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CORONAVIRUS

Class switch toward noninflammatory, spike-specific
IgG4 antibodies after repeated SARS-CoV-2 mRNA
vaccination

Pascal Irrgang't, Juliane Gerling?t, Katharina Kocher3t, Dennis Lapuente’, Philipp Steininger’,
Katharina Habenicht?, Monika Wytopil', Stephanie Beileke', Simon Schifer?, Jahn Zhong?,
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RNA vaccines are efficient preventive measures to combat the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) pandemic. High levels of neutralizing SARS-CoV-2 antibodies are an important component of
vaccine-induced immunity. Shortly after the initial two mRNA vaccine doses, the immunoglobulin G (IgG) re-
sponse mainly consists of the proinflammatory subclasses IgG1 and IgG3. Here, we report that several
months after the second vaccination, SARS-CoV-2—specific antibodies were increasingly composed of nonin-
flammatory 1gG4, which were further boosted by a third mRNA vaccination and/or SARS-CoV-2 variant break-
through infections. IgG4 antibodies among all spike-specific IgG antibodies rose, on average, from 0.04% shortly
after the second vaccination to 19.27% late after the third vaccination. This induction of IgG4 antibodies was not
observed after homologous or heterologous SARS-CoV-2 vaccination with adenoviral vectors. Single-cell se-
quencing and flow cytometry revealed substantial frequencies of IgG4-switched B cells within the spike-
binding memory B cell population [median of 14.4%; interquartile range (IQR) of 6.7 to 18.1%] compared
with the overall memory B cell repertoire (median of 1.3%; IQR of 0.9 to 2.2%) after three immunizations.
This class switch was associated with a reduced capacity of the spike-specific antibodies to mediate anti-
body-dependent cellular phagocytosis and complement deposition. Because Fc-mediated effector functions
are critical for antiviral immunity, these findings may have consequences for the choice and timing of vaccina-
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tion regimens using mRNA vaccines, including future booster immunizations against SARS-CoV-2.

INTRODUCTION

During the ongoing pandemic of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) that has reached over half a billion
cases worldwide, new and efficient vaccines were developed with
unprecedented speed and likely prevented millions of deaths (1,
2). Two mRNA vaccines (Comirnaty from BioNTech/Pfizer and
Spikevax from Moderna) were the first mRNA vaccines approved
for use in humans. Both showed high efficacies of about 90% in pre-
venting SARS-CoV-2 infections in clinical trials (3, 4) and real-
world scenarios (5-8). Several studies documented that antibody re-
sponses after a third immunization were superior with regard to
their neutralizing capacity against a broad spectrum of SARS-
CoV-2 variants of concern (VOCs) compared with antibody
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responses measured after the initial two-dose regimen (9-11). It
was further shown that antibody avidity increased after mRNA
booster vaccination, which was partly explained by prolonged ger-
minal center (GC) activation and ongoing B cell maturation. SARS-
CoV-2 vaccine-derived mRNA and spike protein was detected even
several weeks after vaccination (12). Sequencing of memory B cells
revealed somatic hypermutation (SHM) in GCs for up to 6 months,
which resulted in broadening and diversification of the memory B
cell repertoire as well as in an improved effectiveness against VOCs
(10, 12-17).

Activation-induced cytidine deaminase (AID) is the enzyme that
catalyzes SHM in antibody variable (V) regions. It is expressed in
GC B cells and also mediates class switch recombination (CSR) of
constant (C) region genes (18, 19). Immunoglobulin G3 (IgG3)
encoded by the y3 C-region is the most upstream (5") Cy-region
in the immunoglobulin heavy-chain gene locus on chromosome
14 (Fig. 1A). Ongoing activity of AID can lead to switching
toward more downstream Cy regions, i.e., yl, y2, and y4, which
encode IgG1, I1gG2, and IgG4 (20, 21). CSR is highly regulated
during an immune response. The C region to which a B cell switches
is modulated by cytokines and B cell activators at the level of tran-
scription of nonrearranged heavy-chain constant genes (21).
However, the regulators for germline transcription of the y2 and
y4 gene locus are not very well understood in humans. Interleu-
kin-4 (IL-4) in concert with IL-10 has been described to be involved
in switching to IgG4 (22). Most notably, distal IgG variants, in
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Fig. 1. Longitudinal analyses of vaccine-induced antibody response. (A) Schematic representation of the human immunoglobulin heavy-chain gene locus. 5" of each
functional C region (except C8) switch (S) regions are positioned directing class-switch recombination. Gene segments denoted by y resemble pseudogenes. (B) Twenty-
nine volunteers received three doses of the mRNA vaccine Comirnaty as detailed in Table 1. Serum samples were collected at a median of 10 days after each vaccination
(after first, after second, and after third) and during follow-up visits at 210 days after the second vaccination (FU second) and 180 days after the third vaccination (FU third).
Ten individuals experienced a breakthrough infection in the time frame between post third and FU third (indicated by gray circles). The different IgG subclasses were
quantified by flow cytometry using recombinant monoclonal RBD antibodies as a standard. The median MFIs of three negative sera were used to set the background for
each subclass. For visualization purposes, all sera with MFI values below the background were set to 0.1 ug/ml. The lowest limit of quantification (LLoQ) is indicated in each
graph by a dotted line and represents the lowest amount of the respective standard mAbs that was detected (1.56 ug/ml for IgG2, IgG3, and IgG4 and 5.6 ug/ml for IgG1).
Depicted are individual donors and the respective median. n.a., not analyzed. For the sake of clarity, only statistical comparisons between post second, FU post second,
and post third are shown irrespective of statistical significance. (C) The proportion of the different IgG subclasses of the total anti-S IgG response is shown for the four last
time points. Depicted are the means of each IgG subclass. Comparison over time within one group was done by Kruskal-Wallis test followed by Dunn's multiple com-
parisons test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. n.s., not significant.

particular, IgG2 and IgG4, were reported to mediate mostly nonin-
flammatory or even anti-inflammatory functions due to decreased
Fc-mediated antibody effector functions, including antibody-de-
pendent cellular phagocytosis (ADCP), antibody-dependent cellu-
lar cytotoxicity (ADCC), and antibody-dependent complement
deposition (ADCD) (20).

Shortly after the administration of two doses of SARS-CoV-2
mRNA vaccine (either Comirnaty or mRNA-1273), IgG1 and
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IgG3 were found to be the predominant IgG subclasses, whereas
IgG2 responses were rare, and 1gG4 responses were almost unde-
tectable (23, 24). However, the longitudinal evolution of all four
IgG subclasses (IgGl, IgG2, IgG3, and IgG4) in response to
mRNA vaccination—and particularly their long-term development
after the second and the third dose—has not yet been analyzed.
Here, we report on the analysis of two independent cohorts of
vaccinated health care workers, who developed an increase in
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Table 1. Characteristics of study cohorts for longitudinal analyses after
vaccination with three doses of Comirnaty.

Cohort 1 Cohort 2

(CoVaAdapt)
Vaccines BNT162b2 BNT162b2
mRNA (3x) mRNA (3x)

[24-59] [25-62]
Sex, n (%) female 16 (55%) 27 (71%)
Sex, n (%) male 13 (45%) 11 (29%)
Time intervals between
immunizations in days, median
(IQR) [range]
First to second: 23 (23-25) 23 (22-28)
[22-28] [14-28]
Second to third: 227 (216.5-229) 207 (195-216)
[196-244] [170-251]
Time interval from immunization
to blood collection in days,
median (IQR) [range]
Post first: 10 (9-10.5) 14 (14-14)
[8-13] [7-18]
Post second: 10 (10-11) [9-11] 14 (14-17)
[13-28]
Follow-up post second: 210 (209-210) 165 (154-172)
[195-235] [147-194]
Post third: 10 (10-10) [9-12] 17 (14-23)
[13-61]]
Follow-up post third: 189 (189-190) n.a

[157-202]

anti-spike IgG4 antibodies and IgG4-switched memory B cells 5 to 7
months after the second mRNA immunization with Comirnaty.
This response was further boosted by a third mRNA vaccination
and/or by breakthrough infections with SARS-CoV-2 VOC. Al-
though we confirmed an increased antibody avidity and higher neu-
tralization capacity against the recently emerged Omicron VOC
after the third vaccine dose, the switch toward distal IgG subclasses
was accompanied by reduced fragment crystallizable (Fc) gamma
receptor (FcyR)-mediated effector functions such as ADCP
and ADCD.

RESULTS

Longitudinal monitoring of anti-spike antibody subclass
responses

In a cohort of 29 health care workers (cohort 1), we analyzed the
antibody response after SARS-CoV-2 vaccination with three doses
of Comirnaty (Table 1). The first two doses were given at an interval
of 3 to 4 weeks, and a further booster vaccination was applied about
7 months after the second immunization. Using a flow cytometry—
based antibody assay (25), we measured anti-spike IgG responses in
sera 10 days after each vaccination, 210 days after the second dose,
and 180 days after the third dose. In line with earlier reports (3, 4),

Irrgang et al., Sci. Immunol. 8, eade2798 (2023) 27 January 2023

mRNA immunizations induced robust IgG antibody response in all
vaccinees (fig. SIA). Neutralizing capacity was assessed in a surro-
gate virus neutralization assay confirming the dynamics of vaccine-
induced antibody responses (fig. S1B).

Ten days after two immunizations, anti-spike antibodies of the
subclasses 1gG1, 1gG2, and IgG3 were readily detectable in a multi-
plexed flow cytometric assay, whereas anti-S IgG4 antibodies were
undetectable (Fig. 1B). IgG2 levels were markedly lower than IgG3
and IgGlI levels. Intriguingly, 210 days after the second immuniza-
tion, the levels of spike-specific IgG4 antibodies exceeded the lower
limit of quantification in the sera of about half of the vaccinees. The
levels for all other subclasses dropped significantly, as expected
from the overall anti-S response.

To explore whether the rise in IgG4 antibody levels was specific
for the homologous mRNA vaccination regimen used, we analyzed
sera from an independent cohort (26, 27), in which we compared
the immunogenicity of homologous and heterologous vaccination
regimens with Comirnaty and the adenoviral vector-based vaccine
ChAdOx1 (AZD1222, Vaxzevria) (see table S1). Five to 6 months
after the second immunization, spike-specific IgG4 antibodies
were again detectable in half of the sera of the BNT-BNT cohort
but only in one of the 51 sera from the two other vaccine cohorts
(fig. S2).

After the third mRNA immunization, the amounts of all IgG
subclasses were elevated again and reached levels as measured
shortly after the second vaccination in the case of IgG1 and 1gG2
(Fig. 1B). IgG3 remained at lower levels compared with the time
point shortly after second vaccination. A marked increase in 1gG4
antibody levels was observed after the booster immunization in
nearly all vaccinees. Until this time point, none of the participants
reported an episode of SARS-CoV-2 infection, and we could also
not detect antinucleoprotein antibodies in any of the
serum samples.

To analyze the contribution of IgG4 antibodies to the long-lived
antibody pool after the third immunization, we collected additional
serum samples were collected after a mean period of 180 days from
27 individuals after the third mRNA vaccination. At this time point,
several participants reported anamnestic breakthrough infections,
which was in line with nucleoprotein serological testing (Fig. 1B,
gray dots). Notably, the relative contribution of IgG4 antibodies
to the total pool of anti-S IgG increased over time, arguing
against a transient expansion of short-lived plasmablasts after the
third immunization (Fig. 1C and fig. S1C). In four individuals,
IgG4 even became the most prominent IgG subclass after the
third immunization. Specifically in individuals having experienced
an additional infection, IgG4 antibodies accounted for 40 to 80% of
all anti-S antibodies (fig. S1C).

Longitudinal monitoring of class switching in SARS-CoV-2—
specific memory B cells

The appearance of anti-S IgG4 antibodies late after the second im-
munization suggests that a long period of ongoing B cell maturation
might come along with increased CSR toward distal IgG subclasses,
resulting in the generation of IgG4-switched memory B cells over
time. To validate the presence of these cells beyond serological
testing, we characterized spike-specific memory B cells according
to their IgG subclasses by flow cytometry in longitudinal peripheral
blood mononuclear cell (PBMC) samples of 11 individuals with
representative, varying degrees of anti-S IgG4 antibodies late after
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the second immunization, shortly after the third immunization, and
late after the third immunization (Fig. 2). Spike-binding B cells were
detected in considerable frequency almost exclusively within the
CD27" memory B cell population (Fig. 2A). Whereas the frequency
of IgG4-expressing memory cells among non-spike-binding
memory B cells was in the range of 1 to 8% as described before
(28), a significantly higher frequency of spike-binding memory B
cells expressed IgG4 at all time points, reaching up to 37% of all
IgG subclasses (Fig. 2B and fig. S3). As expected from serological
data, IgG3 was underrepresented, and considerable frequencies of
IgG2-positive memory B cells were found among spike-binding
memory B cells (table S2).

In addition to the flow cytometric analyses, we performed single-
cell RNA sequencing (scRNA-seq) of spike-specific B cells from
four selected donors 210 days after the second or 10 days after the
third Comirnaty dose (fig. S4). We used cellular indexing of tran-
scriptomes and epitope sequencing (CITE-seq) (29) to label spike-
binding B cells and receptor binding domain (RBD)-binding B cells
and enriched for spike-binding IgG* B cells by flow cytometry
before scRNA-seq. In line with the flow cytometric data, 16% of
the sorted spike-specific memory B cells from all four donors
showed sequences encoding the IgG4 subclass that were barely de-
tectable among nonbinders. Frequencies of 1gG4 anti-spike
memory B cells for individual donors as determined through
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Fig. 2. Longitudinal monitoring of class switching in SARS-CoV-2-specific memory B cells. PBMCs from 11 volunteers of cohort 1 were analyzed for the IgG subclass
contribution of spike-binding memory B cells at the indicated time points (FU post second, 10 days post third, and FU post third). (A) Flow cytometric gating for CD19-
positive cells and then either CD27-positive or -negative B cells (left) binding simultaneously to recombinant spike-Neon and spike-FusionRed proteins (middle). Per-
centages of spike-binding cells among CD27-positive and -negative B cells are summarized on the right panels. (B) Pairwise comparison of the contribution of IgG4
subclasses on spike-binding memory B cells versus nonbinding memory B cells at three different time points. Percentages were calculated from IgG4-binding cells and
the sum of cells of all four IgG subclasses. *P < 0.05, **P < 0.01, and ***P < 0.001; paired t test.
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scRNA-seq thereby mirrored serological IgG4 anti-spike levels (fig.
$4B). Of note, among all spike- and RBD-binding B cells identified,
B cells with an IgG4 subclass were not phenotypically different from
B cells with other IgG subclasses (fig. S4C).

To confirm the spike specificity of the IgG4-producing B cell
clones (fig. S4D), four recombinant monoclonal antibodies
(mAbs) were cloned from the obtained B cell receptor (BCR) se-
quences, expressed in eukaryotic cells, and tested for binding to
RBD and full-length spike. All four mAbs were able to bind to
the spike protein, and one clone recognized RBD, which was in ac-
cordance with the CITE-seq results (fig. S4E). In summary, flow cy-
tometry and scRNA-seq confirmed a high frequency of 1gG4 spike-
binding memory B cells immediately before the third immuniza-
tion, which even increased thereafter.

The 1gG4 subclass does not prevail after repeated
vaccination with tetanus toxoid or respiratory syncytial
virus infection

Generally, IgG4 responses have been rarely observed even after re-
peated immunizations or infections. To corroborate this, we ana-
lyzed tetanus-specific antibody responses in 23 volunteers who
had received several doses (2 to 16; median of 6) of a tetanus
toxoid (TT) vaccine (table S3). Sera were tested for TT-specific
total IgG or IgG4 antibodies using an enzyme-linked immunosor-
bent assay (ELISA) format. TT-specific IgG4 was detectable in 9 of
23 sera, albeit at very low levels, and no correlation was found with
the number of vaccinations received (fig. S5, A and B). In addition,
we tested 10 individuals from our cohort 2 (Table 1) for the presence
of antibodies against the respiratory syncytial virus (RSV), a respi-
ratory pathogen that regularly causes reinfections in humans. Al-
though we found RSV-F protein—specific IgG1 antibodies in all
tested sera, IgG4 was not detected (fig. S5C). These findings
support the notion that class switching to IgG4 is not a general con-
sequence of repeated antigen exposure in the form of vaccinations
or infections.

IgG4 occurrence correlates with increased avidity but
decreased antibody effector function in an independent
cohort of SARS-CoV-2 mRNA vaccinees

To exclude any unrecognized bias or specific characteristics of the
initially described cohort 1 (Table 1 and Fig. 1), we analyzed a
second cohort of 38 volunteers who had received three doses of
Comirnaty using a very similar vaccination schedule (Table 1,
cohort 2). Only one individual in this cohort showed a positive nu-
cleoprotein serology despite no anamnestic clinical breakthrough
infection and was not included in a smaller subcohort used for func-
tional testing. Sera taken shortly after the second or the third vacci-
nation (2 to 5 weeks) showed a comparable spike-specific antibody
subclass distribution (Fig. 3) to that described before (Fig. 1). Again,
there was a substantial increase in IgG4 (38.6-fold) levels after the
third immunization, whereas, e.g., spike-specific IgG3 did not reach
the levels seen after the second dose (Fig. 3A and fig. S6).

Because the total amount of anti-spike IgG antibodies was only
moderately (1.6-fold) elevated after the third compared with the
second vaccine dose, we next investigated whether the increased
proportion of IgG4 antibodies had functional consequences. To
this end, paired sera from a representative subcohort of 10 volun-
teers were analyzed. First, RBD-specific IgG1 and IgG4 antibodies
were determined via ELISA. IgG4 levels were significantly increased

Irrgang et al., Sci. Immunol. 8, eade2798 (2023) 27 January 2023

after the third vaccination, whereas the levels of RBD-binding IgG1
were not different at the two time points (Fig. 3B). The avidity was
increased after the third vaccination (Fig. 3C), which is in line with
recent reports (9). Furthermore, the capacities to bind trimeric spike
protein (Fig. 3D) and to prevent soluble RBD binding to ACE2
(Fig. 3E), which both serve as surrogate markers for virus neutral-
ization, were increased after the third dose. Accordingly, this trans-
lated into superior neutralization of lentiviral particles pseudotyped
with spike proteins derived from the Omicron VOC (Fig. 3F). In
conclusion, repeated vaccination improved antibody effector func-
tions mediated through the variable domain.

However, IgG2 and IgG4 are considered to have a lower potential
to mediate FcyR-dependent secondary effector function (20).
Therefore, we performed an ADCP assay with the monocytic
THP-1 cell line (30) (Fig. 3G). Using fluorescently labeled microbe-
ads loaded with spike protein as targets and equal amounts of our
recombinant monoclonal anti-RBD antibodies, we confirmed that
IgG3 and IgG1 are more potent in inducing phagocytosis than IgG4
and IgG2 (fig. S7). Using FcyRIIA-, FcyRIIB-, or FcyRIII-express-
ing reporter cells (31), engagement of IgG2 and IgG4 results in
reduced activation of the FcyRIIA, which was reported to be a key
mediator of ADCP (30, 32) (fig. S7). Consistent with this, sera taken
after the third vaccination and normalized to the amount of anti-
spike antibodies yielded significantly lower phagocytic scores than
sera from the same donors after two immunizations (Fig. 3H). Fur-
thermore, ADCD on spike-coated microbeads was also significantly
reduced after incubation with sera taken after the third vaccination
(Fig. 3I). Together, these data show that spike protein—reactive IgG2
and IgG4 exhibit reduced Fc-mediated effector functions.

Impact of breakthrough infections on vaccine-induced
antibody responses
The fact that individuals who experienced a breakthrough infection
after being vaccinated three times with mRNA showed the highest
IgG4 levels in cohort 1 (Fig. 1) suggested that infections with SARS-
CoV-2 can also activate IgG4-switched memory B cells. To investi-
gate this in more detail, we identified 12 persons from a study
cohort of breakthrough infections (CoVaKo study) who were vacci-
nated two or three times with SARS-CoV-2 mRNA vaccines and
who experienced a breakthrough infection 25 to 257 days after
the second or 57 to 164 days after the third mRNA vaccination
(table S4). Serum samples were collected on the day of study inclu-
sion [visit (V) 1, typically within the first week] as well as 2 (V2) and
4 weeks (V4) after infection-confirming polymerase chain reaction.
In all individuals, we detected an anamnestic antibody response
with an increase in spike-binding antibodies from V1 to V4 irre-
spective of IgG subclasses (fig. S8). Consistent with our previous
findings, IgG4 levels were generally higher in individuals who re-
ceived three compared with two mRNA vaccinations. In the
cohort that had two mRNA vaccinations before breakthrough infec-
tion, only three individuals developed IgG4 antibodies that were
above the lower limit of quantification. These three individuals ex-
perienced the infection with the largest time difference from the last
vaccination at 95, 201, or 257 days after the second vaccination,
whereas in the other nine patients, the infection took place
between 25 and 78 days after the second mRNA shot. This supports
the hypothesis that the switch to IgG4 is a consequence of ongoing
GC maturation and that it takes several months until IgG4-switched
memory B cells appear.
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Fig. 3. Comparison of functional antibody responses after two or three mRNA vaccinations. From a second cohort of 38 vaccinees who received three immuni-
zations with Comirnaty (see Table 1, cohort 2), we selected 10 persons to characterize the vaccine-induced antibody profile (indicated by filled circles). Only one individual
in this cohort showed a positive nucleocapsid serology, despite no anamnestic clinical breakthrough infection, and was not included in the smaller subcohort used for
functional testing. Paired serum samples collected after the second (post second) or the third (post third) vaccination were analyzed. The IgG subclass distribution
measured in the flow cytometric assay and the sum of all IgG are shown for the whole cohort (A). The amounts of RBD-specific IgG1 and IgG4 (B) and the avidity (C)
were determined by ELISA. For avidity measurements, sera were normalized according to total anti-S IgG levels, and equal amounts of specific IgG were used. A fully
automated CLIA assay was used to measure antibodies binding to trimeric spike protein. Antibody levels were quantified according to the WHO International Reference
standard and given as BAU/ml (D). The neutralizing capacity was determined in a surrogate virus neutralization test (sVNT) against wild type (WT) (E) and in a pseudotype
VNT (pVNT) against the Omicron VOC (F). Antibody-dependent phagocytosis by the monocytic THP-1 cell line (G) was analyzed using either monoclonal RBD antibodies
of the different subclasses (fig. S7) or the paired sera. The phagocytosis score is calculated as follows: % of THP-1 bead positive X mean fluorescence intensity of bead
positive (H). ADCD was analyzed on spike-coated microbeads after incubation with the paired sera. C3 deposition was detected by fluorescently labeled antibodies, and
MFIs of complement-loaded beads are shown (). Circles represent individual sera, and solid lines indicate the median (H and I). Statistical comparison for the two time
points was done by a paired t test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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DISCUSSION

In the present study, we longitudinally tracked the antibody re-
sponse in volunteers vaccinated with two or three doses of Comir-
naty for a period of at least 8 months after the first vaccination. We
found an mRNA vaccine—driven expansion of memory B cells ex-
pressing IgG4. We detected spike-specific IgG4 antibodies in about
half of the serum samples collected 5 to 7 months after the second
immunization, all of which did not show any IgG4 at earlier time
points. For all other IgG subclasses, a decline was seen in the
same period. Moreover, after the third immunization, IgG4 levels
sharply increased and became detectable in almost all vaccinees.

In line with the proposed ongoing GC reaction, the appearance
of IgG4 antibodies might be a consequence of consecutive events of
CSR and the maturation of IgG4-switched memory B cells. IgG3
antibodies were less efficiently boosted and did not reach the
levels seen after the second dose. Considering the order of the
four y heavy-chain genes (y3-y1-y2-y4) within the immunoglobu-
lin gene complex on chromosome 14 (21), this would support the
hypothesis of consecutive CSR from proximal IgG3 to distal IgG4
(28, 33). It is reported for the adult immune repertoire that CSR
toward IgG2 or IgG4 is more frequently occurring from IgG1 B
cells than from IgM/IgD cells (33).

When we isolated spike-specific memory B cells from vaccinees
210 days after the second vaccination and 10 days and 5 months
after the third vaccination, we confirmed by flow cytometry and
single-cell sequencing the presence of substantial numbers of
spike-reactive, 1gG4-switched B cells, whereas IgG3-positive
clones were hardly detectable. We cannot formally rule out de
novo class switching toward IgG4 immediately after booster vacci-
nation. However, the presence of IgG4 antibodies in the sera at that
time point, together with the rapid rise of IgG anti-spike serum an-
tibodies, supports the idea of a reactivation of already present IgG4
memory B cells through the booster immunization.

In a cohort of breakthrough infections, the anamnestic IgG4 an-
tibody response correlated with the time interval between immuni-
zation and infection. Individuals who experienced a breakthrough
infection within the first 70 days after the second vaccination did
not have substantial serum levels of anti-spike IgG4 at their first
visit, which also did not significantly increase during the following
observation period. In contrast, anamnestic IgG4 responses were
seen when breakthrough infections occurred later than 3 months
after the second immunization and were robustly detectable when
the study participants had been vaccinated three times before infec-
tion. Although the number of individuals studied was limited, and
we did not stratify for potential confounding factors (e.g., the initial
viral load, severity of disease, or the VOC causing the infection), the
presented data are consistent with the hypothesis of a slowly devel-
oping pool of 1gG4-switched memory B cells after two doses of
mRNA vaccines. Furthermore, we observed significantly higher
IgG4 levels after two doses of Comirnaty mRNA vaccine compared
with a heterologous immunization regimen with a primary Vaxzev-
ria vaccination followed by one dose of Comirnaty, although the
total anti-spike IgG response was comparable. This argues against
the hypothesis that repeated exposure to the spike protein itself trig-
gers the unusual IgG4 response. It is currently not clear whether or
to what extent the Comirnaty mRNA vaccination or the short inter-
val of immunizations is responsible for the observed long-lasting
GC reactions (12-14), but a prolonged presence of vaccine
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mRNA or antigen in the lymph node might be a potential explana-
tion (12). Furthermore, a robust and persistent T follicular helper
(Tgp) cell response for up to 6 months after mRNA vaccination
has been described in draining lymph nodes (17), which might be
involved in the regulation of CSR by recurrent interactions of GC B
cells with Tgy cells. Of note, our study was restricted to vaccinees
receiving the Comirnaty vaccine. Because the quantities and the
functional profile of spike-specific antibodies induced by Comir-
naty and mRNA-1273 have been reported to be slightly different
(6, 34), it will be interesting to analyze whether repeated vaccination
with mRNA-1273 induces a similar switch to noninflammatory IgG
subclasses.

Independent of the underlying mechanism, the induction of an-
tiviral IgG4 antibodies is a phenomenon infrequently described and
raises important questions about its functional consequences. Neu-
tralizing antibodies preventing the initial binding of the viral parti-
cle to its specific cellular receptor are considered to be the most
protective measure against SARS-CoV-2 infections (35). This com-
petitive binding is mediated by the variable antigen-binding site and
does not rely on the constant part of the Fc fragment. In the present
study, we confirmed previous reports on improved avidity and neu-
tralizing potential of vaccine-induced antibodies after the third vac-
cination (9-11). However, the large number of breakthrough
infections caused by the Omicron variant indicates that current vac-
cination regimens do not confer sterilizing protection. Once infec-
tion is established, Fc-mediated effector functions become more
relevant to clear viral infections. Systemic serology approaches
have even revealed that different antibody functions can contribute
to various degrees to protection dependent on the viral pathogen, as
shown for influenza viruses, RSV, or SARS-CoV-2 (36-39). Passive
immunization studies in animal models have further demonstrated
that the degree of protection achieved by the application of mAbs
depends on their IgG subclass (40—43). In this regard, IgG4 is con-
sidered an anti-inflammatory IgG with low potential to mediate Fc-
dependent effector function such as ADCC or ADCP (20, 44).

High levels of antigen-specific IgG4 have been reported to cor-
relate with successful allergen-specific immunotherapy by blocking
IgE-mediated effects (45). In addition, increasing levels of bee
venom-—specific IgG4 have been detected in beekeepers over
several beekeeping seasons and lastly even became the dominant
IgG subclass for the specific antigen, i.e., phospholipase A (PLA).
The IgG4 response is characterized by a very slow kinetics and
takes several months to appear, whereas PLA-specific IgG1 antibod-
ies were already measurable at earlier time points, which resembles
our findings in this study (46). Furthermore, an increase in PLA-
specific IgG4-switched B cells was observed in patients undergoing
specific immunotherapies (SITs) (47).

So far, few studies on the role of vaccine-induced IgG4 responses
against infectious diseases are available. In the field of HIV vaccine
development, repeated protein immunization in the trial VAX003
(48) led to higher levels of HIV gp120-specific 1gG2 and IgG4,
whereas a prime-boost immunization with a canarypox vector
(ALVAC-HIV) and the same protein vaccine in the RV144 trial
(49) resulted in higher HIV-specific IgG3 responses correlating
with partial protection against HIV (50, 51). Furthermore, the
vaccine-elicited IgG3 antibodies enhanced effector functions as
ADCC and ADCP, but vaccine-induced IgG4 inhibited those func-
tions (51).
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With respect to the control of viral infections, little is known re-
garding virus-specific IgG4 antibody responses. As shown here for
RSV-specific IgG responses, 1gG4 is hardly induced by acute respi-
ratory viral infections even after repeated exposure. Although
measles-specific IgG4 antibodies can be induced by natural infec-
tion (52), even chronic viral infections such as human cytomegalo-
virus (HCMV) do not trigger significant specific I1gG4
antibodies (53).

There are very few reports on the induction of IgG4 after natural
infection with SARS-CoV-2. The dominant subclasses were mostly
IgG1 and IgG3 (54-56). Nevertheless, a Brazilian study during the
early phase of the pandemic correlated an early onset and high levels
of anti-spike IgG4 antibodies with a more severe coronavirus
disease 2019 (COVID-19) progression after SARS-CoV-2 infection,
which might indicate a less effective antibody response (56). In ad-
dition, Della-Torre et al. (57) reported on a significant association
of high IgG4/1gG1 ratios with poor disease outcome. However, in
the case of a primary immune response, the causality is difficult to
address because it is also possible that a more severe infection leads
to an IgG4 response and not vice versa.

In our study, antibody-mediated phagocytic activity and com-
plement deposition were reduced in sera after the third immuniza-
tion, in parallel to higher proportions of anti-spike IgG4 antibodies.
However, how these changes affect subsequent virus infections
remains unclear. Because Fc-mediated effector function could be
critical for viral clearance, an increase in IgG4 subclasses might
result in longer viral persistence in case of infection. However, it
is also conceivable that noninflammatory Fc-mediated effector
functions reduce immunopathology, whereas virus is still being
neutralized via high-avidity antibody variable regions. In a cohort
of vaccinees with breakthrough infections, we did not obtain any
evidence for an alteration of disease severity, which was mild in
almost all of our cases. Larger cohorts with differential disease se-
verities will be needed to address this aspect in the future. However,
our results demonstrate that a subsequent infection can further
boost IgG4 antibody levels, with IgG4 becoming the most dominant
among all anti-spike IgG subclasses in some individuals.

In summary, our study demonstrates an mRNA vaccine—
induced antiviral IgG4 antibody response appearing late after sec-
ondary immunization. Further investigations are needed to clarify
the precise immunological mechanisms driving this response and to
evaluate whether an 1gG4-driven antibody response affects subse-
quent viral infections and booster vaccinations. This is relevant
not only for potential future vaccine campaigns against SARS-
CoV-2 but also for new mRNA-based vaccine developments
against other pathogens.

MATERIALS AND METHODS

Study cohorts

The cohorts are described in detail in Table 1 and tables S1, S3, and
S4. Ethics approval was granted by the local ethics committee in Er-
langen (Az. 340_21B, Az. 46_21B, 350_20B, and 235-18B). All
donors were of European Caucasian ethnicity.

FACS-based antibody assay

The fluorescence-activated cell sorting (FACS)-based antibody
assay was adapted from a previously published assay to detect
IgG, IgA, and IgM antibodies (25). Here, stably transduced

Irrgang et al., Sci. Immunol. 8, eade2798 (2023) 27 January 2023

human embryonic kidney (HEK) 293T cells with doxycycline-de-
pendent expression of SARS-CoV-2 spike protein derived from
the Wuhan strain were used as target cells. To be able to quantify
spike-specific IgG1, 1gG2, IgG3, and IgG4, we cloned and generated
unique, recombinant mAbs for each subclass with an identical
RBD-recognizing variable region. The sequence for the BCR was
obtained from spike-binding B cells isolated from an infected indi-
vidual during the early phase of the pandemic. The recombinant
mAbs were produced in HEK293F cells. Purified mAbs were used
to generate standard curves in each assay to allow quantification of
absolute levels of the respective subclass in the tested sera. For a
binding assay, spike protein expression was induced by doxycycline
treatment for 48 hours, before 1 x 10° cells were incubated with
serum samples at various dilutions in 100 pl of FACS—phosphate-
buffered saline (PBS) (PBS with 0.5% bovine serum albumin and 1
mM sodium azide) for 20 min at 4°C to bind to spike protein on the
surface. After washing, bound S-specific antibodies of the different
IgG subclasses were detected using the following antibodies: mouse
anti-hIgG1-fluorescein isothiocyanate (Sigma-Aldrich, catalog no.
F0767, RRID: AB_259409), mouse anti-hIgG2—phycoerythrin (PE)
(SouthernBiotech, catalog no. 9070-09, RRID: AB_2796639), and
rabbit anti-hIgG3 (Thermo Fisher Scientific, catalog no. SA5-
10204, RRID: AB_2665317), followed by rabbit anti-IgG-AF647
(Thermo Fisher Scientific, catalog no. A-21443, RRID:
AB_2535861), mouse anti-hIgG4-biotin (SouthernBiotech,
catalog no. 9190-08, RRID: AB_2796685), and by Streptavidin-PB
(Thermo Fisher Scientific, S11222). After further washing, samples
were measured on an Attune NxT flow cytometer (Thermo Fisher
Scientific) and analyzed using Flow]Jo software (Tree Star Inc.). The
median fluorescence intensities (MFIs) correlate with the level of
bound antibodies, and standard curves for the different subclasses
were generated by the statistical analysis software Graph Pad Prism
9 (GraphPad Software, USA) using four-parameter logistic curve
calculation (4-PL) plotting. The MFIs of three negative sera were
used to set the background for each subclass. To visualize all sera
in the graphs, we set all sera with MFI values below the background
to 0.1 pg/ml. The lowest limit of quantification is indicated in each
graph and represents the lowest amount of the respective standard
mADbs that were detected (1.56 pg/ml for IgG2, IgG3, and 1gG4 and
5.6 pg/ml for IgG1 for a 1:100 dilution of the sera).

For the detection of RSV-specific antibodies, we stably trans-
duced HEK293T cells with doxycycline-inducible expression of
RSV F-protein applying the same protocol as described above.
The only exception was that there were no monoclonal standard
Abs available. Thus, the MFIs were plotted in the figure with differ-
ent background values, as stated in the figure legend.

Automated measurement of trimeric spike antibodies

Sera collected from patients with breakthrough infections were an-
alyzed for anti-spike antibodies using the fully automated LIAISON
SARS-CoV-2 TrimericS IgG assay (DiaSorin, Saluggia, Italy) ac-
cording to the manufacturer’s instructions. Antibody levels were
quantified using the World Health Organization (WHO) Interna-
tional Reference standard and given as binding antibody units per
milliliter (BAU/ml). An antibody level above 33.8 BAU/ml was con-
sidered positive.
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Surrogate virus neutralization assay

For the detection of neutralizing antibodies, we ran the iFlash-2019-
nCoV neutralizing antibody assay on the iFlash-1800 CLIA Analyz-
er (YHLO Shenzhen, China) according to the manufacturer’s in-
structions. It detects antibodies that are able to compete with
RBD binding to the SARS-CoV-2 receptor ACE2. According to
the WHO standard, the neutralizing activity is given in arbitrary
units per milliliter (AU/ml), and the linear range for positive
results is between 10 and 800 AU/ml.

Antigen-specific antibody ELISA and avidity measurement
RBD-specific antibodies of the subclasses IgG1 and 1gG4 were an-
alyzed by ELISA. To this end, ELISA plates were coated with 100 ng
of the RBD peptide (provided by Diarect GmbH, Freiburg) in 100 pl
of carbonate buffer (50 mM carbonate/bicarbonate, pH 9.6) per well
overnight at 4°C. Free binding sites were blocked with 5% skim milk
in PBS-T (PBS containing 0.05% Tween-20) for 1 hour at room tem-
perature (RT). Serum samples were diluted 1:100 or 1:1000 in 2%
skimmed milk in PBS-T and incubated on the plate for 1 hour at
RT. Recombinant monoclonal RBD antibodies were used as the
standard to allow the absolute quantification. After three washing
steps with 200 ul of PBS-T, anti-hIgG1-biotin (dilution of 1:2000;
Thermo Fisher Scientific, catalog no. MHI515, RRID:
AB_2539710) or anti-hIgG4-Biotin (dilution of 1:5000; Southern-
Biotech, catalog no. 9190-08, RRID: AB_2796685) was added for 1
hour at RT, followed by an incubation with horseradish peroxidase
(HRP)—coupled streptavidin (1:2000; ABIN376335, antibodies-
online.com). Subsequently, the plates were washed seven times
with PBS-T, and after the addition of enhanced chemiluminesence
solution, the signal was measured on a microplate luminometer
(VICTOR X5, PerkinElmer) and analyzed using PerkinElmer
2030 Manager software.

To estimate the avidity of the anti-RBD antibodies, we normal-
ized sera for their anti-spike antibody content, and 100 ng of anti-
spike antibodies were used in the RBD avidity ELISA. This time,
antigen-antibody complexes were incubated in the presence of 1.0
M ammonium thiocyanate or PBS as control for 30 min at room
temperature. After washing to remove antibodies bound with low
avidity, we completed the ELISA as described before. HRP-
coupled anti-hIgG was used for the detection of bound antibodies.
The relative avidity index was calculated as [IgG concentrations
(NH,SCN)/IgG concentrations (PBS)] x 100 and is given as a
percentage.

For the estimation of TT-specific antibodies, the same protocol
as for the RBD ELISA was applied, but inactivated TT vaccine (0.5 pl
per well; Tetanol Pur, Novartis) was used for coating. For the detec-
tion of TT-specific antibodies, either HRP-coupled anti-hIgG or
anti-hIgG4-biotin (dilution of 1:5000; SouthernBiotech, catalog
no. 9190-08, RRID: AB_2796685) was used, followed by incubation
with HRP-coupled streptavidin.

Pseudotype neutralization assay

Neutralization of the recently emerged Omicron B1 variant was as-
sessed with the help of spike-pseudotyped simian immunodeficien-
cy virus particles as described before (58). To produce pseudotyped
reporter particles, we transfected HEK293T cells (RRID:
CVCL_0063) with the SIV-based self-inactivating vector encoding
luciferase (pGAE-LucW), the SIV-based packaging plasmid
(pAdSIV3), and the Omicron spike-encoding plasmid.
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For the assessment of pseudotype neutralization, HEK293T-
ACE2 cells were seeded at 2 x 10* cells per well in a 96-well flat-
bottom plate. Twenty-four hours later, 60 pl of serial dilutions of
the serum samples were incubated with 60 pl of lentiviral particles
for 1 hour at 37°C. HEK293T cells were washed with PBS, and the
particle-sample mix was added to the cells. Forty-eight hours later,
medium was discarded, and the cells were washed twice with 200 pl
of PBS. After 50 pl of PBS and 25 pl of ONE-Glo (Promega Corp,
Madison, USA) were added, and after 3 min, the luciferase signal
was assessed on a microplate luminometer (VICTOR X5, Perki-
nElmer) and analyzed using PerkinElmer 2030 Manager software.
The reciprocal serum median inhibitory dose was determined with
Prism GraphPad 9 (San Diego, California, USA) by application of
the Sigmoidal 4PL function.

FcyR activation reporter assay

The assay used for testing IgG-dependent activation of FcyRs is
based on BW5147 (BW, RRID: CVCL_3896) reporter cells stably
expressing chimeric FcyR-{ chain receptors that stimulate mouse
IL-2 production in the presence of Ag-IgG immune complexes, pro-
vided that the opsonizing IgG is able to cross-link the particular
FcyR (31). First, ELISA plates precoated with spike protein (provid-
ed by InVivo BioTech Services GmbH, Hennigsdorf, Germany)
were used to quantify the binding capacity of the different RBD-spe-
cific mAbs. Ten-fold serial dilutions of the different mAbs (10 to
0.001 pg/ml) were added to the plates and incubated for 1 hour at
37°C. After washing, plates were incubated with biotinylated anti-
human IgG (1 hour, 37°C), followed by washing and addition of
streptavidin HRP (30 min at RT) and trimethylboron substrate.
Binding was quantified by measuring optical density (OD) values
at 450 nm and by calculating the area under the curve (AUG;
AUC ELISA). To determine FcyR activation, we incubated serially
diluted mAbs for 30 min at 37°C on spike-precoated plates. Plates
were thoroughly washed with RPMI 10% (v/v) to remove nonim-
mune IgG, and individual BW:FcyR-( reporter cells (expressing
human CD16A, CD32A, CD32B, and CD64) were added to the
spike-IgG complexes formed in the ELISA plate and incubated
for 16 hours at 37°C with 5% CO,. Afterward, mouse IL-2 secretion
was measured by anti—IL-2 ELISA using purified rat anti-mouse IL-
2 (BD-Pharmingen) and biotin rat anti-mouse IL-2 (1:500; BD-
Pharmingen) (31). OD values were measured at 450 nm, and the
area under the curve was calculated (AUC IL-2). The IL-2 produc-
tion in the supernatants was quantified as previously described (31).
The level of IL-2 as the measure of the respective FcyR activation
was first normalized to the total amount of spike-binding antibod-
ies, e.g., AUC IgG1 IL-2¢p;/AUC IgG1 ELISA. Furthermore, the
activation of the different FcyRs by the 1gG2, IgG3, and IgG4 sub-
classes was normalized to the respective activation by the IgG1 mAb
to allow for interassay comparisons.

Antibody-dependent phagocytosis and complement
deposition

The phagocytosis assay was adapted from Ackerman et al. (30).
Yellow-green fluorescent beads (1.0 pm; FluoSpheres NeutrAvi-
din-labeled Microspheres; Thermo Fisher Scientific, catalog no.
F8776) were coated with biotinylated SARS-CoV-2 S1 spike
protein (GenScript, catalog no. Z03501) at a ratio of 100 ng of
protein per 5 x 10% beads overnight at 4°C in FACS buffer (PBS con-
taining 0.5% bovine serum albumin and 1 nM sodium azide). After
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washing the beads with FACS-buffer, we seeded 5 x 10° beads in 10
ul of FACS buffer per well in a 96-well plate. Monoclonal, spike-spe-
cific antibodies (1 ng of mAb per well) or serum dilutions normal-
ized to their spike-specific IgG concentration (1 ng of anti-S per
well) were added in a volume of 10 pl of FACS buffer. Sera were
heat-inactivated at 56°C for 30 min. After an incubation of 2
hours at 37°C, 10° THP-1 cells (American Type Culture Collection
TIB-202, RRID: CVCL_0006) were added to the beads in a volume
of 100 pl of RPMI 1640 supplemented with 10% fetal calf serum
(FCS), 2 mM tr-glutamine, and 1% penicillin/streptomycin, and
the plates were incubated for 16 hours at 37°C. Cell-bead mixtures
were washed two times with 180 ul of PBS (400g, 3 min) before treat-
ment with 180 ul of 0.25% trypsin/0.02% EDTA for 10 min. After
two additional washing steps with FACS buffer, samples were resus-
pended in 200 ul of FACS buffer and subjected to flow cytometry.
Phagocytosis was assessed by first gating on THP-1 cells and then
selecting cells that show yellow-green fluorescence of the phagocy-
tosed beads. The phagocytosis score was calculated as follows: % of
bead-positive THP-1cells x mean fluorescence intensity of bead
positive.

The complement deposition assay was adapted from (59). Spike-
coated beads were prepared as described for the phagocytosis assay.
Beads (5 x 10°) were then incubated for 2 hours at 37°C with serum
samples normalized to their spike-specific antibody concentration
(100 ng IgG per well) in a total volume of 20 ul of FACS bulffer in a
U-bottom 96-well plate. After two washing steps with FACS buffer,
beads were incubated for 15 min at 37°C with guinea pig comple-
ment (Cedarlane Lab, catalog no. CL4051) diluted 1:50 in 200 ul of
RPMI supplemented with 10% FCS per well. After two more
washing steps, goat polyclonal anti—guinea pig complement C3
(1:100 in 50 pl of FACS buffer; MP Biomedicals, catalog no.
0855371, RRID: AB_2334449) was added to the beads for 15 min
at RT. Subsequently, beads were washed twice before adding
donkey anti-goat IgG H&L-AF647 (Abcam, catalog no. ab150135,
RRID: AB_2687955) for 15 min at RT. Complement deposition was
lastly assessed after two more washing steps by measuring the
AF647 fluorescence intensity of the beads. Data were acquired on
an Attune NxT flow cytometer (Thermo Fisher Scientific) and an-
alyzed using FlowJo software (Tree Star Inc.).

Isolation and cryopreservation of peripheral blood
mononuclear cells

PBMCs were isolated from citrated peripheral blood of vaccinated
individuals by density gradient centrifugation using a BioColl sep-
arating solution, with a density of 1.077 g/ml (Bio&SELL), and
frozen in heat-inactivated FCS + 10% dimethyl sulfoxide (Sigma-
Aldrich) for liquid nitrogen storage.

Flow cytometric detection of spike protein—binding B cells

For labeling of spike-specific memory B cells in flow cytometry, a
simultaneous staining with two trimeric, prefusion stabilized
spike proteins (60) fused to NeonGreen or FusionRed was used.
The spike ectodomain sequence was cloned into a pMT vector en-
coding a binding protein (BiP, HSPA5) signal peptide for efficient
translocation, a FusionRed gene for flow cytometric detection of
spike-specific B cells, and a C-terminal double Strep-tag for efficient
affinity purification of spike trimers. Protein expression was carried
out in Drosophila melanogaster Schneider 2 cells as described before
(61). Trimeric spike protein was purified by affinity
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chromatography from the supernatant using a Strep-Tactin Super-
flow column (IBA, Goettingen, Germany), followed by gel filtration
chromatography using a Superose 6 Increase 10/300 column
(Cytiva). B cells were stained with antibodies for CD19-BV421 (Bi-
oLegend, catalog no. 302233, RRID: AB_10897802) and CD27-PE-
Cy7 (BioLegend, catalog no. 356412, RRID: AB_2562258). For the
detection of IgG subclasses, the following antibodies were applied in
two separate panels using BV650-conjugated anti-hIgG1 (clone
6001, BD Biosciences) and rabbit anti-hIgG3 (Thermo Fisher Sci-
entific, catalog no. SA5-10204, RRID: AB_2665317) followed by
rabbit anti-IgG-AF647 (Thermo Fisher Scientific, catalog no. A-
21443, RRID: AB_2535861) in both panels and either anti—
hIgG4-biotin (SouthernBiotech, catalog no. 9190-08, RRID:
AB_2796685) or anti-hIgG2-biotin (BD Biosciences, catalog no.
555874, RRID: AB_396190) followed by BV510-conjugated strepta-
vidin (BioLegend, catalog no. 405234).

Single B cell sequencing analysis

For labeling of spike-specific memory B cells, a trimeric, prefusion
stabilized spike protein (60) fused to FusionRed was used. For
CITE-seq, a unique molecular 5' feature barcode was added to pu-
rified spike-FusionRed protein by the 5' Feature Barcode Antibody
Conjugation Kit-Lightning Link (Abcam) exactly as described by
the manufacturer. RBD was also labeled by a different
feature barcode.

Live CD19* IgG™* spike-FusionRed-binding memory B cells
were sorted on a MoFlo Astrios Cell Sorter in the FACS Core Facility
of the Friedrich-Alexander-Universitit (FAU). FusionRed-negative
CD19* IgG* B cells were sorted in parallel and mixed with spike-
sorted B cells. FACS staining solution also contained barcoded
hashtags for sample identifications (BioLegend) and barcoded
RBD. Libraries for single-cell transcriptome sequencing and
single-cell BCR-sequencing were prepared using the Chromium
Single-Cell 5' Library Gel Bead and Construction Kit, v2 Dual
index Chemistry Kit, and Chromium Single-Cell V(D)J BCR En-
richment Kit (10x Genomics, CA, USA). The scRNA-seq, CITE-
seq, and VDJ libraries were sequenced on the Illumina HiSeq-
2500 platform in the NGS Core Facility of FAU. The scRNA-seq
reads were aligned to the human reference genome GRCh38 (Uni-
versity of California, Santa Cruz, CA, USA) after the generation of
cell-gene matrices via Cell Ranger v6.1.2 (10x Genomics). Cell
Ranger v6.1.2 multipipeline was applied for scRNA-seq and VDJ-
seq analysis, whereas CITE-seq—Count v1.4.5 was applied to count
the surface features (29). Data analysis was further pursued with the
R package Seurat v4.1.1 (62) under R v4.2.0. Cells with high mito-
chondrial gene content (>5%) were filtered out. Doublets and unla-
beled samples were identified and filtered using sample hashtags.
For further analysis of antibody VD] genes, the IMGT/V-QUEST
platform was used (63).

Expression of recombinant antibodies

From the Vi and V sequences obtained by scRNA analysis, syn-
thetic gBlocks were synthesized (IDT) and cloned into expression
vectors for human IgG1 and human Igk, essentially as described
by Tiller et al. (64), except that we used Gibson assembly for the
cloning. Heavy- and light-chain plasmids were transfected into
293 cells, and antibodies were harvested from the supernatants on
day 3 after transfection.
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Class switch toward noninflammatory, spike-specific IlgG4 antibodies after
repeated SARS-CoV-2 mRNA vaccination
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Anti-spike IgG4 rises from obscurity

The four human IgG subclasses have distinct effector properties due to differences in binding Fc receptors and
activating complement. The serum concentration of human 1gG4 is normally lower than either IgG1, IgG2, or IgG3.
Irrgang et al. did a longitudinal analysis of the level of spike-specific antibodies from each IgG subclass in recipients of
the SARS-CoV-2 BNT162b2 mRNA vaccine. Anti-spike IgG4 as a fraction of total anti-spike IgG rose by 6 months after
the second vaccination and increased further after a third vaccine dose. Serum antibody effector activity assessed by
antibody-dependent phagocytosis or complement deposition was less after the third dose than after the second dose.
Further studies are needed to determine how emergence of an IgG4 anti-spike response influences vaccine-induced
protection from SARS-CoV-2 infection. —IRW
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