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Background. The rapid emergence of the Omicron variant and its large number of mutations led to its classification as a variant 
of concern (VOC) by the World Health Organization. Subsequently, Omicron evolved into distinct sublineages (eg, BA.1 and BA.2), 
which currently represent the majority of global infections. Initial studies of the neutralizing response toward BA.1 in convalescent 
and vaccinated individuals showed a substantial reduction.

Methods. We assessed antibody (immunoglobulin G [IgG]) binding, ACE2 (angiotensin-converting enzyme 2) binding 
inhibition, and IgG binding dynamics for the Omicron BA.1 and BA.2 variants compared to a panel of VOCs/variants of 
interest, in a large cohort (N = 352) of convalescent, vaccinated, and infected and subsequently vaccinated individuals.

Results. While Omicron was capable of efficiently binding to ACE2, antibodies elicited by infection or immunization showed 
reduced binding capacities and ACE2 binding inhibition compared to wild type. Whereas BA.1 exhibited less IgG binding 
compared to BA.2, BA.2 showed reduced inhibition of ACE2 binding. Among vaccinated samples, antibody binding to 
Omicron only improved after administration of a third dose.

Conclusions. Omicron BA.1 and BA.2 can still efficiently bind to ACE2, while vaccine/infection-derived antibodies can bind to 
Omicron. The extent of the mutations within both variants prevents a strong inhibitory binding response. As a result, both Omicron 
variants are able to evade control by preexisting antibodies.
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Since its initial outbreak in late 2019, severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) has evolved into a 
global pandemic, characterized by multiple waves of infection 
within countries and regions. Following the initial global 
wave, subsequent waves were often triggered by the emergence 
of variants of concern (VOCs) [1] that outcompeted earlier var-
iants. These emerging VOCs are presumed to have an increased 
rate of transmission or the ability to escape vaccine and 
infection-induced immunity [2–7]. Due to concerns that its nu-
merous spike protein mutations would render it able to escape 
immune control and its rapid spread in South Africa, the World 
Health Organization classified Omicron as a VOC on 
26 November 2021 [8]. Within days of this classification, 
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Omicron had already been reported in multiple other countries 
and as of 26th April 2022, it is the dominant global variant [9]. 
The BA.2 lineage has now surpassed BA.1 [9], which is not 
only genetically distinct in key regions of the spike glycoprotein 
[10, 11], but has also evolved to give rise to BA.4, BA.5, and 
BA.2.12.1. Early studies at the end of 2021 of neutralization 
against BA.1 found a substantial reduction in neutralizing ac-
tivity, particularly in individuals who did not receive 3 vaccine 
doses [12–17]. Because of the urgency of these studies to estab-
lish real-time data of whether there is an evasion toward 
vaccine-induced responses or therapeutics, they often included 
limited sample numbers, diversity of sample types (eg, only 
those vaccinated with Pfizer BNT162b2), or only directly 
compared Omicron to wild-type (WT) or a single other 
VOC. Complementary to these studies, we provide here a 
comprehensive analysis of the binding capacity, binding dy-
namics, and angiotensin-converting enzyme 2 (ACE2) bind-
ing inhibition of Omicron BA.1 and BA.2 against antibodies 
generated either by vaccination or natural infection com-
pared to WT, currently recognized VOCs, and the Lambda 
and Mu variants of interest (VOIs). We also analyzed sam-
ples from a range of vaccines and dosing schemes currently 
available within the European Union, including booster vac-
cines, as well as convalescent samples from both adults and 
children from the first, second, and third waves of infection 
in Germany.

METHODS

Sample Cohort

Serum samples used in this study were originally collected for use 
in several other studies [18–21]. The sample set was designed to 

include a broad representation of samples from infected individ-
uals (hereafter referred to as “convalescent”) from the different 
waves of SARS-CoV-2 within Germany, as well as vaccinated sam-
ples. We separated our cohort into 4 groups: vaccinated samples, 
convalescent samples, infected and later vaccinated samples, and 
prepandemic samples as controls.

Vaccinated study participants received either 2 homologous 
doses of AZD1222, BNT162b2, or mRNA-1273; 2 heterologous 
doses of AZD1222 and BNT162b2 or AZD1222 and 
mRNA-1273; or 3 doses of BNT162b2. To examine how anti-
body dynamics changed over time, we included samples from 
both 1–2 months post–second dose and 5–6 months post– 
second dose. We also included samples from vaccinated 
individuals who had a previous polymerase chain reaction 
(PCR)–confirmed infection and then received a single dose of 
BNT162b2 as per national guidelines. Samples from convales-
cent study participants were collected approximately 3 months 
after positive PCR. To assess differences between variants of 
SARS-CoV-2, we collected samples from those with a WT, 
Alpha, or Delta infection. WT samples came from both adults 
and children. To be considered a WT sample, the infection had 
to occur during the first wave of the SARS-CoV-2 pandemic in 
Germany (spring–summer 2020). Alpha samples were con-
firmed by PCR sequencing and were collected between 
January and May 2021. Delta samples were either confirmed 
by PCR sequencing, or where collected during a time period 
when all infections in Germany were considered to be Delta 
(September–November 2021). To represent naive samples, 
negative prepandemic samples were obtained from Central 
BioHub. An overview of the characteristics for each cohort sub-
group can be found in Table 1.

Table 1. Overview of Sample Characteristics for the Study Population

Sample Type Subgroup
No. of 

Samples
Median dT, Days 

(IQR)
No. (%) of 
Females

Median Age, Years 
(IQR)

History of Immunosuppressive 
Condition or Medication, No. (%)

Convalescent WT (adults) 30 104 (94–119) 14 (47) 62 (51–69) 0 (0)

WT (children) 20 124 (116–129) 7 (35) 11 (7–14) 0 (0)

Alpha 30 88 (47–104) 12 (40) 56 (42–65) 14 (47)

Delta 6 18 (10–23) 5 (83) 65 (56–73) 4 (67)

Infected and vaccinated … 25 54 (23–91) 16 (64) 55 (48–59) 1 (4)

Vaccinated A/A (1–2 mo) 30 49 (48–52) 20 (67) 64 (60–66) 2 (7)

A/A (4–6 mo) 30 154 (146–158) 23 (77) 55 (48–60) 0 (0)

M/M (1–2 mo) 30 51 (48–54) 20 (67) 59 (49–61) 1 (3)

M/M (4–6 mo) 16 139 (131–145) 9 (56) 70 (51–83) 1 (6)

P/P (1–2 mo) 30 51 (49–54) 20 (67) 58 (52–66) 1 (3)

P/P (4–6 mo) 30 152 (141–160) 25 (83) 38 (30–53) 0 (0)

A/M 20 153 (150–154) 16 (80) 41 (29–56) 0 (0)

A/P 20 151 (144–157) 19 (95) 48 (42–56) 0 (0)

P/P/P 20 14 (14–26.5) 13 (65) 33 (29–44) 2 (12)

Negative … 15 … 8 (53) 37 (29–41) 0 (0)

Abbreviations: A/A, 2-dose AZD1222; A/M, first dose AZD1222, second dose mRNA-1273; A/P, first dose AZD1222, second dose BNT162b2; dT, time post-infection/last vaccination dose; 
IQR, interquartile range; M/M, 2-dose mRNA-1273; P/P, 2-dose BNT162b2; P/P/P, 3-dose BNT162b2; WT, wild-type (B.1 isolate).
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Ethical Oversight

Informed written consent was obtained from all study partici-
pants. Ethical approval and oversight for the samples used in 
this study was provided by the following ethics committees: 
the Ethics Committee of the University Hospital Tuebingen 
(293/2020BO2, 764/2020/BO2 [amended 6 December 2021], 
B312/2020BO1 [amended 2 June 2021], 556/2021BO1), the 
Ethics Committee of the University of Tuebingen (179/2020/ 
BO2, 188/2020A), and the Ethics Committee of Hannover 
Medical School (9086_BO_S_2020).

Mass Spectrometry of Omicron Receptor-Binding Domain

Receptor-binding domain (RBD) Omicron protein samples had 
their structure verified by liquid chromatography–mass spectrom-
etry (LC-MS). In brief, samples were N-deglycosylated using 
PNGaseF reducing kit (New England Biolabs), diluted 1:3 with 
His-NaCl buffer and analyzed by liquid chromatography coupled 
to electrospray ionization quadrupole time-of-flight mass spec-
trometry. For full details, please consult the Supplementary 
Methods.

MULTICOV-AB Assay

MULTICOV-AB, a previously published multiplex immunoas-
say, was performed as described previously [22]. A full list of 
antigens included within the assay is shown in Table 2. 
Samples were randomly allocated to plates to ensure that at least 
3 samples of every sample group were included on each plate. 
All samples were measured twice in 2 independent experiments. 

No sample failed quality control (QC). Raw median fluorescence 
intensity values were normalized to a QC sample for all antigens as 
per Becker et al [23]. Please consult the Supplementary Methods
for full details.

RBDCoV-ACE2 Assay

RBDCoV-ACE2, a previously published multiplex ACE2 inhi-
bition assay [19], analyzes neutralizing antibody activity 
through ACE2 binding inhibition. A full list of antigens includ-
ed in this assay can be found in Table 2. ACE2 binding inhibi-
tion was calculated as a percentage, with 100% indicating 
maximum ACE2 binding inhibition and 0% indicating no 
ACE2 binding inhibition. Samples with an ACE2 binding inhi-
bition <20% are classified as nonresponders [19]. Please con-
sult the Supplementary Methods for full details.

Biolayer Interferometry

Analysis of binding kinetics of RBD-specific antibodies in se-
rum samples were performed using the Octet RED96e system 
(Sartorius) as per the manufacturer’s recommendations. 
Purified RBDs of WT, Delta, and Omicron were biotinylated 
with Sulfo-NHS-LC-LC-Biotin (Thermo Fisher Scientific) in 
5 molar excess at ambient temperature for 30 minutes. Excess 
of biotin was removed by size exclusion chromatography using 
Zeba Spin Desalting Columns 7K MWCO 0.5 mL (Thermo 
Fisher Scientific) according to the manufacturer’s protocol. 
Data were analyzed using the Octet Data Analysis HT 12.0 soft-
ware applying the 1:1 fitting model for the dissociation step. 

Table 2. Overview of Antigens Used in MULTICOV-AB and RBDCoV-ACE2 Assays

Antigen Manufacturer
Category 
Number Mutations Covered

Spike WT (B.1) NMI … …

RBD WT (B.1) NMI … …

S1 domain WT (B.1) NMI … …

S2 domain WT (B.1) Sino Biological 40590-V08B …

Nucleocapsid WT (B.1) Aalto Bioreagents 6404-b …

RBD Alpha (B.1.1.7) NMI … N501Y

RBD Beta (B.1.351) NMI … K417N, E484K, N501Y

RBD Gamma (P1) NMI … K417T, E484K, N501Y

RBD Delta (B.1.617.2) NMI … L452R, T478K

RBD Omicron (B.1.529/ 
BA.1)

Sino Biological 40592-V08H121 G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K, E484A, 
Q493R, G496S, Q498R, N501Y, Y505H

Spike Omicron (B.1.1.529/ 
BA.1)

Sino Biological 40589-V08H26 A67V, del HV69/70, T95I, G142D, del VYY 143-145, del N211, L212I, ins214EPE, G339D, 
S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K, E484A, Q493R, G496S, 
Q498R, N501Y, Y505H, T547K, H655Y, N679K, P681H, N764K, D796Y, F817P, N856K, 
A892P, A899P, A942P, Q954H, N969K, L981F, K986P, V987P

RBD Omicron (B.1.1.529/ 
BA.2)

Sino Biological 40592-V08H123 G339D, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, S477N, T478K, 
E484A, Q493R, Q498R, N501Y, Y505H

Nucleocapsid Omicron 
(B.1.1.529/BA.2)

Sino Biological 40588-V07E35 P13L, del ERS 31-33, R203K, G204R, S413R

RBD Lambda (C.37) NMI … L452Q, F490S

RBD Mu (B.1.621) NMI … R346K, E484K, N501Y

Mutations present within each antigen are provided. Where appropriate, the manufacturer category number is provided. For details on the NMI antigen production, please see [19, 22, 23].  

Abbreviations: NMI, Natural and Medical Sciences Institute; RBD, receptor-binding domain; WT, wild-type.
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The binding profile response of each sample is illustrated as the 
mean wavelength shift in nm. For affinity determination, the 
1:1 global fit of the Data Analysis HT 12.0 software was used. 
Please consult the Supplementary Methods for full details.

Statistical Analysis

Data were collated and matched to metadata in Excel 2016. 
Data visualization was done in RStudio (version 1.2.5001 run-
ning R version 3.6.1). Additional packages gplots and bees-
warm were used for specific displays. The “lm” function of 
R’s stats library was used for linear regression analyzes. 
Correlation analyzes were performed using the “cor” function 
of R’s stats library. The “wilcox.test” function from R’s stats 

library was used to perform either Mann–Whitney U tests 
(2-sided) to estimate significance of observed differences be-
tween different groups, or Wilcoxon signed-rank tests 
(2-sided) to estimate significance of observed different between 
antigens. Graphs were exported from RStudio and further ed-
ited in Inkscape (version 0.92.4) to generate final figures. 
Biolayer inferometry graphical representation was prepared us-
ing GraphPad Prism Software (version 9.0.0).

RESULTS

Initially, we examined immunoglobulin G (IgG) binding using 
MULTICOV-AB [22], a previously published SARS-CoV-2 
multiplex immunoassay that was adapted to analyze binding 

A
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WT

C D

WT WT

Figure 1. Antibody binding response is significantly reduced for both BA.1 and BA.2. Binding response by preexisting antibodies generated through either infection or 
vaccination was measured with MULTICOV-AB (A) and RBDCoV-ACE2 (B) assays and Biolayer interferometry (C and D). A, Boxplot showing that immunoglobulin G binding 
is significantly reduced for both BA.1 and BA.2 as compared to other variants of concern (VOCs)/variants of interest (VOIs) for convalescent (n = 86) and vaccinated (n = 226) 
samples. Negative samples are included as controls (n = 15). B, Boxplot showing that ACE2 binding inhibition is significantly reduced for both BA.1 and BA.2 as compared to 
other VOCs/VOIs for both convalescent and vaccinated samples. Boxes represent the median with 25th and 75th percentiles; whiskers show the largest and smallest non-
outlier values. Outliers were determined by 1.5 interquartile range. C and D, Binding kinetics of receptor-binding domain (RBD)–specific antibodies from serum samples of 
convalescent and vaccinated individuals (both n = 5). Binding response (C ) and dissociation constant (D) were determined by 1:1 fitting model of the individual serum samples 
between the different RBD variants. Median fold reductions for both (A) and (B) can be found as Supplementary Tables 1–3 and 5. Statistical differences between all variants 
was analyzed by Wilcoxon signed-rank test for both (A) and (B) and is available as Supplementary Tables 4 and 7. The response rate for (B) is available as Supplementary 
Table 6. Abbreviations: ACE2, angiotensin-converting enzyme 2; IgG, immunoglobulin G; Inf, infected; MFI, median fluorescence intensity; Neg, negative; RBD, receptor- 
binding domain; Vac, vaccinated; WT, wild-type.
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toward RBDs from VOC/VOIs (a full list of antigens analyzed 
and their mutations contained within can be found in Table 2). 
For both vaccinated and convalescent samples, IgG binding to-
ward both Omicron BA.1 and BA.2 for preexisting antibodies 
was significantly reduced compared to WT (BA.1: 2.3–4.1 me-
dian fold reduction, P < .001; BA.2: 2.1–3.0 median fold reduc-
tion, P < .001) (Figure 1, Supplementary Tables 1–4). This is 
similar to the statistically significant reduction in binding to-
ward Beta (2.8–3.5 median fold reduction, P < .001) and Mu 
(3.0–3.6 median fold reduction, P < .001, Figure 1, 
Supplementary Tables 1–4). Within Omicron, BA.1 had a sig-
nificantly increased reduction in IgG binding compared to 
BA.2 (1.1–1.2 median fold reduction, P < .001) (Figure 1, 
Supplementary Tables 2–4).

Next, we analyzed ACE2 binding inhibition to determine 
how effective the antibodies were at blocking the RBD-ACE2 
interaction, using RBDCoV-ACE2 [19], a multiplex 
ACE2-RBD inhibition assay. This assay mimics the interaction 
between ACE2 and the RBD, while the multiplex format allows 

for the simultaneous measurement of all VOCs/VOIs in a sin-
gle well. To evaluate binding against other antigens of 
SARS-CoV-2, we also include the spike and S1 domain of 
WT and the spike and nucleocapsid of Omicron. In line with 
IgG binding, ACE2 binding inhibition against Omicron was 
significantly reduced compared to WT (Omicron BA.1: medi-
an, 15.2%–16.4% and BA.2: median, 8.0%–10.9%; WT: median, 
26.1%–27.2%; both P < .001) (Figure 1, Supplementary 
Table 5), with less than half as many samples considered 
responsive (WT: 62.8%; BA.1: 30.1%–32.6%; BA.2: 8.4%– 
14.0%) (Figure 1B, Supplementary Table 6). Interestingly, 
although BA.2 revealed reduced ACE2 binding inhibition and 
sample response rate compared to BA.1, this was not significant 
(P = .08, Supplementary Table 7). While BA.2 had the lowest 
response rate of all variants examined, the median ACE2 bind-
ing inhibition and response rate for BA.1 was greater than for 
Beta (median, 8.9–11.4; response, 22.1%–31.0%), Gamma (me-
dian, 9.4–10.8; response, 25.5%–30.1%), and Mu (median, 8.1– 
9.1; response, 19.8%–22.6%).

A B C

D

WT

WT

WT

WT

E F

Figure 2. Angiotensin-converting enzyme 2 (ACE2) binding inhibition and correlations of binding capacity between BA.1, BA.2, and wild-type (WT) for different antigens. 
ACE2 binding inhibition (A) and immunoglobulin G (IgG) binding capacity (B–F) were compared for the Omicron BA.1 and BA.2 receptor-binding domain (RBD), and spike (S) to 
the WT RBD and S. A, Boxplot showing that ACE2 binding inhibition is significantly reduced toward BA.1 for both RBD and S for both vaccinated (n = 226) and convalescent 
(n = 86) samples. Boxes represent the median with 25th and 75th percentiles; whiskers show the largest and smallest nonoutlier values. Outliers were determined by 1.5 
interquartile range. Statistical significance was calculated by Wilcoxon signed-rank test; ***P < .001. B, Correlation analysis of IgG binding capacity for the BA.1 spike 
compared to the BA.1 RBD. Spearman rank was calculated to assess ordinal association between the variables. C–F, Linear regressions of IgG binding capacity for the 
BA.1 S compared to WT S (C ), BA.1 RBD compared to wild-type RBD (D), BA.2 RBD compared to WT RBD (E), and BA.2 nucleocapsid compared to WT nucleocapsid (F ). 
R2 is included to indicate the correlation. Abbreviations: ACE2, angiotensin-converting enzyme 2; IgG, immunoglobulin G; Inf, infected; MFI, median fluorescence intensity; 
NC, nucleocapsid; RBD, receptor-binding domain; S, spike; Vac, vaccinated; WT, wild-type.
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To investigate the RBD binding of BA.1 and BA.2 further, we 
analyzed the binding kinetics of RBD-specific antibodies from 
vaccinated (2 doses of BNT162b2) and convalescent (WT) 
study participants by biolayer interferometry analysis 
(Figure 1C and 1D). Binding response and dissociation cons-
tant were measured for each sample as an indicator of amount 
and binding strength. Binding response toward BA.1 and BA.2 
was reduced compared to both WT and Delta (Figure 1C), 
while most samples showed increased dissociation kinetics 
for Omicron (Figure 1D). Despite high variation observed for 
both the vaccinated and convalescent samples, Omicron always 
showed the lowest binding response (Supplementary Figure 1, 
Supplementary Table 8). When binding toward ACE2 itself was 
examined, Omicron BA.1 and BA.2 were still able to bind 
ACE2 with high affinity (Supplementary Figure 2).

As mutations toward Omicron are not limited to the RBD, 
we also analyzed ACE2 binding toward the full-length spike 
protein. Omicron BA.1 ACE2 binding inhibition toward the 

spike protein was significantly reduced compared to WT (P < 
.001). Interestingly, the response rate underwent a similar 
30% reduction from RBD to S for both WT (62.8% to 34.5%– 
43.0%) and Omicron (30.1%–32.6% to 3.5%–4.9%) 
(Figure 2A, Supplementary Table 9). IgG binding capacity to-
ward spike appears to be conserved to a similar degree as the 
RBD (Figure 2B–D). However, this is substantially reduced 
compared to the nucleocapsid of BA.2, for which there was 
no change in binding capacity compared to WT for convales-
cent samples, regardless with which strain they had been previ-
ously infected (Figure 2E, samples highlighted according to 
strain).

Next, we analyzed whether vaccine type (AZD1222, 
mRNA-1273, or BNT162b2) and number of doses (homolo-
gous or heterologous 2 dose, or homologous 3 dose) received 
resulted in differences with respect to Omicron binding 
response. To analyze how this response changed as time 
postvaccination increased, we also compared the responses at 

A

B

mo mo mo mo mo mo mo mo mo

mo mo mo mo mo mo mo mo mo

Figure 3. Differences in Omicron binding response among different populations of vaccinated samples. Binding response toward Omicron BA.2 was analyzed by either 
MULTICOV-AB (A) or RBDCoV-ACE2 (B) assays for samples from different vaccine schemes (n = 30 for all samples, except for mRNA-1273 at 5–6 months (n = 16), heter-
ologous vaccine schemes (both n = 20), and infected and vaccinated (n = 25). To determine the effect of time postvaccination, samples from both 1–2 months and 5–6 months 
postvaccination were included. Boxes represent the median with 25th and 75th percentiles; whiskers show the largest and smallest nonoutlier values. Outliers were de-
termined by 1.5 interquartile range. The 20% cutoff for nonresponders is indicated by the dashed line on (B). The equivalent data for BA.1 are provided as Supplementary 
Figure 3. Abbreviations: A/A, AZD1222; ACE2, angiotensin-converting enzyme 2; A/M, first dose AZD1222, second dose mRNA-1273; A/P, first dose AZD1222, second dose 
BNT162b2; IgG, immunoglobulin G; Inf, infected; MFI, median fluorescence intensity; M/M, mRNA-1273; P/P, BNT162b2; RBD, receptor-binding domain; Vac, vaccinated.
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1–2 months post–second dose and 5–6 months post–second 
dose for the homologous recipients. IgG binding capacity at 
5–6 months was low for all recipients regardless of the admin-
istered vaccine, although homologous mRNA-based vaccina-
tion still had higher binding capacity at this timepoint than 
1–2 months post–second dose for vector-based vaccination 
(median of 9.16, 8.7, and 5.04 for mRNA-1273, BNT-162b2, 
and AZD1222, respectively; Figure 3A). Among samples from 
1–2 months postdosing, infected and then vaccinated had the 
greatest IgG binding capacity (median, 36.5), followed by 
2-dose mRNA-1273 (median, 27.0), BNT162b2 (median, 
18.7), and AZD1222 (median, 2.3). This pattern was consistent 
for both BA.1 (Supplementary Figure 3) and BA.2 (Figure 3). 
ACE2 binding inhibition was consistently low regardless of 
type received and timeframe postdose (Figure 3B).

To determine whether a third dose results in increased bind-
ing responses against Omicron, we analyzed samples from indi-
viduals who had received a third dose of BNT162b2 and 
compared it to those who had received their second dose in a 
similar timeframe and individuals 5–6 months post–second 
dose, who would be eligible to receive a third dose (Figure 4). 
Further boosting was associated with higher Omicron ACE2 
binding inhibition compared to 2 doses (27% and 0% of samples 
were responders toward BA.1 and BA.2 post–second dose, re-
spectively; 55% and 25% were responders after boosting) sug-
gesting that boosting offers increased protection against 
Omicron (Figure 4). However, this increase in protection was 
not limited to Omicron and was present for all VOCs 
(Figure 4). Compared to the second dose from a similar time-
point (30% and 10% responders to BA.1 and BA.2, respectively), 
boosting with the third dose increased ACE2 binding inhibition, 
substantially confirming this effect is generated by the third dose 
itself, and not by time postvaccination alone (Figure 4C).

Last, we analyzed whether natural infection with different 
variants resulted in differences in binding responses. There 
was no difference in ACE2 binding inhibition between conva-
lescent individuals infected with either WT or Alpha, with both 
having minimal inhibition against Omicron (Figure 5A, 
Supplementary Figure 3). While some samples with a previous 
Delta infection showed substantially more activity compared to 
WT or Alpha, they had been collected much sooner after the 
infection (median dT, 18 days) than WT (median dT, 104 
days) or Alpha (median dT, 88 days). To evaluate whether 
children’s antibodies were more effective at binding toward 
Omicron than adults, we compared convalescent samples 3–4 
months post-PCR from the first wave in children (n = 20), to 
convalescent samples 3 months post–positive PCR from the 
same wave in adults (n = 30) (Figure 5B and 5C, 
Supplementary Figure 4). There was no significant difference 
between adults and children in ACE2 binding inhibition 
(P = .48; Figure 5B), although children did have significantly re-
duced binding capacity toward Omicron (P = .01; Figure 5C).

DISCUSSION

In this study, we provide an in-depth characterization of anti-
body binding to Omicron BA.1 and BA.2 compared to WT and 
all other VOCs and variants under investigation in a large, di-
verse sample cohort. The use of an ACE2 inhibition assay en-
abled the comparison of multiple variants of interest 
simultaneously, while also producing comparable results to 
classical virus neutralization assays [19]. Similar to others, we 
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B
WT

WT

WT

C

Figure 4. Angiotensin-converting enzyme 2 (ACE2) binding inhibition toward 
Omicron is boosted by a third vaccine dose. Changes in ACE2 binding response 
following the third dose of BNT162b2 for all variants within the study. Samples 
come from either boosted (n = 20, A), 1–2 months post–second dose of BNT162b2 
(n = 20, B), or 5–6 months post–second dose of BNT162b2 (n = 20, C ). Individual 
samples are highlighted by connected lines with bars representing medians. 
The 20% cutoff for nonresponders is indicated by the dashed line. Abbreviations: 
ACE2, angiotensin-converting enzyme 2; WT, wild-type.
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identified that antibody binding and ACE2 binding inhibition 
toward both Omicron BA.1 and BA.2 elicited by either immu-
nization or previous infection were significantly reduced 
[14, 16, 24–28]. However, we provide here additional informa-
tion on IgG binding capacity and ACE2 binding inhibition by 
the inclusion of a large variety of subcohorts representing the 
present diversity of immunity against SARS-CoV-2, the com-
parison of the Omicron variant to all other VOCs/VOIs, and 
the comparison between BA.1 and BA.2.

We found that both IgG binding capacity and ACE2 binding 
inhibition was significantly reduced for BA.1 and BA.2, similar 
to reductions for Beta and Mu, with the majority of samples be-
ing classified as nonresponsive toward Omicron for ACE2 
binding inhibition. Like others researchers [15, 24, 28], we 
found that antibody binding responses toward Omicron were 
significantly increased upon administration of a booster dose. 
Boosting increases were not restricted to just Omicron IgG 
binding capacity and ACE2 binding inhibition, but were pre-
sent against all VOCs/VOIs. No significant difference was pre-
sent between BA.1 and BA.2. However, data regarding the 
longitudinal response post–third dose remains lacking, with 
some countries now offering a fourth dose for certain groups 
(eg, immunocompromised individuals). The increased re-
sponses following boosting also appear to apply for convales-
cent individuals, as seen by the increased IgG binding 
capacity and ACE2 binding inhibition for previously infected 
individuals who received a single dose, compared to those 
who had received any 2 vaccine doses. This increase in respons-
es for individuals who have been both infected and vaccinated 
is in agreement with Pajon et al [29], who found that infections 
prior to vaccination resulted in a greater breadth of immune 

response, while Lechmere et al [26] found that breakthrough 
Delta infections among vaccinated individuals acted like a 
booster dose. Thus, both reinfection and a booster dose leads 
to appropriate affinity maturation of elicited antibodies. 
Among those who had received 2 doses, binding responses 
were consistent with other reports (eg, [16]) in identifying a sig-
nificant decrease for those who received homologous 2-dose 
vector vaccination as opposed to homologous mRNA vaccina-
tion or heterologous vaccination.

We identified no significant difference in ACE2 binding in-
hibition toward Omicron for children compared to adults, al-
though IgG binding capacity was significantly reduced. This 
is in contrast to previous research that has identified that child-
ren’s antibody titers are higher than adults following infection 
[21]; however, a limitation of our study is that the children and 
adult groups were not well-matched in terms of time post– 
positive PCR (median dT, 104 for adults and 124 for children) 
or disease severity (majority hospitalized adults vs asymptom-
atic/mildly symptomatic children). A larger investigation 
including vaccinated samples from children is needed to inves-
tigate any possible protective effect from previous infection and 
the antibody response toward Omicron itself in children in 
more detail.

Similar to Carreño et al [27], we identified that IgG binding 
capacity toward Omicron was not as severely reduced as ACE2 
binding inhibition. Interestingly, while BA.2 had significantly 
increased IgG binding capacity to BA.1, it had reduced ACE2 
binding inhibition. While mutations in BA.1 and BA.2 are 
not limited to the RBD, their reduction in activity was limited 
to the trimeric spike, with near-identical binding compared to 
WT for the nucleocapsid. Our analysis of both the spike- and 

A B C

WT Adults Children Adults Children

Figure 5. Differences in immunoglobulin G (IgG) binding response and angiotensin-converting enzyme 2 (ACE2) binding inhibition toward BA.2 among different populations 
of convalescent samples. Comparative ACE2 binding inhibition (A and B) and IgG binding capacity (C ) between convalescent samples from different pandemic waves (A) and 
adults and children (B and C ) for BA.2. A, There are no differences in ACE2 binding inhibition toward BA.2 for individuals infected with wild-type (WT) (n = 30), Alpha (n = 30), 
or Delta (n = 6). B, Children (n = 20) and adults (n = 30) have similar ACE2 binding inhibition toward BA.2 following WT infection, although they have significantly reduced IgG 
binding capacity (P = .01). C, Boxes represent the median with 25th and 75th percentiles; whiskers show the largest and smallest nonoutlier values. Outliers were determined 
by 1.5 interquartile range. Statistical significance was calculated by Mann–Whitney U test: **P < .01; ns, P < .05. The equivalent data for BA.1 are provided as 
Supplementary Figure 4. Abbreviations: ACE2, angiotensin-converting enzyme 2; IgG, immunoglobulin G; MFI, median fluorescence intensity; RBD, receptor-binding domain; 
WT, wild-type.
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RBD-derived ACE2 binding inhibition suggests that while both 
epitopes are sufficiently conserved to enable binding, their di-
vergent mutated sequences affect their inhibitory response. 
Further investigation into this pattern and particularly the 
role of S1-derived antibodies in neutralization is required to 
understand the inhibitory protection offered against Omicron.

Overall, our results identify that while Omicron can efficient-
ly bind ACE2 and vaccine/infection-induced antibodies can 
bind Omicron, the extent of the mutations within the RBD ap-
pear too divergent to enable RBD-directed antibodies to mount 
an inhibitory response. The dramatic reductions in both IgG 
binding and ACE2 binding inhibition toward Omicron, as op-
posed to other VOCs/VOIs, confirm that this variant remains 
capable of immune escape and requires careful sequence mon-
itoring to identify any further sequence evolution. Importantly, 
booster doses elicit a significant increase in antibody response, 
which correlates with a significant increase in both IgG binding 
and ACE2 binding inhibition against Omicron. Our data add 
weight to a growing body of evidence that the continuous adap-
tation of vaccines toward novel highly contagious variants needs 
to be considered in order to control SARS-CoV-2.
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