacc. 3 **P = 0.0043, w2 vacc. 2 versus m4 vacc. 2 **P = 0.0049, naive pre versus 
m4 vacc. 2 *P = 0.0197, and versus m7 vacc. 2 *P = 0.0376, w2 vacc. 1 versus m4 vacc. 2 *P = 0.0236, and versus m7 vacc. 2 *P = 0.0043. d,e, Heat maps 
showing average fold changes in IC50 values for Delta (d) and Omicron (e) between the respective time points for convalescent and naive individuals.  
f,g, Ratios between infection-neutralization IC50 values and anti-spike S1 domain antibody titers for Delta in 263 and 295 sera; convalescent pre versus m4 
vacc. 2 **P = 0.0030, versus m7 vacc. 2 **P = 0.0052, and versus w2 vacc. 3 ***P = 0.0005, w2 vacc. 2 versus m7 vacc. 2 ***P = 0.0003, and versus m7 
vacc. 2 ***P = 0.0005, naive w2 vacc. 1 versus m7 vacc. 2 **P = 0.0027, and versus w2 vacc. 3 **P = 0.0032 (f); and for Omicron in 258 and 278 sera from 
62 convalescents and 73 naive individuals; convalescent pre versus m4 vacc. 2 *P = 0.0340, naive w2 vacc. 2 versus m4 vacc. 2 **P = 0.0077, and versus 
m7 vacc. 2 **P = 0.0011 (g). h, IgG-type anti-spike avidity in 288 sera from 90 convalescents, and 150 sera from 47 naive individuals, convalescent pre 
versus m4 vacc. 2 *P = 0.0340, naive w2 vacc. 2 versus m4 vacc. 2 **P = 0.0077, and versus m7 vacc. 2 **P = 0.0011. a–c,h, Boxplots with median, bounds 
between upper and lower quartiles, and whiskers between the 10th and 90th percentiles, SARS-CoV-2 convalescents (orange) and naive participants 
(blue). a–c,f–h, Medians are indicated by lines and interquartile ranges (IQRs) by the error bars. Differences between time points analyzed for statistical 
significance using the Kruskal–Wallis test with Dunn’s multiple-testing correction; ****P < 0.0001. Connecting lines indicate statistically significant 
differences between groups. Absence of connecting lines or asterisks indicates absence of significance. Inf, after infection; m4, 4 months after vaccination; 
m5, 5 months after infection; m7, 7 months after vaccination; m8, 8 months after infection.
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vaccinated with a single dose of Ad26.COV2.S, on average 5 months 
earlier (Supplementary Table 2). In this second cohort, we deter-
mined infection-neutralization titers on average 7 d after PCR-based 
diagnosis of a breakthrough infection. Remarkably, neutraliza-
tion titers were significantly higher among these 31 individuals  

than among twice-vaccinated naive study participants of the first 
cohort and comparable to those detected in twice-vaccinated con-
valescent and triple-vaccinated naive individuals of the first cohort 
2 weeks after the last vaccination (Fig. 3a). We did not detect signifi-
cant differences in the infection-neutralization capacity against the 
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different VoCs, including Omicron, between individuals with either 
Delta or Omicron breakthrough infections (Fig. 3a). Although not 
statistically significant, individuals 7 d after Delta breakthrough 
infection seemed to neutralize the Omicron VoC less well. Findings 
were similar when analyzing only individuals of the second cohort 
vaccinated twice with mRNA BNT162b2 (Extended Data Fig. 7). 
This observation corresponded well to the increased antibody 
avidity to the Wuhan-hu-1 spike protein after a Delta or Omicron 
breakthrough infection (Fig. 3b). Interestingly, we detected increas-
ing antibody avidity in single individuals over time in a longitudinal 
analysis following Delta breakthrough infection (Fig. 3c) that did, 
however, not reach statistical significance.

Together, the results obtained in this independent cohort of vacci-
nated individuals with newly diagnosed SARS-CoV-2 breakthrough 
infections corroborated the findings from the longitudinal analysis 
in the first cohort; both for vaccinated naive individuals and for con-
valescent individuals, a total of three timely spaced challenges of the 
immune system with SARS-CoV-2 spike protein, irrespective of the 
type of exposure, led to superior infection-neutralization capacity.

Discussion
Using a rapid and sensitive high-throughput infection-neutralization 
assay with replication-competent, clinical isolates of all known SARS- 
CoV-2 VoCs, we quantified and compared the serum-neutralization 
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Fig. 3 | infection-neutralization capacity for SARS-CoV-2 variants of concern after breakthrough infection with Delta and Omicron in vaccinated individuals. 
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2 weeks after vacc. 2 (dark blue), 59 naive individuals (light blue) and 36 convalescents 2 weeks after vacc. 3, as well as 16 and 15 vaccinated individu*als 
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capacity in a longitudinal cohort of COVID-19 convalescents 
and matched infection-naive individuals before and after vac-
cination. This allowed us to determine the distinct dynamics of 
infection-neutralization capacity associated with the type and 
order of antigen exposure in the form of vaccination or infection. 
Comparison to a second cohort of vaccinated individuals with 
recent Delta and Omicron breakthrough infections identified three 
timely spaced encounters with SARS-CoV-2 spike protein as the 
common determinant to reach a superior neutralization capacity 
against all SARS-CoV-2 VoCs, including the emergent Omicron 
VoC that shows the ability to escape immunity.

We here report four key findings: First, in a direct compari-
son with all other VoCs, Omicron displays the most pronounced 
humoral immune escape evading antibody neutralization at early 
and late time points after vaccination. Second, a ‘hybrid immu-
nity’ in convalescents after one mRNA vaccination is not further 
enhanced by a second vaccination after a short time frame of 3 
weeks. In contrast, a timely spaced, second vaccination after several 
months further increases neutralization capacity to combat VoCs 
such as Omicron with an unprecedented ability of immune escape. 
Third, in a longitudinal analysis, there is no direct association 
between anti-spike IgG titers and the infection-neutralization capac-
ity. A stepwise increase in the avidity of SARS-CoV-2 spike-specific 
antibodies after the first vaccination in convalescents and after the 
second and third vaccination in naive individuals was noted, con-
sistent with the reported occurrence of affinity-matured memory B 
cells up to 6 months after infection19, highlighting that the quality 
rather than the mere quantity of antibodies is important. Fourth, 
triple-vaccinated naive individuals reach almost the same level of 
neutralization capacity against the immune escape VoC Omicron as 
vaccinated convalescents, as well as individuals who experienced a 
breakthrough infection with either the Delta or the Omicron VoC. 
Thus, the more rapid induction of high-avidity antibodies in conva-
lescents after vaccination can be compensated for by three mRNA 
vaccinations in infection-naive individuals, and also develops after a 
breakthrough infection in twice-vaccinated individuals.

‘Hybrid immunity’ was achieved either after two mRNA vac-
cinations in convalescents (first cohort) or after a SARS-CoV-2 
breakthrough infection in naive individuals, who had received a 
two-dose COVID-19 vaccination regimen (second cohort), both 
resulting in superior infection-neutralizing immune responses 
against SARS-CoV-2 VoCs including Omicron. Of note, a robust 
neutralization response in convalescents was seen already after a 
single vaccine dose, and a second shot only increased the response 
if given with a delay. An alternative path toward a comparably high 
neutralizing immunity is reported here for individuals who were 
triple vaccinated with BNT162b2, consistent with similar observa-
tions by others20–25.

From our data, we conclude that a superior infection-neutralization 
capacity against SARS-CoV-2 VoCs, including those with immune 
escape properties, needs to develop over time following a total of 
three spike antigen exposures. Our results support the notion that 
a single infection with SARS-CoV-2 does not provide a similar 
level of protection as the combination of infection and vaccination. 
Importantly, the dynamics by which the infection-neutralization 
capacity increased were paralleled by an enhanced avidity of 
SARS-CoV-2 spike-binding antibodies providing a critical refine-
ment for predicting the efficacy of protective humoral responses 
against a range of different VoCs.

Further studies will be required to analyze the breadth of the 
spike-specific antibody repertoire after repeated vaccinations in 
naive and convalescent individuals, and to characterize the avid-
ity of spike-specific antibodies generated after infection or vacci-
nation specifically to current and future VoCs. While a superior 
infection-neutralization capacity against immune escape VoCs is 
induced by repeated exposure to the original SARS-CoV-2 spike 

protein as encoded by the BNT162b2 mRNA vaccine, a boosting 
and refinement of immunity through VoC-specific vaccines may 
provide higher and long-lasting protection from infection.

It should be noted that this study focused on determining serum 
infection-neutralization capacity following infection and vaccina-
tion as a correlate of protection and identified antibody avidity as 
an important factor. We, however, lack the information on how the 
antibody repertoire may evolve over time and did not analyze anti-
body levels and neutralizing capacity at time points shortly before 
the third vaccination. The study also provides insights neither into 
the breadth of antibody responses nor into antibody avidity against 
the spike of the different VoCs.

Notwithstanding our finding of a superior infection-neutralization 
capacity after three mRNA vaccinations, protection from severe 
COVID-19 may already be achieved after two antigen encoun-
ters in particular in children and young adults26. In this context, 
cell-mediated immunity elicited by infection or by vaccination likely 
contributes to protection from severe COVID-19 (ref. 27). In our 
study, however, we neither directly assessed the protective efficacy of 
two versus three antigen doses against severe disease nor addressed 
the protective effect of T cell responses. Although the development 
of infection-neutralization capacity mediated by spike-specific anti-
bodies and antiviral T cell immunity have been shown to develop 
in parallel14, further studies are required to elucidate whether three 
timely spaced encounters with spike antigen also accompany a 
quantitative and qualitative increase in protective T cell immunity.

Online content
Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of 
author contributions and competing interests; and statements of 
data and code availability are available at https://doi.org/10.1038/
s41591-022-01715-4.

Received: 3 January 2022; Accepted: 25 January 2022;  
Published online: 28 January 2022

References
 1. Mohapatra, R. K. et al. Omicron (B.1.1.529 variant of SARS-CoV-2); an 

emerging threat: current global scenario. J. Med. Virol. https://doi.
org/10.1002/jmv.27561 (2021).

 2. Volz, E. et al. Assessing transmissibility of SARS-CoV-2 lineage B.1.1.7 in 
England. Nature 593, 266–269 (2021).

 3. Tegally, H. et al. Detection of a SARS-CoV-2 variant of concern in South 
Africa. Nature 592, 438–443 (2021).

 4. Fujino, T. et al. Novel SARS-CoV-2 variant in travelers from Brazil to Japan. 
Emerg. Infect. Dis. 27, 1243–1245 (2021).

 5. Mlcochova, P. et al. SARS-CoV-2 B.1.617.2 delta variant replication and 
immune evasion. Nature 599, 114–119 (2021).

 6. Wang, Z. et al. mRNA vaccine-elicited antibodies to SARS-CoV-2 and 
circulating variants. Nature 592, 616–622 (2021).

 7. Planas, D. et al. Reduced sensitivity of SARS-CoV-2 variant Delta to antibody 
neutralization. Nature 596, 276–280 (2021).

 8. Karim, S. S. A. & Karim, Q. A. Omicron SARS-CoV-2 variant: a new chapter 
in the COVID-19 pandemic. Lancet 398, 2126–2128 (2021).

 9. Schmidt, F. et al. High genetic barrier to SARS-CoV-2 polyclonal neutralizing 
antibody escape. Nature 600, 512–516 (2021).

 10. Khoury, D. S. et al. Neutralizing antibody levels are highly predictive of 
immune protection from symptomatic SARS-CoV-2 infection. Nat. Med. 27, 
1205–1211 (2021).

 11. Muecksch, F. et al. Affinity maturation of SARS-CoV-2 neutralizing 
antibodies confers potency, breadth and resilience to viral escape mutations. 
Immunity 54, 1853–1868 (2021).

 12. Victora, G. D. & Nussenzweig, M. C. Germinal centers. Annu. Rev. Immunol. 
30, 429–457 (2012).

 13. Chia, W. N. et al. Dynamics of SARS-CoV-2 neutralising antibody responses 
and duration of immunity: a longitudinal study. Lancet Microbe 2,  
e240–e249 (2021).

 14. Koerber, N. et al. Dynamics of spike-and nucleocapsid specific immunity 
during long-term follow-up and vaccination of SARS-CoV-2 convalescents. 
Nat. Commun. 13, 153 (2022).

NATURE MEDiCiNE | VOL 28 | MARCH 2022 | 496–503 | www.nature.com/naturemedicine502

https://doi.org/10.1038/s41591-022-01715-4
https://doi.org/10.1038/s41591-022-01715-4
https://doi.org/10.1002/jmv.27561
https://doi.org/10.1002/jmv.27561
http://www.nature.com/naturemedicine


ArticlesNATURE MEDICINE

 15. Weinberger, T. et al. Prospective longitudinal serosurvey of healthcare 
workers in the first wave of the severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) pandemic in a quaternary-care  
hospital in Munich, Germany. Clin. Infect. Dis. 73, e3055–e3065  
(2021).

 16. Muenchhoff, M. et al. Genomic epidemiology reveals multiple introductions 
of SARS-CoV-2 followed by community and nosocomial spread, Germany, 
February to May 2020. Euro Surveill. 26, 2002066 (2021).

 17. Gaebler, C. et al. Evolution of antibody immunity to SARS-CoV-2. Nature 
591, 639–644 (2021).

 18. Moriyama, S. et al. Temporal maturation of neutralizing antibodies in 
COVID-19 convalescent individuals improves potency and breadth to 
circulating SARS-CoV-2 variants. Immunity 54, 1841–1852 (2021).

 19. Sokal, A. et al. Maturation and persistence of the anti-SARS-CoV-2 memory 
B cell response. Cell 184, 1201–1213 e1214 (2021).

 20. Collie, S., Champion, J., Moultrie, H., Bekker, L. G. & Gray, G. Effectiveness 
of BNT162b2 vaccine against Omicron variant in South Africa. N. Engl. J. 
Med. 386, 494–496 (2021).

 21. Nemet, I. et al. Third BNT162b2 vaccination neutralization of SARS-CoV-2 
Omicron infection. N. Engl. J. Med. 386, 492–494 (2021).

 22. Garcia-Beltran, W. F. et al. mRNA-based COVID-19 vaccine boosters induce 
neutralizing immunity against SARS-CoV-2 Omicron variant. Cell https://doi.
org/10.1016/j.cell.2021.12.033 (2022).

 23. Carreño, J. M. et al. Activity of convalescent and vaccine serum against 
SARS-CoV-2 Omicron. Nature https://doi.org/10.1038/s41586-022-04399-5 
(2021).

 24. Gruell, H. et al. mRNA booster immunization elicits potent neutralizing 
serum activity against the SARS-CoV-2 Omicron variant. Nat. Med. https://
doi.org/10.1038/s41591-021-01676-0 (2022).

 25. Dejnirattisai, W. et al. SARS-CoV-2 Omicron-B.1.1.529 leads to widespread 
escape from neutralizing antibody responses. Cell https://doi.org/10.1016/j.
cell.2021.12.046 (2022).

 26. Walter, E. B. et al. Evaluation of the BNT162b2 COVID-19 vaccine in 
children 5 to 11 years of age. N. Engl. J. Med. 386, 35–46 (2022).

 27. Sette, A. & Crotty, S. Adaptive immunity to SARS-CoV-2 and COVID-19. 
Cell 184, 861–880 (2021).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature America, Inc. 2022

NATURE MEDiCiNE | VOL 28 | MARCH 2022 | 496–503 | www.nature.com/naturemedicine 503

https://doi.org/10.1016/j.cell.2021.12.033
https://doi.org/10.1016/j.cell.2021.12.033
https://doi.org/10.1038/s41586-022-04399-5
https://doi.org/10.1038/s41591-021-01676-0
https://doi.org/10.1038/s41591-021-01676-0
https://doi.org/10.1016/j.cell.2021.12.046
https://doi.org/10.1016/j.cell.2021.12.046
http://www.nature.com/naturemedicine


Articles NATURE MEDICINE

Methods
Study participants and sample collection. In a screening effort, 4,554 health 
care workers were tested for SARS-CoV-2 nucleocapsid-specific antibodies 
with a commercial chemiluminescence immunoassay (iFlash CLIA, YHLO 
Biotechnology28. Convalescent individuals from SARS-CoV-2 infection in the first 
pandemic wave in March/April 2020 were identified either by positive PCR or 
by two to four independent serological assays (specificity of ≥98% for each assay 
results in a specificity of ≥99.96% for the convalescent cohort)14. Naive individuals 
tested negative in at least two different SARS-CoV-2 nucleocapsid-specific IgG 
assays. In total, 171 (98 convalescent and 73 naive) individuals were enrolled into 
a follow-up study that was conducted from April 2020 onwards at the University 
Hospital rechts der Isar of the Technical University of Munich (Supplementary 
Table 1). The study scheme is depicted in Extended Data Fig. 8. No statistical 
methods were used to predetermine sample sizes, but our sample sizes increase 
those reported in previous publications20–25. Studies were approved by the local 
ethics committee (ethics vote 476/20 and 26/21S-SR) and participants provided 
written informed consent to study participation and biobanking.

A total of 68 convalescents gave written informed consent for further analyses 
after their COVID-19 vaccination, and 73 SARS-CoV-2 naive individuals were 
matched by sex, age, working conditions and risk factors present in the convalescent 
cohort. Median age was 36 (IQR, 29 to 53) years in naive participants and 40 
(IQR, 29 to 54) years in convalescent participants. Approximately 65.8% of naive 
participants and 57.6% of convalescent participants were female. All naive and 25 
of 68 convalescent individuals who were continuously followed received two doses 
of BNT162b2 mRNA vaccine (Comirnaty, BioNTech/Pfizer) as immunization. The 
interval between the two vaccinations was, on average, 22 and 21 d for naive and 
convalescent individuals, respectively. Due to a change in the national guidelines 
in March 2021, the remaining 43 of 68 convalescents from the first wave were 
only vaccinated once with BNT162b2 until the middle of 2021, assuming that the 
prior infection substituted for one vaccination29. For all analyses, six convalescent 
individuals were excluded because they showed ≥fourfold and ≥eightfold increases 
in a surrogate neutralization and in IC50 value for neutralization, respectively, 
independent of vaccination indicating SARS-CoV-2 re-exposure14.

Sera from 34 naive and 51 convalescent participants were analyzed before 
vaccination, from 48 naive and 59 convalescent participants 2 weeks after their 
initial vaccination and from 47 naive and 23 convalescent participants 2 weeks 
after the second vaccination. A total of 45 and 72 naive and 51 and 56 convalescent 
participants were tested 4 and 7 months after their basic immunization, 
respectively, including 31 and 37 of convalescents who did not receive a second 
vaccine dose. Finally, sera from 59 naive participants and 36 convalescents were 
evaluated 2 weeks after receiving an additional BNT162b2 shot as the third 
immunization after an average of 9 months (Extended Data Fig. 1).

Additionally, a second cohort of 31 individuals with PCR-confirmed 
breakthrough infections with SARS-CoV-2 Delta or Omicron VoC ≥14 d after 
vaccination 2 were included (cohort 2; Supplementary Table 2). This study was 
approved by the local ethics committee (vote 229/21), and all participants provided 
written informed consent. Median age was 35 (IQR, 31 to 38) years in Delta-infected 
participants and 41 (IQR, 28 to 49) years in Omicron-infected participants. 
Specimens were collected on average 7 d (V1), 2 weeks (V2), 3 weeks (V3) and 
4 weeks (V4) after the first positive PCR result showing breakthrough infection. 
VoC-specific PCR and/or whole-genome sequencing identified Delta (B.1.617.2) 
in respiratory samples of 16/31 and Omicron (B.1.1.529) in respiratory samples of 
15/31 individuals. In this cohort, 26 of 31 participants (84%) had received two doses 
of an mRNA vaccine (22 BNT162b2, 4 mRNA-1273), and 5 of 31 had received a first 
vaccination with an adenoviral vector vaccine, two of which subsequently received 
the same vaccine and two were vaccinated with BNT162b2 (Supplementary Table 2).  
The median time span between the first positive PCR result and a complete 
vaccination cycle was 141 d (IQR, 99 to 242 d) in Delta-infected participants and 
166 d (IQR, 146 to 194 d) in Omicron-infected individuals.

Antibody detection and avidity assays. IgG-type antibody responses to the 
Wuhan-hu-1 strain S1 domain of SARS-CoV-2 spike antigen were quantified 
in tenfold diluted serum specimens using the commercial anti-SARS-CoV-2 
QuantiVac-ELISA (IgG; EuroImmun). Binding strength of the SARS-Cov-2 
IgG antibodies was determined by adaptation of the commercial IgG agile 
SARS-CoV-2 ELISA (Virion/Serion) using ammonium thiocyanate (Roth, 
Germany) as the chaotropic agent as described previously30. Briefly, serum samples 
were measured using the IgG agile SARS-CoV-2 ELISA and adjusted to 100 
BAUs per ml, according to the standard curve provided by the manufacturer, to 
exclude an influence of variable antibody concentrations. Then, serum samples 
were incubated in the plates pre-coated with Wuhan SARS-CoV-2 spike protein 
ectodomain S1, S2 and receptor binding domain recombinant antigens for 1 h 
at 37 °C in a humid chamber. After washing, antigen–antibody complexes were 
incubated in the presence of 1.0 M ammonium thiocyanate or PBS as control 
for 10 min at room temperature. After washing to remove antibodies bound 
with low avidity, the ELISA was completed according to the manufacturer’s 
instructions. The relative avidity index was calculated as follows: percentage avidity 
= IgG concentration ammonium thiocyanate treated)/(IgG concentrations PBS 
treated) × 100 and is given in percentages30,31.

SARS-CoV-2 neutralization assay. High-titer virus stocks were generated 
by infection of Vero-E6 cells (American Type Culture Collection) grown in 
virus expansion medium (DMEM containing 5% FBS, 100 U ml−1 penicillin–
streptomycin). Cells were incubated with clinical isolates of different SARS-CoV-2 
variants (GISAID EPI ISL: 2450298 (EU1/B.1.177), 2095258 (Alpha/B.1.1.7), 
1752394 (Beta/B.1.351), 2095178 (Gamma/P.1/B.1.1.28.1), 2772700 
(Delta/B.1.617.2) and 7808190 (Omicron/B.1.1.529, sublineage BA.1)). EU1 and 
the Omicron VoC were isolated from nasopharyngeal swabs of patients with 
COVID-19. Virus stocks were expanded by two passages before collection and 
storage at −80 °C. All virus stocks were only used for infection experiments after 
sequencing of the complete viral genomes. Virus stocks were characterized by 
real-time RT–PCR as reported previously32.

For each individual SARS-CoV-2 VoC, the tissue culture infectious dose 
resulting in 90% loss of target cell viability (TCID90) 48 h after infection was 
determined using a dilution series of the virus stock on MDA-MB-231 cells 
(American Type Culture Collection) overexpressing hACE2. For infection 
neutralization, cells were cultured and infected in 384-well plates (7,500 cells 
per well). The respective TCID90 of each virus stock was incubated for 2 h 
with different concentrations of each serum to be tested. Subsequently, 10 µl 
of the virus–serum mixtures were added to 20 µl of medium and added to 
MDA-MB-231–hACE2 cells. At 48 h after infection, cytopathic effects were 
recorded by the addition of 10 µl CellTiter-Glo 2.0 reagent (Promega) and 
subsequent measurement of bioluminescence signals (0.5-s integration time, no 
filter) to quantify virus-mediated cytotoxicity in target cells.

Statistical analysis. Data and statistical analyses were performed in Prism 9 
(GraphPad Software). TCID90 values for tissue culture infectious doses and IC50 
values for neutralization were calculated after normalized, sigmoidal dose–
response curve approximation of the respective data.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All primary data that was used to generate the results obtained in this study are 
available in the source data provided with this paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Heatmaps of infection neutralization capacity against SARS-CoV-2 variants, anti-SARS-CoV-2 antibody responses, and antibody 
avidity in naive individuals and convalescents after BNT162b2 vaccination. a,b, heatmaps of serum IC50 values for infection-neutralization capacity 
normalized to 107 viral RNA copies for serum infection-neutralization of SARS-CoV-2 variants (a) and IgG-type anti-spike S1 domain antibody titers (b) 
in 24 SARS-CoV-2 convalescents, 38 convalescents who did not receive vaccination #2, and 73 naive participants. c, heatmap of IgG-type anti-spike 
antibody avidity in 54 SARS-CoV-2 convalescents, 38 convalescents who did not receive the second vaccination, and 73 naive participants. For white areas 
within heatmaps data was not available. Abbreviations, pre – prior to first vaccination; #1 – first vaccination time point; 2 – second vaccination; #3 – third 
vaccination; w2 – two weeks after respective vaccination; m4 – 4 months after vaccination; m7 – 7 months after vaccination; inf. m5 – 5 months after 
SARS-CoV-2 infection; inf. m8 – 8 months after SARS-CoV-2 infection; BAU – binding antibody units.
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Extended Data Fig. 2 | Comparison of infection neutralization capacities for VoCs in naive individuals and convalescents 4 months after BNT162b2 
vaccination. Serum IC50 values for infection-neutralization capacity normalized to 107 viral RNA copies for serum infection-neutralization of SARS-CoV-2 
variants EU1 and VoCs alpha, beta, gamma, delta and omicron as box plots with median, bounds between upper and lower quartiles, and whiskers between 
the 10th and 90th percentiles for 20 SARS-CoV-2 convalescents (orange), and 43 naive participants (blue) collected 4 months after vaccination #2 and 
27 convalescents who did not receive vaccination #2 collected at the same time point (red). Differences in IC50 values were analysed for statistical 
significance using the Kruskal-Wallis-test with Dunn’s multiple testing correction. Connecting lines indicate statistically significant differences between 
groups. Absence of connecting lines or asterisks indicates absence of significance. ***P=0.0001, ****P<0.0001.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Comparison of infection-neutralization capacities for VoCs in naive individuals and SARS-CoV-2 convalescents after BNT162b2 
vaccination. Fold-reduction of serum IC50 values for infection-neutralization capacity comparing the neutralization of EU1 with the VoCs depicted as 
box plots with median, bounds between upper and lower quartiles, and whiskers between the 10th and 90th percentiles for SARS-CoV-2 convalescents 
(orange) and 64 naive participants (blue). a, 50 SARS-CoV-2 convalescents collected prior to vaccination, *P=0.0116. b, 56 convalescents, 42 naives at 
2 weeks (2w) after vaccination #1, convalescent EU1 vs. gamma ***P=0.0003, delta **P=0.0022, naive EU1 vs. beta **P=0.0013, vs. omicron *P=0.0121. 
c, 22 convalescents, 42 naives at 2w after vaccination #2, convalescent EU1 vs. gamma *P=0.0496, delta **P=0.0084, naive EU1 vs. alpha ***P=0.0001, 
gamma **P=0.0055. d, 47 convalescents, 43 naives at 4 months (4m) after vaccination #2; e, 50 convalescents, and 64 naives at 7m after vaccination #2, 
convalescent EU1 vs. alpha ***P=0.0007, delta **P=0.0084, naive EU1 vs. alpha ***P=0.0004. f, 36 convalescents, 59 naives at 2w after vaccination #3,  
a-f, ****P<0.0001. Differences in fold-changes were analysed for their statistical significance using the two-sided Friedman test with Dunn’s multiple testing 
correction. Connecting lines indicate statistically significant differences between groups. Absence of connecting lines or asterisks indicates absence of 
significance. Numbers above boxes indicate average fold changes comparing EU1 and the respective SARS-CoV-2 VoC.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Longitudinal comparison of infection neutralization capacities against VoCs and anti-SARS-CoV-2 spike antibody responses 
after BNT162b2 vaccination. a, anti-spike S1 domain antibody titers in 274 sera from 62 convalescents, and 304 sera from 73 naive participants given as 
binding arbitrary units (BAU)/mL, convalescent w2 after vaccination (vacc.) #2 vs. m4 vacc. #2 ***P=0.0004, naive pre-vaccination (pre) vs. w2 vacc #1 
***P=0.0002, w2 vacc. #1 vs. m4 vacc. #2 *P=0.0181, m4 vacc. #2 vs. m7 vacc. #2 *P=0.0123. b-g, Serum IC50 values for infection-neutralization capacity 
normalized to 107 viral RNA copies of SARS-CoV-2 VoCs EU1, alpha, beta, gamma, and delta in 266 / 296 (b-f) and omicron and 261 / 279 (g) sera from 
62 convalescents / 73 naives, respectively; b, convalescent w2 vacc. #3 vs. w2 vacc. #2 **P=0.0018, and vs. m4 vacc. #2 *P=0.0108, c, w2 vacc. #2 vs. w2 
vacc #3 ***P=0.0002, d, convalescent m7 vacc. #2 vs. w2 vacc. #3 **P=0.0037, naive pre vs. m7 vacc #2 ***P=0.0036, e, convalescent w2 vacc. #3 vs. w2 
vacc. #1 ***P=0.0006, vs. w2 vacc. #2 *P=0.0237, and vs. m4 vacc #2 **P=0.0023, naive w2 vacc. #1 vs. m7 vacc. #2 ***P=0.0002, f, convalescent m7 vacc. 
#2 vs. w2 vacc. #3 ***P=0.0005, naive w2 vacc. #1 vs. m7 vacc. #2 ***P=0.0003, g, convalescent w2 vacc. #1 vs. m7 vacc. #2 *P=0.0357, and vs. w2 vacc. 
#3 **P=0.0043, w2 vacc. #2 vs. w2 vacc. #3 **P=0.0049, naive pre vs. m4 vacc. #2 *P=0.0197, and vs. m7 vacc. #2 *P=0.0376, w2 vacc. #1 vs. m4 vacc. 
#2 *P=0.0236, and vs. m7 vacc. #2 *P=0.0043, a-g, ****P<0.0001. Data are shown as box plots with median, bounds between upper and lower quartiles, 
and whiskers between the 10th and 90th percentile for SARS-CoV-2 convalescents (orange) and naive participants (blue). Differences between time points 
were analysed for their statistical significance using the Kruskal-Wallis test with Dunn’s multiple testing correction. Connecting lines indicate statistically 
significant differences between groups. Absence of connecting lines or asterisks indicates absence of significance. a, f, g, are also shown in Fig. 2 and were 
added to this extended data figure to enhance comparability. Abbreviations, pre: prior to first vaccination; #1 – first vaccination; #2 – second vaccination; 
#3 – third vaccination; w2 – two weeks after respective vaccination; m4 – 4 months after vaccination; m7 – 7 months after vaccination.
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Extended Data Fig. 5 | VoC-centered heatmaps for longitudinal comparisons of infection-neutralization capacities in naive individuals and 
convalescents after vaccination. a-d, heatmaps illustrating average-fold changes of serum IC50 values for infection-neutralization capacity normalized 
to 107 viral RNA copies for serum infection-neutralization of EU1 and VoCs alpha, beta and gamma between the respective time points. Abbreviations, 
pre – prior to first vaccination; #1 – first vaccination; #2 – second vaccination; #3 – third vaccination; w2 – two weeks after respective vaccination; m4 – 4 
months after vaccination; m7 – 7 months after vaccination.
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Extended Data Fig. 6 | Longitudinal comparison of the ratios between infection neutralization capacities against VoCs and anti-SARS-CoV-2 antibodies 
in naive individuals and convalescents after BNT162b2 vaccination. Ratios between serum IC50 values for infection-neutralization capacity against 
VoCs and antibody titers to the S1 domain of SARS-CoV-2 spike antigen shown as box plots with median, bounds between upper and lower quartiles, 
and whiskers between the 10th and 90th percentiles in SARS-CoV-2 convalescents (regardless of whether or not they received vaccination #2, orange) 
and naive participants (blue). a-e, 263 sera from 62 convalescents, and 295 sera from 73 naives; (f) 258 sera from 62 convalescents, and 278 sera from 
73 naives. a, convalescent w2 after vaccination (vacc.) #3 vs. m4 vacc. #2 **P=0.0091, and vs. m7 vacc #2 *P=0.0401, w2 vacc. #2 vs. m7 vacc. #2 
**P=0.0012, m4 vacc. #2 vs. pre-vaccination (pre) **P=0.0015, and vs. w2 vacc. #2 **P=0.0093, naive m4 vacc. #2 vs. w2 vacc. #3 ***P=0.0002.  
b, convalescent w2 vacc. #2 vs. m4 vacc. #2 **P=0.0025, w2 vacc. #2 vs. m7 vacc. #2 **P=0.0018, w2 vacc. #3 vs. m4 vacc. #2 ***P=0.0003, and vs. 
m7 vacc. #2 ***P=0.0002. c, convalescent m4 vacc. #2 vs. pre **P=0.0030, and vs. w2 vacc. #2 ***P=0.0003, m7 vacc. #2 vs. pre **P=0.0074, and vs. 
w2 vacc. #2 ***P=0.0008, w2 vacc. #3 vs. pre *P=0.0250, vs. w2 vacc. #1 ***P=0.0005, and vs. w2 vacc. #2 **P=0.0023. d, convalescent pre vs. w2 vacc. 
#1 **P=0.0082, m4 vacc. #2 vs. w2 vacc. #1 ***P=0.0001, and vs. w2 vacc. #2 **P=0.0064, m7 vacc. #2 vs. w2 vacc. #2 **P=0.0017, w2 vacc. #3 vs. pre 
***P=0.0006, and vs. m4 vacc. #2 *P=0.0408, naive m7 vacc. #2 vs. w2 vacc. #3 **P=0.0034. e, convalescent m4 vacc. #2 vs. pre **P=0.0030, and vs. w2 
vacc. #2 ***P=0.0003, m7 vacc. #2 vs. pre **P=0.0052, and vs. w2 vacc. #2 ***P=0.0005, pre vs. w2 vacc. #3 ***P=0.0005, naive w2 vacc. #3 vs. m4 vacc. 
#2 **P=0.0027, and vs. m7 vacc. #2 **P=0.0032. f, convalescent pre vs. m4 vacc. #2 *P=0.0340, naive w2 vacc. #2 vs. m4 vacc. #2 **P=0.0077, m4 vacc. 
#2 vs. m7 vacc. #2 **P=0.0011, a-f, ****P<0.0001. Connecting lines indicate statistically significant differences between groups. Absence of connecting lines 
or asterisks indicates absence of significance. Differences between time points were analysed for their statistical significance using the Kruskal-Wallis test 
with Dunn’s multiple testing correction. The data depicted in panels (e, f) are also shown in Fig. 2 and were added to this extended data figure to enhance 
comparability. Abbreviations, pre: prior to first vaccination; #1 – first vaccination; #2 – second vaccination; #3 – third vaccination; w2 – two weeks after 
respective vaccination; m4 – 4 months after vaccination; m7 – 7 months after vaccination.
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Extended Data Fig. 7 | Comparison of infection neutralization capacities for VoCs in twice BNT162b2 vaccinated individuals after breakthrough 
infection with delta and omicron compared to naive individuals and SARS-CoV-2 convalescents. a, serum IC50 values for infection-neutralization capacity 
normalized to 107 viral RNA copies of SARS-CoV-2 variants in 47 naive participants (42 for omicron) 2 weeks after vaccination #2 (dark brown), 59 naive 
(light blue) and 36 convalescent participants 2 weeks after vaccination #3, as well as 12 and 10 twice BNT162b2 vaccinated individuals on average 7 
days after PCR-confirmed breakthrough infections with delta (green) or omicron (purple), respectively; naives 2w after vaccination (vacc.) #2 vs. naives 
and convalescents 2w after vacc. #3 ****P<0.0001 for all variants, vs. delta breakthrough infection for alpha **P=0.0043, gamma *P=0.0366, omicron 
**P=0.0074, vs. omicron breakthrough for alpha *P=0.0100, beta *P = 0.0246, gamma *P=0.0165, delta *P=0.0167, omicron ***P=0.0007, convalescent 2w 
vacc. #2 vs. delta breakthrough for EU1 *P=0.0453, beta *P=0.0306, gamma *P=0.0230, delta *P=0.0226, omicron *P=0.0434. (b) IgG-type anti-spike 
antibody avidities in 44 naive participants 2 weeks after vaccination #2 (dark brown), 19 naive (light blue) and 18 convalescent participants 2 weeks 
after vaccination #3, as well as 10 and 8 twice BNT162b vaccinated individuals on average 7 days after PCR-confirmed breakthrough infections with 
delta (green) or omicron (purple), respectively; naives 2w vacc. #2 vs. naives and convalescents 2w after vacc. #3 ****P<0.0001, vs. delta breakthrough 
***P=0.0001, and vs. omicron breakthrough **P=0.0014. (c) IgG-type anti-spike antibody avidities in twice BNT162b2 vaccinated individuals on average 7 
days (n=10), 2 weeks (n=11), 3 weeks (n=7), and 4 weeks (n=8) after PCR-confirmed breakthrough infections with delta. Data are shown as box plots 
with median, bounds between upper and lower quartiles, and whiskers between the 10th and 90th percentiles. Differences between groups were analysed 
for their statistical significance using the Kruskal-Wallis test with Dunn’s multiple testing correction. Connecting lines indicate statistically significant 
differences between groups. Absence of connecting lines or asterisks indicates absence of significance. Abbreviations, inf: after infection; #2 – second 
vaccination; #3 – third vaccination; w1 – 7 days after infection; w2 – two weeks after respective vaccination/infection; w3 – three weeks after infection; w4 
– four weeks after infection.
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Extended Data Fig. 8 | Graphical illustration of the longitudinal cohort analysis depicting time points of vaccination and blood sample collection.
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