:' frontiers ‘ Frontiers in Immunology

ORIGINAL RESEARCH
published: 09 May 2022
doi: 10.3389/fimmu.2022.876306

OPEN ACCESS

Edited by:

Marko Radiic,

University of Tennessee College of
Medicine, United States

Reviewed by:

Mats Bemark,

University of Gothenburg, Sweden
Matthew H. Collins,

Emory University, United States

*Correspondence:
Mascha Binder
Mascha.Binder@uk-halle.de

Specialty section:

This article was submitted to
B Cell Biology,

a section of the journal
Frontiers in Immunology

Received: 15 February 2022
Accepted: 14 April 2022
Published: 09 May 2022

Citation:

Paschold L, Klee B, Gottschick C,
Willscher E, Diexer S, Schulthei3 C,
Simnica D, Sedding D, Girndt M,
Gekle M, Mikolajczyk R and Binder M
(2022) Rapid Hypermutation B Cell
Trajectory Recruits Previously
Primed B Cells Upon Third
SARS-Cov-2 mRNA Vaccination.
Front. Immunol. 13:876306.

doi: 10.3389/fimmu.2022.876306

Check for
updates

Rapid Hypermutation B Cell
Trajectory Recruits Previously
Primed B Cells Upon Third
SARS-Cov-2 mRNA Vaccination

Lisa Paschold, Bianca Klee?, Cornelia Gottschick?, Edith Willscher’, Sophie Diexer?,
Christoph SchultheiB’, Donjete Simnica’, Daniel Sedding®, Matthias Girndt?,
Michael Gekle®, Rafael Mikolajczyk? and Mascha Binder™*

" Department of Internal Medicine 1V, Oncology/Hematology, Martin-Luther-University Halle-Wittenberg, Halle (Saale), Germany,
2 Institute for Medical Epidemiology, Biometrics and Informatics (IMEB), Interdisciplinary Center for Health Sciences, Medical
School of the Martin-Luther University Halle-Wittenberg, Halle (Saale), Germany, S Mid-German Heart Center, Department of
Cardiology and Intensive Care Medicine, University Hospital, Martin-Luther-University Halle-Wittenberg, Halle (Saale), Germany,

4 Department of Internal Medicine Il, Martin-Luther-University Halle-Wittenberg, Halle (Saale), Germany, ° Julius Bernstein-Institute
of Physiology, Faculty of Medicine, Martin-Luther-University Halle-Wittenberg, Halle (Saale), Germany

The COVID-19 pandemic shows that vaccination strategies building on an ancestral viral
strain need to be optimized for the control of potentially emerging viral variants. Therefore,
aiming at strong B cell somatic hypermutation to increase antibody affinity to the ancestral
strain - not only at high antibody titers - is a priority when utilizing vaccines that are not
targeted at individual variants since high affinity may offer some flexibility to compensate
for strain-individual mutations. Here, we developed a next-generation sequencing based
SARS-CoV-2 B cell tracking protocol to rapidly determine the level of immunoglobulin
somatic hypermutation at distinct points during the immunization period. The percentage
of somatically hypermutated B cells in the SARS-CoV-2 specific repertoire was low after
the primary vaccination series, evolved further over months and increased steeply after
boosting. The third vaccination mobilized not only naive, but also antigen-experienced B
cell clones into further rapid somatic hypermutation trajectories indicating increased
affinity. Together, the strongly mutated post-booster repertoires and antibodies deriving
from this may explain why the third, but not the primary vaccination series, offers some
protection against immune-escape variants such as Omicron B.1.1.529.

Keywords: SARS-CoV-2, COVID-19, delta, B cell maturation, omicron variant, booster vaccination

INTRODUCTION

Until February 2022, the World Health Organization (WHO) counted 400 million severe acute
coronavirus disease 2019 (COVID-19) infections caused by respiratory syndrome coronavirus 2
(SARS-CoV-2). By then, the number of deaths had totaled almost 6 million individuals globally.
While mRNA-based and adenovirus-vectored vaccines have been developed at unprecedented
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speed, global vaccination strategies remain challenging and new
SARS-CoV-2 variants with varying potential to evade adaptive
immunity and/or to enhance transmissibility constantly emerge.
Since memory B cell populations play a decisive role in severity
reduction of COVID-19 and early antibody-mediated virus
neutralization may even prevent infections, understanding
infection- and vaccine-induced SARS-CoV-2 specific B cell
immunity is critical (1-3).

As recently reviewed by Laidlaw et al. (4), COVID-19
generates both germinal center and extrafollicular B cell
responses in unvaccinated individuals - depending on the
severity of infection - that converge on B cells expressing
antigen receptors with preferential immunoglobulin heavy
chain variable-joining gene (IGHV-J) usage (1, 5-12).
Interestingly, even B cells with low or absent IGHV affinity
maturation can generate antibodies that specifically recognize
and neutralize the ancestral strain of SARS-CoV-2 (6, 11, 13-15).
Yet, a continued evolution of the humoral response appears to
take place over at least six months after infection — even without
re-infection — as demonstrated by sustained acquisition of IGHV
somatic hypermutation despite waning antibody titers (16-21).
There is emerging evidence that these rather prolonged B cell
maturation dynamics may also be characteristic for vaccine-
induced anti-SARS-CoV-2 immune responses (22, 23).

With the advent of SARS-CoV-2 variants of concern, affinity
to the ancestral strain’s S protein (currently used in all licensed
vaccines) does not necessarily predict antibody neutralization
potency. Immune escape can affect clones with high affinity
against the ancestral strain but, depending on the targeted
epitope, some clones also retain their neutralizing potency
against variants of concern (24). This is in clear contrast
to clones that have been induced by the ancestral strain
and show only low affinity to this strain. Such clones
constantly fail to neutralize variants (24). This finding suggests
that high affinity binding to the ancestral strain may provide
some flexibility in compensating the effect of individual immune
escape mutations (24). Therefore, in times of emerging viral
variants an optimal vaccination strategy should aim at inducing
the highest possible level of affinity maturation through somatic
hypermutation, even if the available vaccines are targeted at the
ancestral strain.

In the study presented here, we used two cohorts of not
previously infected patients to compare antibody levels and
somatic hypermutation trajectories across a primary series of
two standard vaccinations with those induced by a third
“booster” vaccination using immune repertoire sequencing. We
show that B lineage evolution is low after the priming
vaccinations. In contrast, the maturation trajectories induced
by the third vaccination is compatible with selective mobilization
and germinal center recruitment of naive but also previously
matured memory B cell lineages to undergo fast and extensive
somatic hypermutation. This considerable affinity maturation
and the resulting high antibody titers may explain the increased
protection of the third “booster” vaccination against variants
such as the Omicron variant B.1.1.529.

METHODS

Non-Interventional Study Design and
Biobanking of NIS635

This study was registered as non-interventional study (NIS)
at the Paul-Ehrlich-Institute (NIS635). It consisted of
data and biological samples collected in the DigiHero and
HACO cohorts.

DigiHero is a population-based cohort study for digital health
research in Germany conducted in the city of Halle (Saale) which
registered 8,077 participants until November 2021. The
recruitment was conducted in different waves and included
mailed invitation to all 129,733 households in Halle as well as
promotion via media. The study was approved by the
institutional review board (approval number 2020-076). Its
digital design allowed targeted invitation of participants to
modules that included different surveys and blood biobanking
subprojects. The COVID-19 module of DigiHero recruited
participants with prior positive SARS-CoV-2 testing in their
households. Until December 2021, 514 individuals had
completed the survey on their COVID-19 history as well as on
their vaccination status and had donated blood for this module at
this data cut. These samples were used for antibody analyzes. The
SARS-CoV-2 booster vaccination module of DigiHero recruited
participants willing to respond to a survey on the third SARS-
CoV-2 booster vaccination. Until December 2021, 4,670
participants had completed the survey. Fifteen randomly
chosen participants without prior COVID-19 infection donated
blood prior to and on day 14 (d14) after booster vaccination at
this data cut. These samples were used for antibody and B cell
repertoire next-generation sequencing analyzes.

As a reference within NIS635, 40 samples from 20 uninfected
control cases completing their primary vaccination series with
the BioNTech/Pfizer vaccine were recovered from the biobank of
the Halle COVID-19 cohort (HACQ). These 20 control cases
had donated blood prior to and at d28 of their primary
vaccination series (d7 after the second vaccination). Informed
written consent was obtained and the study was approved by the
institutional review board (approval number 2020-039). These
samples were used for antibody and B cell repertoire next-
generation sequencing analyzes.

Table 1 summarizes all relevant participant numbers, their
basic characteristics and biological samples used in NIS635. The
study was conducted in accordance with the ethical principles
stated by the Declaration of Helsinki. Informed written consent
was obtained from all participants or legal representatives.

Sample Collection

The collected plasma samples were isolated by centrifugation of
whole blood for 15 min at 2,000xg, followed by centrifugation at
12,000xg for 10 min and stored at - 80°C. Peripheral
mononuclear cells (PBMC) were isolated by standard Ficoll
gradient centrifugation. Genomic DNA was extracted from
PBMCs using the GenElute Mammalian Genomic DNA
Miniprep Kit (Sigma-Aldrich, St. Louis, USA).
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TABLE 1 | Characteristics of participants in the DigiHero COVID-19 and SARS-CoV-2 booster vaccination modules and the HACO subcohort used for NIS635.

DigiHero
COVID-19 module

Nb of participants 514
Sex

Female 307 (59.7%)

Male 207 (40.3%)

Other 0 (0%)

NA 0 (0%)

Age (years)

Median age 47
Range 14-86
Prior confirmed COVID-19 infection

Yes 436 (84.8%)

No 78 (15.2%)
Prior SARS-COV-2 vaccination

Yes 417 (81.1%)

No 97 (18.9%)
Prior SARS-COV-2 booster vaccination

Yes 0 (0%)

No 514 (100%)

NA 0 (0%)
Biobanking
Prior COVID-19 Total 436

No SARS-CoV-2 vaccination 85

SARS-CoV-2 vaccination 351
No prior COVID-19 Total 78

No SARS-CoV-2 vaccination 10

1st SARS-CoV-2 vaccination 8

2nd SARS-CoV-2 vaccination 60

3rd SARS-CoV-2 booster vaccination
Sequenced

No prior COVID-19
No SARS-CoV-2 vaccination
1st SARS-CoV-2 vaccination
2nd SARS-CoV-2 vaccination
3rd SARS-CoV-2 vaccination (“booster”)

SARS-CoV-2 Antibody Profiling

Antibodies against the S1 domain of the spike (S) protein and
the nucleocapsid protein (NCP) of SARS-CoV-2 were
determined by Anti-SARS-CoV-2-ELISA IgA/IgG and Anti-
SARS-CoV-2-NCP-ELISA kits from Euroimmun (Liibeck,
Germany). Readouts were performed at 450 nm using a Tecan
Spectrophotometer SpectraFluor Plus (Tecan Group Ltd.,
Minnedorf, Switzerland).

Next-Generation Sequencing of B Cell
Immune Repertoires

Immunosequencing of B cell repertoires was performed as
described in (25). In brief, V(D)J rearranged IGH loci were
amplified from 500 ng of genomic DNA using a multiplex PCR,
pooled at 4 nM and quality-assessed on a 2100 Bioanalyzer
(Agilent Technologies). Sequencing was performed on an
Ilumina MiSeq (paired-end, 2 x 301-cycles, v3 chemistry).
Rearranged IGH loci were annotated using MiXCR v3.0.13
(26) and the IMGT 202011-3.sv6 IGH library as reference.
Non-productive reads and sequences with less than 2 counts
were discarded. All repertoires were normalized to 30,000 reads.
Each unique complementarity-determining region 3 (CDR3)

DigiHero Control cases from HACO cohort
SARS-CoV-2 booster vaccination module
4670 20
2825 (60.5%) 12 (60%)
1721 (36.9%) 8 (40%)
7 (0.15%) 0 (0%)
117 (2.5%) 0 (0%)
50 40
18-87 29-58
428 (9.2%) 0 (0%)

4242 (90.8%) 20/20 (100%)

4670 (100%)
0 (0%)

0 (0%)
20/20 (100%)

893 (19.1%)

3768 (80.7%)
9 (0.2%)

20 (dO and d28)

15 (d0 and d14)
15 (dO and d14)

20 (dO and d28)

20 (pre-vacc1+2)

15 (pre-vaccg) 20 (post-vacc1+2)

15 (post-vacc3)

nucleotide sequence was considered a clone. Broad repertoire
metrics (clonality, diversity, richness) were analyzed as
previously described (27). IGHV genes were regarded as
somatically hypermutated if they showed < 98% identity to the
germline sequence and B cell clones with hypermutated IGHV
gene were considered antigen-experienced.

B Cell Clonotype Search Algorithm

We searched our IGH repertoires for validated SARS-CoV-2
antibody rearrangements with identical or highly similar CDR3
amino acid sequence (Levenshtein distance of < 2) and identical
IGHV-] gene usage as described in (13). The validated SARS-
CoV-2 antibody sequences were derived from CoV-AbDab
accessed at 17th December 2021 (28) and classified into 3,195
total SARS-CoV-2 binding sequences and 1,147 SARS-CoV-2
neutralizing sequences. A list of the target sequences is provided
in Supplementary Table 1.

B Cell Network Analysis

To calculate network connectivity in BCR repertoires, we used
the Levenshtein distance of all unique CDR3 amino acid (aa)
sequences per repertoire using the imnet tool (https://github.
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com/rokroskar/imnet). Sequences with Levenshtein distance < 3
were connected. For visualization as petri dish plots we used R
package igraph and the fruchterman-reingold layout (29). Each
dot represents a different unique CDR3aa sequence, which is
termed a ‘clone’. The number of identical CDR3aa sequences
(= frequency of the clone in the repertoire) is not reflected in this
kind of graphical presentation. CDR3aa sequences with a
Levenshtein distance of < 3 are connected. Data analysis and
plotting was performed using R version (v4.1.2).

Identification of B Cell Lineages

We identified overlapping B cell lineages in the pre- and post-
vaccination time point per patient. A B cell lineage was defined as
a group of B cell clonotypes that share a common V and J gene
and a CDR3 sequence differing only in up to 10% of its amino
acid positions (30). Lineages and their evolution were visualised
as stream plots with function plot.stacked from (https://www.r-
bloggers.com/2013/12/data-mountains-and-streams-stacked-
area-plots-in-r/). Data analysis and plotting was performed using
R version (v4.1.2).

Statistics

Differences between the four groups were analyzed by ordinary
one-way ANOVA and post-ANOVA analyses between
individual columns were performed using Tukey’s multiple
comparisons test. Differences between two groups were studied
by unpaired, two-tailed student’s t-test or in the case of paired
samples by paired, two-tailed student’s t-test. All statistical
analyses were performed using R version 4.1.2 and GraphPad
Prism 8.3.1 (GraphPad Software, La Jolla, CA, USA).

A B
booster vaccination planned booster

1004 100+
00 undecided 1
no

804

©

60

40

IS
S
n

% of participants

% of particij

time in months
~

o ®
3 3
1 I

o

204

N
S
n

YES
0 04
n=4661

n= 3761

participants with previous infection E
1004 100+

undecided

no
80

60

es
40 v

IS
S
L

% of participants
% of participants

o @
3 8
I I
% of participants
with adverse effect
IS
S

20

n= 375 &\@'Z’

n= 825

BioNTech/Pfizer @ @
Moderna @ @ @ olo|elo| o]l o]l

Study Approval
This study was registered as non-interventional study (NIS) at
the Paul-Ehrlich-Institute (NIS635). DigiHero and HACO were
approved by the institutional review board (approval numbers
2020-076 and 2020-039). Written informed consent was received
prior to participation.

RESULTS

Surveys, Data Collection and Biobanking
in NIS635

For NIS635, we used a classical biobanking study (HACO) and a
digital cohort study (DigiHero) with flexible recruitment of
participants into different survey modules to obtain COVID-19
and vaccination data in a large cohort and to acquire relevant
biological samples from subgroups of interest. In DigiHero, 514
participants donated blood and completed the survey of the
COVID-19 module until December 2021. 4,670 participants
completed the survey on the third SARS-CoV-2 “booster”
vaccination until the same data cut. In HACO, data and
sample collection had been completed in January 2021. Using
this data, complete COVID-19 and vaccination histories could be
deduced for all participants of NIS635. Details for all subcohorts
are given in Table 1.

In the DigiHero SARS-CoV-2 ,,booster” vaccination survey,
the majority of participants indicated to have already received
their third vaccination or to be planning to receive it shortly
(Figure 1A). The time between completion of the primary
vaccination series and the third booster vaccination is shown

C D
booster vaccine type booster tolerability
1004 not known 100
Moderna
80 80
I3 3
g 60 S 60
b= £
g g
S 4 BioNTechy 3 401
Pfizer
201 20
ol o
n= 889 n=819

FIGURE 1 | Survey data from the DigiHero SARS-CoV-2 booster vaccination module. (A) Statistics of participants with prior or planned third SARS-CoV-2
vaccination (booster). (B) Time between completion of the primary vaccination series and third vaccination in months. (C) SARS-CoV-2 third vaccination type.
(D) Tolerability of the third vaccination compared to previous SARS-CoV-2 vaccinations. (E) Adverse events upon third vaccination.
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in Figure 1B. The majority of participants received BioNTech/
Pfizer as their third vaccine (Figure 1C). The tolerability of the
“booster” was roughly comparable to that of first and second
SARS-CoV-2 vaccinations (Figure 1D). Most frequent side
effects were local reactions, fatigue, and headache with
comparable tolerability of both mRNA vaccines (Figure 1E).

Based on this survey, 15 participants without prior COVID-
19 infection that planned a third vaccination within the next four
weeks were randomly chosen and invited to donate blood before
and after their third vaccination for antibody and B cell
repertoire NGS analyzes.

SARS-CoV-2 Antibodies After Infection,
Priming Vaccinations, Third Vaccination
and Hybrid Immunity

All biobanked samples indicated in Table 1 were tested for S1 and
NCP antibodies by ELISA. Figure 2A shows the distribution of
antibody levels for the different subgroups. Participants
vaccinated after infection (hybrid immunity) and participants
after their third “booster” vaccination achieved the highest S1
antibody levels followed by previously uninfected participants
that had only completed their primary vaccination series
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(Figure 2A). Only few individuals showed elevated NCP
antibody levels despite having indicated no prior COVID-19
potentially pointing at unrecognized previous infection. All
other participants showed antibody levels compatible with their
infection/vaccination status. In all participants with matched pre-
and post-vaccination samples, clear increases in S1 antibodies
were noted with highest levels after the third vaccination, while
NCP antibodies remained negative (Figure 2B).

Next, we compared antibody levels in participants with hybrid
immunity to those after three vaccinations. Given the over-time
decay in antibody titers both after infection and vaccination (16,
17, 20, 31-34), we included only participants in this analysis who
donated blood in a standard interval of 2-4 weeks after the last
vaccination dose. This analysis showed that antibody levels were
similarly high in both subsets indicating that the third “booster”
dose may mimic the hybrid-like response observed in individuals
after infection and vaccination (Figure 2C).

Global B Cell Immune Metrics After
Priming and Third Vaccinations

Matched blood samples of two cohorts were subjected to next-
generation sequencing of the B cell receptor repertoire. Cohort
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FIGURE 2 | Antibodies against the S1 domain of the spike (S) protein and the nucleocapsid protein (NCP) of SARS-CoV-2. (A) Comparison of IgG-NCP and IgG-S1
antibodies in vaccinated individuals with or without prior COVID-19 infection. (B) Matched IgG-S1 and IgG-NCP antibody titers of previously uninfected individuals prior to
and after the primary vaccination series (pre-/post-vacc1+2) and the third vaccination (pre-/post-vacc3). Statistical test: Two-tailed paired t-test. p-value cut-offs: <0.0001
extremely significant (***). (C) Comparison of IgG-NCP and IgG-S1 antibodies between previously infected participants that received a subsequent vaccination (green)
and previously uninfected participants with three vaccinations (yellow). Both types of blood samples were collected at a maximum of 4 weeks from last vaccination. Cut-
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‘vaccl+2’ consists of 20 individuals who donated blood before
their first SARS-CoV-2 vaccination (pre-vaccl+2) and after their
second vaccination (post-vaccl+2). Cohort ‘vacc3’ consists of 15
different individuals -not overlapping with individuals from
cohort vaccl+2- who donated blood before (pre-vacc3) and
after (post-vacc3) their third vaccination. The time points of

blood collection are shown in Figure 3A. All of the sequenced
samples included in this manuscript were derived from
participants without a prior SARS-CoV-2 infection which was
confirmed by negative levels of NCP antibodies (Figure 2B).
All patients included in this analysis had received mRNA
vaccines; 8 of 15 participants received the BionTech/Pfizer
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FIGURE 3 | Matched pre- and post-SARS-CoV-2 vaccination blood sampling and global B cell repertoire analysis. (A) Vaccination and blood sampling scheme.
(B) Broad B cell repertoire metrics. Bars indicate mean + standard deviation. (C) Percentage of antigen experienced clones with somatic hypermutation (<98%
identity to germline) per B cell repertoire. Box and whiskers plot are shown in the style of Tukey. (D) Quantitative connectivity analysis of B cell clones per repertoire.
A clone is defined as a unique CDR3aa sequence. Clones are connected if they have a Levenshtein distance of < 3 are connected. Boxes outline 25 to 75"
percentile with a line at the median and whiskers from minimum to maximum. Petri dish plots of two representative pre-/post vaccination B cell repertoires are shown
in brown and violet boxes on top (patients HACO-19 and DigiHero-12). Each dot in the petri dish plot represents one clone.
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vaccine as third vaccination. There were no global differences
in immune repertoire metrics such as diversity, richness or
clonality across groups (Figure 3B). In addition, B cell
repertoire somatic hypermutation rates of IGHV genes that
reflect antigen-mediated affinity maturation were roughly
identical on the global immune repertoire level (Figure 3C).
There were, however, trends in repertoire connectivity: Pre-
vaccination B cell repertoires showed lowest connectivity
between B cell clonotypes while samples taken after the
third vaccination showed highest connectivity (Figure 3D,
lower part). B cell connectivity plots of two patients with
representative connectivity levels are shown in the upper part
of Figure 3D.

SARS-CoV-2 Specific B Cell Clonotypes
Prior to and After First/Second Versus
Third Vaccination

While global B cell repertoire metrics were rather stable across
the studied subgroups, we hypothesized that the subrepertoire of
B cells with known SARS-CoV-2 specificity may provide more
insight into affinity maturation in response to vaccination. We,
therefore, searched our set of immune repertoires for 3,195
known SARS-CoV-2 antibody sequences (28) to determine
blood circulation of B cells carrying SARS-CoV-2 reactive B
cell receptors. 1,147 thereof derived from neutralizing SARS-
CoV-2 antibodies. Interestingly, blood-circulation of such B cells
appeared to be increased shortly after the first two vaccinations
(Figures 4A, B). After the third vaccination, we also noted
increases as compared to the matched time point before the
third vaccination (Figures 4A, B). Yet, in absolute numbers, the
increase in blood circulation of these clones was lower than after
the primary vaccination series.

In a next step, we determined somatic hypermutation rates of
SARS-CoV-2 specific clones from matched pre- and post-
vaccination samples. We reasoned that the rate of somatically
hypermutated clones should increase with the number of applied
vaccinations. Indeed, we found a continuous increase in the
fraction of somatically hypermutated B cell clones within the
SARS-CoV-2 specific repertoire from pre-vaccination samples to
samples acquired after the third vaccination (Figure 4C).
Interestingly, the rate of somatically hypermutated SARS-CoV-
2 specific clones was lower after completion of the primary
vaccination series than prior to the third vaccination. This
suggests that even ,,short-lived” mRNA vaccines trigger affinity
maturation of B cells over months in line with recent data (22).
Although the somatic hypermutation load per SARS-CoV-2
specific sequence numerically increased in primed participants,
it was dramatically boosted by the third vaccination (Figure 4D).
This was especially observed for BCR sequences encoded by the
IGHV3-21, IGHV3-23, IGHV3-53 and IGHV3-30-3 genes
(Figure 4E) which have been already linked to S-reactive
antibodies with exceptional neutralizing potency (12, 35-39).
However, IGHV3-23 is generally mutated more often in
unselected B cells of vaccinated and unvaccinated controls
(Supplementary Figure 1). The amount of hypermutation did
not correlate with age (Figure 4F).

Maturation Trajectories in the Primary
Vaccination Series and Upon

Third Vaccination

To be able to analyze individual maturation trajectories of B cells
in the primary vaccination series versus upon third vaccination,
we set out to identify developmental B lineages in all individual
participants and to track them across the vaccination period. A B
cell lineage is a group of clonotype-defined B cells that share a
common V and J gene and a CDR3 sequence differing only in up
to 10% of its amino acid positions (30). While we did not detect
expanding B cell lineages in a substantial proportion of
participants receiving their primary vaccination series, we
found expanding lineages in the majority of patients receiving
their third vaccination (Figure 5A). The repertoire space taken
up by these vaccine-induced expanding B cell lineages was
substantially higher after the third vaccination than after
completion of the primary vaccination series (Figure 5B). The
stream plots in Figure 5C and Supplementary Figure 2 show the
development of B cell lineages from the pre- to the post-
vaccination time point in all investigated cases. All
overlapping, expanding lineages are shown as individual
colored stream mapping its frequency within the pre- and
post-vaccination repertoire. Detailed analysis of these
maturation trajectories showed that the precursors of highly
mutated post-booster clones were either naive or antigen-
experienced cells that were mobilized into a secondary round
of somatic hypermutation, most likely through a second
recruitment to a germinal center. We found evidence for
different scenarios: Further mutation of highly mutant clones
and of clones with low numbers of mutations. Exemplary
mutational trajectories induced by the third vaccination
starting from naive or antigen-experienced clones are shown in
Figure 5D. Finally, we looked at the IGHV gene usage of
expanding lineages during the primary vaccination series and
the third vaccination and found an overrepresentation of
IGHV3-23 and IGHV3-53 in somatically hypermutated clones
in both cohorts (Supplementary Figure 3).

DISCUSSION

Dissection of infection-, but especially vaccine-induced B cell
immunity to SARS-CoV-2 has become even more a priority in
light of the advent of SARS-CoV-2 variants of concern that differ
from the ancestral strain in transmissibility and immune evasion.
In the second half of 2021, when the majority of blood samples
for this analysis were collected, Delta (B.1.617.2) was the
dominant SARS-CoV-2 variant worldwide. The Omicron
variant B.1.1.529 has been first reported to WHO on the 24"
of November 2021 and thereafter spread across the globe at
unprecedented rate. In January 2022, Omicron replaced Delta as
the dominant variant accompanied by a record of 15 million new
COVID-19 cases worldwide in a single week. Both Delta and
Omicron variants cause concerns also in fully vaccinated
populations since the current vaccines are targeted at the
ancestral SARS-CoV-2 strain (40-47). In addition, it was also
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FIGURE 4 | Search of SARS-CoV-2 directed B cell clonotypes in matched pre- and post-vaccination blood samples. Search of 3,195 total (A) and 1,147
neutralizing (B) antibody sequences in all immune repertoires. Bars indicate mean + s.e.m. (C) Somatic hypermutation analysis of SARS-CoV-2 directed antibody
sequences. The percentage of antigen experienced clones within the SARS-CoV-2 specific subrepertoires per patient is shown. A clone was considered antigen-
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FIGURE 5 | Expanding B cell lineages upon vaccination. B cell lineages in individual patients pre- and post-vaccination were constructed based on V and J gene identity
as well as CDR3 sequence homology. (A) The percentage of participants with heavily expanded B cell lineages (more than 0.3% frequency within the post-vaccination
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(vacc3). (D) Exemplary detailed somatic hypermutation analysis of two antibody sequences. GC = germinal center. Seq = sequence.

reported that the type and/or sequence of different exposures
triggers SARS-CoV-2-directed immune responses varying in
specificity and neutralizing potency (48). It is therefore crucial
to understand the biology of SARS-CoV-2 vaccination in
detail to design better vaccination protocols and eventually
vaccine updates providing sufficient protection against
emerging variants.

In the study presented here, we show complex B cell
maturation trajectories induced by the third “booster”
vaccination that by far exceeded the level of somatic
hypermutation measurable directly after completion of the
primary vaccination series. Interestingly, the strong mutational
activity was essentially restricted to few lineages that were
present and mutated already before the third vaccination and
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therefore likely involved in previously induced memory B cells
that were once again recruited to the lymph node’s germinal
center for further refinement. Notably, we observed high
mutational rates especially in IGHV3-21, IGHV3-23, IGHV3-
53 and IGHV3-30-3 genes that were linked to antibodies isolated
from elite neutralizers that have previously shown neutralizing
potency against variants of concern after infection with the
ancestral strain (12, 35-39). Interestingly, we did not observe
any age-restriction for this maturation process indication that
also older people benefit from a third vaccination although this
needs further validation due to the limited size of the analyzed
cohort. Since somatic hypermutation reflects affinity maturation,
our data is not only well compatible with the strong increase in
neutralization potential towards the ancestral strain induced by
the third vaccination (49), it also may explain why individuals
after a recent third vaccination are usually protected from
infection with the Delta variant that shows only few immune-
evasive S protein mutations (50-52). This postulated increase in
affinity may also explain why the third vaccination but not the
primary vaccination series produces some level of protection
against infection with the Omicron strain that harbors a large
number of immune-evasive mutations within the S protein
(53, 54).

We found a gap between the fraction of somatically
hypermutated SARS-CoV-2 directed B cell clones after
completion of priming and directly before boosting. This
suggested that SARS-CoV-2 vaccines might trigger long-term
maturation and affinity selection in the B cell compartment over
months even with mRNA vaccines that consist in short-lived
injected molecules. This data is well compatible with recent
findings from Sokal et al. (24) that show continuous
maturation of B cells over months after vaccination by flow
cytometry. From a translational perspective, this data may
suggest that the shortening of the interval between priming
and boosting may come at a price of lower booster efficacy if
the time span for ongoing B cell maturation and affinity selection
is too short. Increasing the time interval between the first and the
second dose has been shown to promote effectiveness in the
AstraZeneca vector vaccine trial for the first two vaccinations
(55). At the same time, this needs to be balanced against the
current risk associated with the inability of a primary vaccination
series to protect against the current Omicron variant.

The third vaccination rapidly generated a considerable
somatic hypermutation load in SARS-CoV-2 specific B cell
receptor clonotypes given that the time interval between the
pre- and post-booster vaccination sampling was only 14 days. To
achieve a somatic hypermutation rate of the IGHV gene between
2 and 10% (typical for the antigen-experienced B cells seen in our
study), between 6 and 30 nucleotide exchanges are required per
clone. Given the increased somatic hypermutation rate of
immunoglobulin genes of approximately 10(-3) mutations per
base pair per cell division (56), more than three cell divisions are
necessary to statistically exchange one nucleotide per IGHV
gene. This very rough calculation may show the high
proliferative stimulus of the third booster vaccination. The
clinical correlate thereof may be the rather high rate of
ipsilateral axillary lymph node swelling compared to other

cohorts (57) observed by almost 10% of our DigiHero
participants after the third vaccination.

The major limitation of our work is the purely computational
approach. To derive firm conclusions regarding variant
specificity of vaccination-induced B cell clones, functional
validation of binding properties are clearly needed and part of
many ongoing studies worldwide. Another limitation of the
study design consists in a comparison of two vaccinations (the
primary series) with just one third vaccination. Furthermore, it is
noteworthy that our sequencing approach does not distinguish
between memory B cells and plasmablasts, which may show
different frequencies in both cohorts. This needs to be taken into
account when comparing the primary vaccination series with the
third vaccination.

Taken together, our data show that the primary vaccination
series quickly generates antibodies from B cells that have only
undergone low-level affinity maturation and may therefore not
be protective for immune-escape viral variants such as Omicron
B.1.1.529. Our analyzes confirm the role of the third SARS-CoV-
2 “booster” to generate affinity-matured clones and mobilize
them for antibody production.
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