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Abstract

Objectives

Repeated COVID-19 mRNA vaccinations increase SARS-CoV-2 IgG4 antibodies, indicating extensive IgG
class switching following the first booster dose. This shift in IgG subclasses raises concerns due to the
limited ability of 1gG4 to mediate Fc-dependent effector functions.

Methods

To assess the impact of IgG4 induction on protective immunity, we analyzed longitudinal SARS-CoV-2
IgG subclasses, C1q and FcyR responses, and neutralizing activity in a well-characterized cohort of
healthcare workers in Spain.

Results

Elevated 1gG4 levels and higher ratios of non-cytophilic to cytophilic antibodies after booster
vaccination were significantly associated with an increased risk of breakthrough infections (IgG4
HR[10-fold increase]=1.8, 95% Cl=1.2—-2.7; non-cytophilic to cytophilic ratio HR[10-fold increase]=1.5,
95% Cl=1.1-1.9). Moreover, an increased non-cytophilic to cytophilic antibody ratio correlated with
reduced functionality, including neutralization.

Conclusions

These findings suggest a potential association between 1gG4 induction by mRNA vaccination and a
higher risk of breakthrough infection, warranting further investigation into vaccination strategies to
ensure sustained protection.
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Introduction

Throughout the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic, a variety of
vaccines targeting the viral spike (S) protein have been developed, with the mRNA formulated
BNT162b2 and mRNA-1273 leading the way in Western countries, alongside replication-deficient
adenovirus-based vaccines. Despite the ability of mRNA vaccines to induce strong and durable immune
responses, emerging evidence has raised questions regarding antibody class switching'. Several
reports suggest that repeated doses of COVID-19 mRNA vaccines lead to a shift toward IgG4
antibodies, and an expansion of memory B cells expressing 1gG4%2*, several months after the primary
series, with further increases following a first or second booster?>71°, Such 1gG4 induction has not
been reported following vaccination with adenoviral vector-based? or other COVID-19 vaccines’,

This IgG subclass evolution has raised concerns due to the limited capacity of IgG4 to mediate Fc-
dependent effector functions in cooperation with innate immune cells, such as antibody-dependent
cellular phagocytosis, cytotoxicity, or to fix complement!?!3, 1gG4 is primarily involved in regulatory
functions, and is associated with immune tolerance and chronic antigen exposurel®. These contrast
with the pro-inflammatory related roles of IgG1 and 1gG3, which are more efficient at engaging



complement and/or Fc gamma receptors (FcyR) on the surface of monocytes, neutrophils or natural
killer cells®2. 1gG2 is usually involved in responses against polysaccharide antigens, and has limited
binding to FcyRs, resulting in lower effector functions®?. In addition, IgG1 and IgG3 also exhibit superior
neutralizing capacity, further distinguishing them from 1gG2, and 1gG4%. Although the reduced Fc-
dependent function of IgG4 may compromise the antibody-mediated effector immune response, the
impact of 1gG4 class switch on protection against SARS-CoV-2 infection remains unclear, and the
contribution of 1gG2 has received less attention. This study investigated the consequences of 1gG4
induction associated with repeated mRNA COVID-19 vaccinations on protective immunity against
SARS-CoV-2 infection, which is essential for monitoring the long-term efficacy of vaccines, particularly
as booster doses are regularly administered.

Materials and Methods

Study design and setting

This study included a longitudinal subset of primary healthcare workers (HCW) from the ongoing
CovidCatCentral cohort recruited from three counties in Barcelona province, Spain (Fig. 1, 2). A first
group of HCW was enrolled during the first wave of the COVID-19 pandemic (cohort A Fig. 2, March—
April 2020, n=247) among all those who had a symptomatic SARS-CoV-2 infection confirmed by rRT-
PCR and/or rapid diagnostic tests (RDT). All HCWs with COVID-19 were invited to participate.
Questionnaires and venous blood samples were collected at thirteen cross-sectional surveys up to the
end of May 2024. A second group included naive HCWs recruited March—April 2021 after completing
full primary vaccination (cohort B Fig. 2, n=200). This group was selected to have similar characteristics
(age, sex, professional category, smoking habits) to the pre-exposed group. These HCWs were visited
at nine cross-sectional surveys, with venous blood samples collected up to the end of May 2024.
Demographic and clinical data were collected at baseline and during follow-up visits through telephone
interviews and electronic questionnaires conducted by study physicians and nurses. The recorded
information included confirmed SARS-CoV-2 infections, COVID-19 symptoms, vaccination type, dates
and adverse effects, comorbidities and smoking status. In this study, a longitudinal set of HCW from
cohorts A and B, were randomly selected among those with 3 doses of vaccination at T9, and available
samples were included for the kinetics analysis (n=83) (Fig. 2). Among the 83 participants in the
longitudinal analysis, 27 received a fourth dose between T9 and T11, and 7 received a fifth dose
between T11 and T13. An additional set of 66 HCW from cohorts A and B, who had received 3 vaccine
doses (up to timepoint 9 visit) were analyzed only at the timepoint (T) 9 visit corresponding to May
2022, 4 months after the first booster vaccination to increase statistical power to evaluate correlates
of protection against SARS-CoV-2 infection in the following 6 months, when BA.5 and BQ.1 Omicron
variants were dominant. All breakthrough infections observed during the study follow-up period were
mild, precluding the assessment of the impact of disease severity on the analyzed outcomes. Baseline
characteristics of participants included in the correlates of protection analysis are shown in Table 1.
Plasma analyzed in this study corresponded to blood samples collected at the following timepoint
visits: pre-vaccination at TO (a baseline sample obtained July—September 2020 from the VisCat study
survey involving all HCW in Catalonia), T1 (September 2020), T2 (October 2020), T3 (November 2020),
T4 (January-February 2021); and post-vaccination T5 (March—April 2021), T7 (July 2021), T9 (May
2022), T10 (November-December 2022), T11 (May-June 2023), and T13 (May 2024). Diagnosed
infections (typically symptomatic) were identified through passive case detection, meaning
participants underwent testing by rRT-PCR and/or rapid diagnostic tests (RDT) based on the presence



of symptoms or known exposure to an infected individual. Undiagnosed infections (typically
asymptomatic) were identified through serology, as previously described?®.

The study protocols were approved by the IRB Comite Etic d’Investigacié Clinica IDIAP Jordi Gol (code
20/162-PCV), and written informed consent was obtained from all study participants before
enrollment.

Our study included both males and female, although the latter were predominant, and no sex-based
differences were observed in the findings.

Quantification of 1gG subclasses

Levels of IgG1-4 to the full-length SARS-CoV-2 nucleocapsid (N) and S antigen, and the receptor binding
domain (RBD) from Wuhan and viral variants (Delta, BA.1.1, BA.2, BA.4/5, and BQ.1.1), were measured
as median fluorescence intensity (MFI) by quantitative suspension array technology?®. Plasma samples
(1:500 for IgG1 and 1:100 dilution for IgG2, IgG3 and IgG4) were incubated in 384-well plates with
multiplexed MagPlex-C beads previously coupled to the SARS-CoV-2 proteins at a concentration of
10,000 beads/pl (1500 beads/well) for 1 h at room temperature (RT), protected from light and with
900 rpm agitation. A positive control (pooled plasma from 30 exposed and vaccinated volunteers)
serially diluted, pre pandemic negative controls from healthy individuals (n=129), and technical blanks
(Luminex buffer), were added alongside test samples. Semi-automatic Viaflo and Assist Plus Integra
devices were used for liquid handling. After washing the plates three times with PBS-T (0.05% Tween
20 in phosphate-buffered saline [PBS]) using a BioTek 405 TS washer, samples were incubated for 30
min at RT and 900 rpm with the respective mouse anti-human IgG subclass secondary antibodies
conjugated to phycoerythrin (PE) at the appropriate dilutions (IgG1 at 1:250 and 1gG2-4 at 1:50,
2ug/ml, Southern Biotech). After washing the plates three times, the bead-bound complexes were
resuspended in Luminex Buffer and antibody measures (MFI) were read using a Flexmap 3D® (xMAP,
Luminex).

RBD and Spike Wuhan proteins were expressed in lentiviral-transduced CHO-S cells and Strep tag-
purified (obtained from the Santamaria Lab, IDIBAPS). RBD from variants of concern (Delta, BA1.1,
BA.2, BA.4/5, BQ.1.1 and XBB) were produced in eukaryotic cells in house.

Quantification of FcyR-binding antibodies

Binding of N, S and RBD SARS-CoV-2 specific antibodies to FcyR (1, lla, llb, llla, 111b)Y” were measured as
MFI by quantitative suspension array technology. Plasma samples (1:200 dilution) alongside positive
and negative controls were incubated with multiplexed beads coupled to SARS-CoV-2 proteins in 384-
well plates (1500 beads/well) for 2 h at RT and 900 rpm. After washing plates three times with PBS-
Tween, bead-bound complexes were incubated for 1 h at RT with biotin-conjugated FcyRs in Luminex
Buffer previously mixed with streptavidin-PE (1:250 dilution). The different receptors used were either
FcyRI(0.25 pg/ul), FcyRIla H131 (0.88 pg/ul), FcyRIlb (1.12 pg/ul), FeyRIlla V158 (0.92 pg/ul), or FeyRIlb
(0.92 pg/ul) (produced at Duke Institute facility, USA), all at a final concentration of 0.5 pug/ml. After
washing the plates, the microspheres were resuspended in 100 ul Luminex Buffer and antibody
measures read using Flexmap 3D®. A positive control (pooled plasma from 30 exposed and vaccinated
volunteers) serially diluted, and technical blanks (Luminex buffer), were added alongside test samples.

Quantification of C1g-binding antibodies



Binding of N, S and RBD SARS-CoV-2 specific antibodies to C1q*3 were measured as MFI by quantitative
suspension array technology. Plasma samples (1:200 dilution) alongside positive and negative controls
were incubated with multiplexed beads coupled to SARS-CoV-2 proteins in 384-well plates (1500
beads/well) for 30 min at RT and 900 rpm. After washing plates three times with PBS-Tween, bead-
bound complexes were incubated for 30 min with Clq (1 pg/ul, Complement Clg Human, EMD
Millipore Corp.) at 0.0015625 pg/ul diluted in Luminex Buffer. After washing, samples were incubated
with rabbit anti-human Clq IgG (1:250 dilution, 9.1mg/ml, provided by Beeson J.G. lab) for 15 min,
washed again, and incubated for 15 min with PE-conjugated secondary antibody goat anti-rabbit IgG
(1:250 dilution, Thermo Fisher Scientific). After washing the plates, the microspheres were
resuspended in Luminex Buffer and antibody measures read using Flexmap 3D®. A positive control
(pooled plasma from 30 exposed and vaccinated volunteers) serially diluted, pre pandemic negative
controls from healthy individuals (n=129), and technical blanks (Luminex buffer), were added
alongside test samples.

Neutralizing activity of plasma

A standardized pseudovirus-based neutralization assay was conducted using HIV reporter
pseudoviruses that express the SARS-CoV-2 S protein, along with Luciferase, as described previously*.
The assay was carried out in duplicate. Briefly, 200 TCID50 pseudoviruses were preincubated with heat-
inactivated plasma samples, serially diluted three-fold (1/60-1/14), at 37 °C for 1 h in Nunc 96-well cell
culture plates (Thermo Fisher Scientific, USA). Subsequently, 2x1074 HEK293T/hACE2 cells treated
with DEAE-Dextran (Sigma-Aldrich, USA) were added. After 48 h, results were measured using the
EnSight Multimode Plate Reader and BriteLite Plus Luciferase reagent (PerkinElmer, USA). The values
were normalized, and the ID50 (the reciprocal dilution inhibiting 50% of the infection) was calculated
by plotting the log of plasma dilution versus response, and fitting it to a four-parameter equation in
Prism 8.4.3 (GraphPad Software, USA). Neutralizing activity was reported as /C50 neutralization titers.

Statistical analysis

IgG subclass and C1g-binding antibody levels were logio-transformed. The difference in antibody levels
between consecutive timepoints was measured by Wilcoxon Signed-Rank test, and the associations
between immune parameters by Spearman's rank correlation, both adjusted by Benjamini-Hochberg
to account for multiple testing. To investigate the effect of antibody levels on the risk of SARS-CoV-2
breakthrough infection among individuals with a confirmed infection date (referred to as symptomatic,
n = 52), we conducted a survival analysis using Kaplan—Meier and multivariable Cox regression
modeling. Vaccinated individuals were considered at risk from T9 until the first reported episode of
SARS-CoV-2 breakthrough infection, receipt of an additional vaccine dose (at which point they were
censored), or the last day of study follow-up (T10). Participants with asymptomatic infections
(determined by serology) during the follow-up period were excluded from the Kaplan—Meier and Cox
regression analysis, as the timing of those infections could not be ascertained. To elucidate the effect
of antibody levels on the risk of SARS-CoV-2 breakthrough infection in individuals with either
symptomatic (with a known infection date) or asymptomatic (not known infection date) breakthrough
infection events (n = 58), we performed multivariable logistic regression modeling. In these analyses,
vaccinated individuals were considered infected during the follow-up period if they experienced an
infection without subsequent vaccination during the same period or were infected prior to receiving



an additional vaccine dose (for those with diagnosed infections). Conversely, participants who did not
experience an infection during the follow-up period were considered uninfected. Participants were
excluded from the logistic regression analysis if they were uninfected and vaccinated during the follow-
up period, had an asymptomatic infection, and were vaccinated during the same follow-up period, or
were diagnosed infected after receiving a vaccine dose within the same period. Models were adjusted
by age, sex, number of infections, time since last exposure comorbidities, and smoking. P-values lower
than 0.05 were considered statistically significant. All tests were performed two-sided. Statistical
analysis was done in R version 4.2.2.

Results

Kinetics of IgG subclasses, and FcyR and C1qg-binding antibodies

To understand how repeated mRNA vaccinations shape the dynamics of antibody responses over time,
we longitudinally evaluated the kinetics of IgG subclasses binding SARS-CoV-2 antigens, over a period
of nearly three years after the first booster dose (Fig. 3a, Table 2, Suppl Fig. 1, 2). Given that cytophilic
antibodies (lgG1, 1gG3) mediate stronger Fc-dependent effector functions than non-cytophilic
antibodies (1gG2, IgG4), we also assessed the kinetics of FcyR and Clg-binding antibodies, which serve
as a surrogate for Fc-mediated effector functions?®, over the same time frame (Fig. 3a, Table 2), and
their correlations 4 months post-booster (Fig. 3b,c, Suppl Fig. 3). 1gG1, 1gG2, I1gG4, as well as FcyR and
Clg-binding antibody levels, showed a significant increase following both the primary vaccination and
the first booster dose, after which they stabilized (Fig. 3a, Table 2). The ratio of IgG4 to total IgG also
increased from 2 months post-primary vaccination to 5 months post-primary vaccination, and then
stabilized (Suppl Fig. 4). In contrast, IgG3 levels rose sharply after the primary vaccination but began
to decline by 4 months post-vaccination, eventually returning to baseline levels (Fig. 3a, Table 2).

Correlation of the ratio of non-cytophilic to cytophilic antibodies with antibody functionality

At the individual level, we detected a significant inverse correlation between the ratio of non-cytophilic
to cytophilic antibodies and C1g and FcyR-binding antibody levels and neutralization 4 months post-
booster (Fig. 3b,c, Suppl Fig. 3, 5). Moreover, 1gG2 and IgG4 showed a negative correlation with
FcRylllb-binding antibody levels and neutralization activity, while IgG1 was positively associated with
Clg and FcyR-binding antibody levels as well as with neutralization capacity. These results suggest that
the expansion of non-cytophilic relative to cytophilic IgG antibodies is associated with reduced
antibody functionality.

Association of I1gG subclasses and ratio of non-cytophilic to cytophilic antibodies with risk
of SARS-COV-2 infection

To understand the implications of this antibody shift on protection, we first analyzed the effect of
antibody levels post-booster vaccination on COVID-19 over a 6-month follow-up period (June 2022-
December 2022). A higher ratio of IgG4 and IgG2 relative to IgG1 and IgG3 was significantly associated
with an increased risk of symptomatic disease in univariable time-to-event analysis (Fig. 4a, Suppl Fig.
6) and multivariable models (Fig. b, Suppl Table 1, Suppl Fig. 7). In contrast, higher neutralizing activity
(HR[10-fold increase]=0.36, 95% CI=0.16—0.85, p=0.019) and C1q and FcyllIbR-binding antibody levels
were significantly associated with a reduced risk of COVID-19 (Fig. 4a,b,c). In addition, we analyzed the
association between antibody levels post-booster vaccination with protection against symptomatic
and asymptomatic infections together over the same 6-month follow-up period. Higher levels of anti-



RBD antibodies binding to FcyRlla, FcyRllla, and FcyRlllb, and of anti-S antibodies binding to FcyRllla
and FcyRlllb (Fig. 4c), as well as C1g-binding antibodies to RBD and S (Fig. 4b), were linked to a reduced
risk of infection. Moreover, elevated levels of IgG1 to S and RBD, and 1gG3 to RBD from the Omicron
BQ.1.1 variant, also predicted protection (Fig. 4b, Suppl Fig. 7). Conversely, higher levels of 1gG2 to
ancestral S and RBD, and IgG4 to ancestral S, RBD, and BQ.1.1 RBD, predicted risk of infection.
Consistently, higher ratios of non-cytophilic to cytophilic antibodies to ancestral S, RBD, and BQ.1.1
RBD, were associated with a higher risk of SARS-CoV-2 infection (Fig. 4b). Importantly, when we
adjusted the Cox and Logistic regression models assessing the impact of IgG4 levels on breakthrough
infection by IgG1 levels, the association between IgG4 levels and risk of infection remained significant,
indicating that 1gG4 associates with increased risk independent of IgG1 levels (Suppl Fig. 8).

Discussion

Here, we show that higher levels of IgG4 and IgG2, as well as higher proportions of non-cytophilic to
cytophilic antibodies, following booster vaccination, are associated with a heightened risk of SARS-
CoV-2 breakthrough infection. Conversely, 1gG1 levels, C1g- and Fcy receptor-binding antibodies and
neutralization capacity are associated with protection.

Our study aligns with previous research showing a sharp increase in IgG4 and IgG2 levels following
three doses of mRNA vaccination against SARS-CoV-21?, but goes beyond the state-of-the-art by
associating this switch with decreased neutralization, Fc-effector functionality, and protective
immunity. Nevertheless, while our findings indicate that higher IgG4 and IgG2 levels are associated
with an increased risk of SARS-CoV-2 breakthrough infection, these less immune-activating subclasses
may also help prevent severe COVID-19 by mitigating inflammation-driven pathology?°. Previous
studies have also reported negative correlations between Fc-effector functions and I1gG4 induction. For
instance, ADCP phagocytosis scores and ADCD were reduced after the third mRNA vaccine dose
compared to the second dose, with these reductions correlating with increased anti-S IgG4 levels?.
Similarly, a higher anti-S 1gG4/IgG1 ratio after SARS-CoV-2 mRNA vaccination was associated with
diminished NK cell activation and ADCD®. Beyond its reduced ability to engage effector functions, IgG4
is functionally monovalent due to its capacity for Fab-arm exchange?!, which may limit its ability to
form immune complexes and effectively neutralize pathogens.

Both 1gG2 and IgG4 B-cells typically accumulate high levels of somatic hypermutations, indicative of
extensive affinity maturation. This suggests that antibodies of these subclasses may exhibit high
binding affinities for their target antigens, which is generally important for neutralization. However,
despite this potential for high affinity, we observed a negative association between I1gG2 and IgG4
levels and neutralizing antibody responses.

The underlying mechanisms driving class-switch recombination towards 1gG4, especially after
repeated COVID-19 mRNA vaccination, are still unclear. It has been hypothesized that persistent
germinal center responses induced by mRNA vaccination?’—possibly driven by the prolonged presence
of vaccine mRNA or antigen in lymph nodes?*—may facilitate class switching toward distal subclasses
such as IgG42. This class switch toward 1gG4 has also been observed following repeated vaccinations

2426 |n malaria, elevated 1gG4 levels and a higher ratio of non-

against malaria, HIV, and pertussis
cytophilic to cytophilic IgG subclasses were also associated with an increased risk of malaria after RTS,S
vaccination?’. Additionally, IgG4 targeting the circumsporozoite protein of the malaria parasite was

found to interfere with opsonic phagocytosis, effectively inhibiting this critical immune process?.



Similarly, in HIV-vaccinated individuals, the depletion of IgG4 antibodies from sera led to a significant
enhancement in Fc-mediated effector functions®.

Increasing evidence indicates that repeated mRNA SARS-CoV-2 vaccination is associated with sharp
increases in anti-spike 1gG4%%>7%%  However, the induction of 1gG4 by other vaccine platforms
remains less clear. Adenoviral-based SARS-CoV-2 vaccines, as well as natural infection, have not been
shown to trigger 1gG4 class switching®>'%%%3% |n contrast, the potential for inactivated and protein-
based SARS-CoV-2 vaccines to induce IgG4 remains uncertain, with conflicting reports’3¥33, Moreover,
while infections alone have not been associated with 1gG4 induction, one study found that
breakthrough infections occurring three months after primary mRNA vaccination —though not those
within the first two months— did result in elevated 1gG4 levels®. Interestingly, the sequence of
infection relative to mRNA vaccination appears to influence the IgG4 response, with a study reporting
that individuals who had a prior infection before vaccination exhibit lower 1gG4 levels after vaccination
compared to those without prior infection®®. Since our study focused on IgG4 responses to mRNA
vaccination, further studies should explore whether IgG4 induced by alternative vaccination strategies
or breakthrough infections show similar associations with increased risk.

Our study has some limitations. First, our cohort primarily consisted of young adult women from the
healthcare worker population, which may not fully reflect the broader population and restricts the
power to compare sex-based differences. Second, we measured Clg- and FcyR-binding antibodies
rather than directly assessing complement deposition or Fc effector cellular functions. However, FcyR-
binding antibody levels have been established as reliable surrogates for mimicking FcyR engagement
and have shown strong correlations with in vitro Fc effector assays, including antibody-dependent
cellular cytotoxicity and phagocytosis®®. Additionally, C1q binding has been shown to correlate with in
vitro antibody-dependent complement deposition assays®*. Although IgM contributes to complement
activation, 1gM levels in our study were low, suggesting that its influence on Clq binding is likely
minimal. Furthermore, our cohort includes participants both with and without a SARS-CoV-2 infection
prior to vaccination, which may introduce variability in immune responses and infection risk.
Nevertheless, this has been accounted for in the correlates of protection analysis, as having an
infection prior to vaccination was included as a covariate in both the Cox and logistic regression
models. Although our study suggests IgG4 levels increase with repeated mRNA vaccine doses and
higher 1gG4 levels are associated with an increased infection risk, we do not conclude that additional
vaccine doses increase infection risk. In addition, while our study provides preliminary evidence of an
association between IgG4 induction and the risk of breakthrough infection, further research with larger
sample sizes and other populations may be required to determine if these findings are generalizable.

These findings may have important implications for future vaccination strategies against SARS-CoV-2.
The potential for mRNA vaccines to induce IgG4 and 1gG2 responses may necessitate re-evaluation of
vaccine formulations or booster schedules. Furthermore, these insights extend beyond COVID-19 and
could inform the development of mRNA-based vaccines for other pathogens.
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Figure 1. CCC study sample collection and vaccination timepoints, and main SARS-CoV-2 lineages
circulating in Spain over the study period. The orange line represents the follow-up period (6 months)
in the correlates of protection analysis. All participants received a 3™ dose by T9, while only a subset
received a 4" or 5" dose by T13. T: Timepoint.



Cohort A:
247 healthcare workers from Central Catalonia
recruited from September 2020 - March 2021

200 healthcare workers from Central Catalonia

Cohort B:

recruited on March 2021without

with a confirmed SARS-Co V-2 infection

evidence of prior SARS-Co V-2 infection
having received two vaccine doses

Exclusions (261 participants*):

* 142 participants who missed one or more
of the T7, T9, T11, or T13 visits

« 195 participants who did not receive a
3rd mRNA dose by T9

Exclusions (292 participants*):

116 participants who missed T9 or T10 visits
195 participants who did not receive a

3rd mRNA dose by T9

19 participants vaccinated during T9-T10
period without an infection prior to the

and antibody correlation analyses
- CohortA: 78
- Cohort B: 108

186 elegible participants for the longitudinal

correlates of protection analysis
- Cohort A: 63
- Cohort B: 92

155 elegible participants for the antibody

vaccination
30 participants with an asymptomatic infection
during the follow-up period

*Some participants met more than one criteria

among eligible participants®
- CohortA: 33
- Cohort B: 50

83 participants selected at random

Exclusions (8):

« 3 participants without C1q data at T9

« 5 participants without neutralization
data at T9

]

66 participants selected at random
among eligible participants**

- Cohort A: 30

- Cohort B: 36

Exclusions (11):

« Participants vaccinated during the ¢
follow-up period without an infection
prior to the vaccination

Antibodycorrelation cohort

Antibody correlation analysis
at T9 (75 participants)

Longitudinal cohort
Longitudinal analysis of
antibody levels

(83 participants)

**Mutually exclusive subsets
Exclusions (8):

|- ° Participants with an

asymptomatic infection during
the follow-up period

l

Correlates of protection against any
infection cohort

during the T9-T10 period

- Logistic regression (138 participants;
6 asymptomatic, 52 symptomatic,
80 non-infected)

Antibody correlates of protection against
symptomatic and asymptomatic infections

Correlates of protection against

symptomatic infection cohort

Antibody correlates of protection

against symptomatic infections

during the T9- T10 period

- Cox regression (141 participants;
52 symptomatic, 89 non-infected)

Figure 2. Study profile. This flow diagram outlines the inclusion and exclusion criteria for participants

in this study according to the two main analyses (kinetics and correlates of protection) and displays

sample sizes at each step.
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Figure 3. Longitudinal kinetics of IgG subclasses, Fcy receptor and Cl1g-binding antibodies in response
to COVID-19 mRNA vaccination, and correlations between non-cytophilic to cytophilic antibodies
ratio, FcyR binding and neutralizing activity four months after the first booster dose. a. Longitudinal
dynamics of antibody levels against the wild type (WT) receptor-binding domain (RBD) of SARS-CoV-2
by 1gG subclasses (1gG1, 1gG2, 1gG3, and 1gG4), Fcy receptor binding (FcyRI, FcyRlla, FcyRllb, FcyRllla,
and FcyRlIllb), and Clq binding (n=83). Positivity threshold is 1199 MFI for C1q, 681 MFI for IgG1, 149
MFI for IgG2, 191 MFI for IgG3, and 127 MFI for IgG4. Similar results were obtained for other spike and
RBD variant antigens (Suppl Fig. 1, 2). Vaccination timepoints are indicated at the top, with black marks
representing doses received by all participants and grey marks indicating doses received by a subset
of the participants (27 received a fourth dose between T9 and T11, and 7 received a fifth dose between
T11 and T13). A locally estimated scatterplot smoothing (LOESS) curve was fitted to each antibody
measure to visualize trends over time. Shaded areas indicate 95% confidence intervals. Pre-vaccination
samples were obtained July 2020—February 2021, and post-vaccination on timepoints (T)5 March—April
2021, T7 July 2021, T9 May 2022, T11 May—-June 2023, and T13 May 2024. MFl values for IgG subclasses
and Fc functions have not been normalized; therefore, comparisons between absolute levels across



different subclasses or Fcy-binding antibodies should not be made. b. Correlogram showing the
Spearman correlations between the ratio of non-cytophilic (IgG4+IgG2) to cytophilic (IgG1+IgG3)
antibodies, C1q and FcyR-binding levels to RBD WT, and neutralizing activity against WT SARS-CoV-2.
Positive correlations are indicated in red, while negative correlations are shown in blue. Statistically
significant correlations are marked with asterisks (n = 75). c. Correlation between the ratio of non-
cytophilic to cytophilic antibodies binding to RBD WT and both FcyRlllb binding levels and neutralizing
activity against WT SARS-CoV-2 (n = 75). Spearman's correlation coefficients (rho) and p-values
adjusted for multiple comparisons by Benjamini-Hochberg are indicated in the plots.
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Figure 4. Association of IgG subclass levels, plasma neutralizing activity and Fc receptor-binding
antibodies four months after the first booster dose with protection against COVID-19 and SARS-CoV-
2 infections in vaccinated individuals. a. Kaplan—Meier survival curves of risk of symptomatic
breakthrough infection by tertiles of the ratio of non-cytophilic (IgG2+IgG4) to cytophilic (IgG1+IgG3)
antibodies, neutralizing activity, and FcRIllb-binding antibodies, to wild type (WT) receptor binding
domain (RBD) (n = 141). Analysis of antibodies to other spike antigens, variants, and FcyR/Clq binding,
yielded similar results (Suppl Fig. 6). Red corresponds to the lowest antibody level tertile, whereas
green denotes the highest tertile. Shaded areas represent the 95% confidence intervals (Cl). Kaplan—
Meier curves were compared using the log-rank test. Benjamini-Hochberg-adjusted p-values for
pairwise comparisons are shown on each plot. b. Forest plot of multivariable logistic regression models
(n =138) and Cox proportional hazard models (n=141) for C1g-binding antibodies, IgG subclasses, and
ratio of non-cytophilic to cytophilic antibodies to WT spike and RBD, and to RBD from the Omicron
BQ.1.1 variant. Odds Ratio (OR) represents the percent change in the odds of infection associated with
a 10-fold increase in median fluorescence intensity (MFI). Hazard ratio (HR) represents the change in
the relative hazard associated with a 10-fold increase in MFI. Models were adjusted by age,
comorbidities, number of infections, sex, smoking, time since last exposure, and first exposure type.
Filled dots indicate p <0.05, while unfilled dots indicate non-significant p-values. OR and Cl values have
been transformed to a percentage for an easier interpretation. c. Forest plot of multivariable logistic



regression models (n = 138) and Cox proportional hazard models (n = 141) for Fc receptor-binding
antibodies to WT spike and RBD. OR represents the percent change in the odds of infection associated
with one SD increase in MFI. HR represents the change in the relative hazard associated with one SD
increase in MFI.

Table 1. Characteristics of study participants included in the correlates of protection against
symptomatic infections cohort, correlates of protection against any (symptomatic or asymptomatic)
infection cohort, longitudinal cohort, and antibody correlation cohort at T9.

N or Median (IQR)

CoP symptomatic .COP any Longitudinal Antlbod_y
. X infections correlation
infections cohort cohort
cohort cohort
Age 49 (15 IQR) 49 (16 IQR) 52 (14.51QR) 53 (14.5 I1QR)
Female 119 117 70 64
Sex
Male 22 21 13 11
— Yes 95 93 54 48
Comorbidities*
No 46 45 29 27
. Yes 52 53 28 25
Smoking
No 89 85 55 50
Vaccine doses 3 141 138 83 75
0 47 46 31 26
Number of previous 1 69 63 39 37
infections 2 23 22 11 10
3 2 1 2 2
. Pfizer 140 137 82 74
First dose type
Moderna 1 1 1 1
Pfizer 140 137 82 74
Second dose type
Moderna 1 1 1 1
Pfizer 53 53 36 32
Third dose type Moderna 83 83 a7 43
NA 2 2 0 0

Time since last

vacoination 152 (17 IQR) 144 (39 IQR) 150 (41.5IQR) 150 (41.5 IQR)

* Includes COPD, asthma, cancer, diabetes, obesity, depression, hypothyroidism, dyslipidemia, chronic kidney
disease, hypertension, and cardiac, neurological, digestive, autoimmune diseases.



Table 2. Median fold changes (FC) in antibody levels with interquartile ranges (IQR) between
consecutive timepoints (n = 83). Primary vaccination occurred before timepoint (T)5, with the first
booster administered between T7 and T9. A subset of participants (n = 27) received a fourth dose
between T9 and T11, and another subset (n = 7) received a fifth dose between T11 and T13.

Pre-primary vacc -T5 T5-T7 T7-T9 T9-T11 T11-T13
InTen;gtTree FCIIQR] \Ijz;lue* FC[IQR] \Ijz;llue* FC[IQR] \lji-alue* FCIQR] \Ijélue* FC QR \F/)z;llue*
FeRl 9.99[1842] {000 ?6.5371] 00001 27412641 §oo0 ?6?261] .32 ?6?153] 0.02
FcRllla 25.28 [271.56] 3.0001 ?ditse] 3.0001 2.70[4.18] 310001 [0(5.9188] 039  1[0.13] 0.28
FCRIllb [122997'.3;17] 00001 0341081 5000 ?1'?.046] ooopr 100271 021 ?6?292] 0.15
FcRlla 48.63[408.13] 5 00 Fdffe] S o001 3221481 001 Fd?zsz] 0.75 ?6?174] 0.88
FcRIlb 45.97 [452.21] 3_0001 0.46 [0.6] 3_0001 3.17 [6.09] 3_0001 ?6.9179] 0.64 ?6?079] 0.85
IgG1 188.3[251.9] 000, ?6.2402] 00001 8:00140.31C 000y Fd.8771] 0.08 ?6?’751] 0.09
19G2 139[052] 001 102[0.3] 0.35  539[956] 50y 0-9[038] 0.19 ?6?219] 0.03
1gG3 1791087 5 o001 Fdfl341] SoooL 0-88[061] 0.02 Fd?ZQS] <0.01 ?6?135] 0.03
IgG4 1.05[0.14]  0.04 [2::1521] o [1105?65] 0.0001 ?6.9617] 02 ?ci.8283] 0.07
Clq 15.79 [7.94] ;_0001 ?65207] 3_0001 4.57 [6.74] 3_0001 FOI?547] 011  0.92[0.4] 0.08

* Differences in antibody levels were assessed using the Wilcoxon Signed-Rank test and adjusted for multiple
comparisons via the Benjamini-Hochberg method.
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Highlights

e 1gG4 and IgG2 levels increase markedly after the third mRNA dose against SARS-CoV-2.
e Elevated IgG4 levels after booster vaccination associate with an increased risk of infections.
e Increased non-cytophilic to cytophilic antibody ratio correlates with reduced functionality.





