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CORONAVIRUS

Increased SARS-CoV-2 IgG4 has variable consequences
dependent upon Fc function, Fc receptor

polymorphism, and viral variant
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Repeated mRNA COVID-19 vaccination increases spike-specificimmunoglobulin G4 (IgG4) titers. Here, we charac-
terized the influence of increased IgG4 titers on a range of Fc-mediated responses. Elevated spike-specific IgG4
reduced binding to FcyRllla and decreased antibody-dependent cellular cytotoxicity. However, in individuals with
lower total spike-specific IgG, IgG4 acted in synergy with other IgG subclasses to improve FcyRl and FcyRlla bind-
ing and consequently antibody-dependent cellular phagocytosis. Furthermore, this trend was more pronounced
with more recent SARS-CoV-2 variants where vaccination induced comparably lower total spike-specific titers.
These observations were further confirmed by in silico modeling where antibody subclass concentrations and
FcyR polymorphisms were modulated. Collectively, we illustrate that the impact of elevated IgG4 titers upon Fc
functions is dependent on multiple interconnected antibody and antigen factors, which should be taken into
consideration when dissecting the mechanisms driving an effective Fc-mediated response following vaccination.

INTRODUCTION

Coronavirus disease 2019 (COVID-19) vaccination elicits high titers
of spike-specific antibodies. These antibodies can provide protection
through direct neutralization of the virus (1) along with the coordi-
nation of innate immune responses via the crystallizable (Fc) region
(2-4). These Fc effector functions are induced by severe acute re-
spiratory syndrome coronavirus 2 (SARS-CoV-2)-specific immuno-
globulin G (IgG) antibodies, which form immune complexes with Fc
gamma receptors (FcyRs) expressed on innate immune cells to acti-
vate downstream effector functions such as antibody-dependent cel-
lular cytotoxicity (ADCC) and phagocytosis (ADCP) (5). Multiple
studies have highlighted the contribution of Fc-mediated responses
in providing protection against SARS-CoV-2 (2-4). A growing num-
ber of studies have highlighted the maintenance of Fc effector func-
tions against emerging SARS-CoV-2 variants that evade neutralizing
antibodies (6-9).
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The induction of Fc-mediated responses is dependent on the
ability of IgG to engage with both its target antigen and the FcyR,
both of which are modulated by the biophysical features of the IgG,
the FcyR, and the attributes of the target pathogen. This includes
the four IgG subclasses (IgG1 to IgG4), which vary in their af-
finities for FcyRs and ability to activate FcyR-mediated responses
(10, 11). Of the four, IgG1 and IgG3 display high capacity to en-
gage with FcyRs, and high titers of these subclasses have been
demonstrated to orchestrate polyfunctional antibody responses
(12, 13). In contrast, IgG2 and IgG4 are poor inducers of Fc-
mediated responses due to their reduced ability to bind activating
FcyRs, with several studies suggesting that the presence of 1gG2
and IgG4 may impede the Fc effector functions mediated by IgG1
or IgG3 (12, 14, 15).

In parallel to the four IgG subclasses, multiple classes of FcyRs
exist that vary in affinity for IgG subclasses. FcyRI is the sole high-
affinity FcyR in humans and can bind all IgG subclasses, except IgG2
(11). In contrast, FcyRIIa and FcyRIIIa are low-affinity receptors that
are activated through cross-linking by antigen-bound IgG (5). Two
main FcyRIla polymorphisms have been identified: FcyRITa-H131
and FcyRIIa-R131. Similarly, there are two main FcyRIIIa poly-
morphisms: FcyRIITa-V158 and FcyRIIla-F158. FcyRIla-H131 and
FcyRIIla-V158 display higher affinity for IgG1 and IgG3 compared to
FcyRITa-R131 and FeyRIIIa-F158, respectively (11). Moreover, IgG4
can weakly bind FcyRIIIa-V158 but not FcyRIIIa-F158 and has high-
er affinity for FcyRIIa-R131 compared to FcyRIla-H131 (11). Conse-
quently, Fc functions are dictated by IgG subclass as well as FcyR class
and polymorphism.

Intriguingly, multiple studies have reported a rise in spike-
specific IgG4 with repeated mRNA vaccination (16-19). We have
previously demonstrated that elevated IgG4 is negatively correlated
with FcyR engagement (16). Moreover, Irrgang et al. (17) reported a
decline in ADCP accompanying the increase in IgG4, suggesting
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that elevated IgG4 inhibits Fc effector functions. However, mech-
anistic studies on the functional consequence of increased
IgG4 are now limited especially in regard to ADCC responses
and FcyR engagement. Moreover, little is known about how
elevated IgG4 influences Fc-mediated responses against SARS-
CoV-2 variants.

Here, we demonstrate that IgG4 poorly binds FcyRIIIa, and thus,
elevated IgG4 titers impede ADCC. In contrast, IgG4 is capable of
mediating moderate ADCP via FcyRI and FcyRlIIa. Therefore, a rise
in spike-specific IgG4 can compete with other IgG subclasses to im-
pede ADCP, especially when SARS-CoV-2 IgG titers are high. How-
ever, when SARS-CoV-2 IgG titers are low, IgG4 works in synergy
with other subclasses to enhance ADCP, suggesting that elevated
IgG4 titers can be beneficial for ADCP. Furthermore, both experi-
mentally and using in silico models, we demonstrate that in
scenarios where SARS-CoV-2 IgG titers are low, such as against
emerging novel variants, the presence of elevated IgG4 titers may be
beneficial for FcyRI- and FcyRIIa-driven Fc functions. Collectively,
our work highlights the complex interplay of multiple features in-
volved in Fc-mediated responses modulated by elevated SARS-
CoV-2IgG4.

RESULTS

Increased IgG4 following repeated SARS-CoV-2 mRNA
vaccination is negatively correlated with FcyR

binding capacity

Plasma samples were collected from SARS-CoV-2 naive individuals
1 month post-second and post-third dose of mRNA vaccination (table
S1). Plasma was assessed for SARS-CoV-2 antigen-specific IgG sub-
classes (Fig. 1, A to D) using a SARS-CoV-2 multiplex bead assay. A
small but significant increase in IgG1 (P < 0.01; Fig. 1A) and a modest
decrease in IgG3 (P < 0.0001; Fig. 1C) were observed between the
second and third mRNA doses. In contrast, a significant increase in
spike-specific IgG4 (P < 0.0001; Fig. 1D) was observed following the
third dose.

IgG4 is often associated with reduced Fc functions due to its
poor ability to engage with FcyRs (10, 20). Previous studies have
demonstrated that elevated IgG4 is accompanied by a reduction
in spike-specific Fc-mediated responses (17). To confirm this,
we measured the ability of post-vaccination plasma to engage
with soluble FcyRIIa and FcyRIIla dimers as a surrogate mea-
surement for ADCP and ADCC, respectively. We did not ob-
serve a decrease in FcyR dimer binding following the third
dose when testing with equivalent plasma dilutions (1:1600),
although a significant decrease in FcyRIIIaV binding was ob-
served when responses were normalized to spike-specific total
IgG, in accordance with previous published studies (P < 0.0001;
fig. S1) (17). We further interrogated the relationship between
IgG subclasses and FcyR engagement. IgG1 titers against all
tested antigens displayed strong positive correlations with
binding to all tested FcyRs (FcyRIla: FcyRIIa-131R or FcyRIIa-
131H, FcyRIIIa: FcyRIIIa-158 V or FcyRIIIa-158F), while weak-
er positive correlations between IgG3 titers and FcyR binding
were observed (Fig. 1E). In contrast, IgG4 titers were nega-
tively correlated with FcyR engagement; thus, we next aimed to
determine whether elevated IgG4 could potentially reduce FcyR-
mediated functions.
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IgG4 inhibits ADCC in a dose-dependent manner

To explore the potential inhibitory role of IgG4, we generated a
cocktail of IgG4 monoclonal antibodies (mAbs) consisting of three
previously characterized SARS-CoV-2 mAbs, all with high affinity
for ancestral SARS-CoV-2 receptor binding domain (RBD) and are
of different RBD classes (21). We confirmed that subclass switching
did not affect antigen binding (figs. S2 and S3 and tables S2 and S3)
and that the IgG4 mAbs engaged different FcyR classes and poly-
morphisms as expected, with overall high affinity to FcyRI similar
to IgG1, but weaker binding to FcyRIIa-131H/R and very low
or no binding to FcyRIIla-158 V/F (figs. S2 and S3 and tables
S2 and S3).

IgG4 hasbeen described to bea poor inducer of ADCC (15, 22, 23).
To confirm this, we added the IgG4 mAb cocktail into a subset of
dose two mRNA vaccinated plasma samples (1 = 24), mimicking
elevated IgG4 observed following dose three mRNA vaccination,
and assessed binding to soluble FcyRIIla dimers. When IgG4 was
added to a concentration corresponding to the median concentra-
tion observed post-dose three (0.05 nM; 0.007 pg/ml) binding to
either FcyRIIIa polymorphism was not significantly different (Fig.
2A) (11). As we did not have matched post-dose four vaccination
samples, we also performed IgG4 addition at a higher concentra-
tion (0.2 nM; 0.029 pg/ml), which corresponded to the median
IgG4 concentration of a small subset of post dose four samples
(fig. S4). The higher concentration of IgG4 addition significantly
decreased FcyRIIla-158 V/F binding (P < 0.0001; Fig. 2B and
fig. S5).

To investigate the mechanism behind the differences in re-
sponse between the two IgG4 concentrations, we assessed antigen-
bound IgG1 to IgG4 titers before and after IgG4 addition (Fig. 2,
C to G). Spike-bound IgG1 and IgG3 titers were not significantly
different following low-concentration IgG4 addition (0.05 nM)
and collectively made up most of the antigen-bound IgG (Fig.
2C). In contrast, spike-bound IgG1 and IgG3 were significantly
reduced following 0.2 nM addition of IgG4 (IgGl: P < 0.0001;
IgG3: P < 0.05; Fig. 2, D and F, and fig. S5), suggesting that high
concentrations of IgG4 may be outcompeting other subclasses
for antigen.

To confirm that elevated IgG4 reduces ADCC responses, we
performed a previously described primary natural killer (NK) cell
ADCC assay against spike-expressing target cells (24). The IgG1
mAbs induced potent ADCC and formed immune complexes with
soluble FcyRIIIa-158 V/F (Fig. 2, H and ], and fig. S3), whereas the
IgG4 mAbs was unable to induce ADCC above background levels
and displayed poor and no measurable binding to FcyRIIla-158 V
and FcyRIIIa-158F, respectively (Fig. 2, I and ], and fig. S3). Last,
titrating the IgG4 mAb cocktail into the IgGl mAb cocktail
demonstrated that IgG4 reduced FcyRIIla binding and ADCC in a
concentration-dependent manner (Fig. 2, K and L). Collectively,
these results demonstrate that excessive IgG4 can inhibit FcyRIIIa
binding and ADCC.

Elevated IgG4 titers can enhance ADCP when total
SARS-CoV-2 titers are low

We next investigated the influence of elevated levels of IgG4 upon
ADCP by adding the IgG4 cocktail to dose two mRNA-vaccinated
plasma samples using a previously described SARS-CoV-2 bead-
based ADCP assay (24, 25). Unexpectedly, we observed that 67%
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Fig. 1. Increased IgG4 following repeated mRNA vaccination is negatively correlated with FcyR immune complex formation. Relative concentration of SARS-CoV-2
ancestral spike trimer-specific (A) IgG1, (B) IgG2, (C) IgG3, and (D) IgG4 in plasma collected 1T month (median = 28 days post-vaccination) post-dose two (n = 46) and three
(n =31) of BNT162b2 vaccine as measured by multiplex. Statistical significance was assessed using Mann-Whitney U test. (E) Two-tailed Spearman correlation between
WT SARS-CoV-2 antigen-specific IgG1 to IgG4 and FcyR (FcyRlla-H131, FcyRlla-R131, FeyRllla-V158, and FcyRIII-F158) binding. *P < —0.05, **P < 0.01, **#P < 0.001, and

##4%P < 0.0001. RBD, receptor binding domain.

of vaccinees displayed improved ADCP (>10% increase in phago-
cytic score; Fig. 3A, blue lines) (P < 0.01). We confirmed this was
mediated via a FcR-dependent manner by repeating the IgG4 spiking
in the presence of an Fc block, which did not result in phagocytosis
above background (fig. S6B). Given that these results contrasted
with previous findings suggesting that IgG4 inhibits ADCP induc-
tion (17), we examined the ability of the IgG4 mAb cocktails alone
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to induce ADCP. We found that the IgG4 mAbs were capable of
mediating moderate ADCP, albeit reduced compared to IgG1 [IgG1
median effective concentration (ECsp): 0.009 nM versus IgG4 EC50:
0.044 nM; Fig. 3B]. Therefore, we hypothesized that IgG4 addition
into plasma may enhance ADCP by working in synergy with
other SARS-CoV-2 antibodies when total titers are low. Whereas
when SARS-CoV-2 antibody titers are high, the addition of IgG4
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Fig. 2. 1gG4 reduces FcyRllla binding and ADCC in dose-dependent manner. (A and B) Change in binding of ancestral spike trimer-specific plasma antibodies to sol-
uble FcyRllla-V158 and FcyRllla-F158 dimers following the addition of IgG4 mAb cocktails into post-dose two plasma. (C) Comparison of ancestral spike-specific IgG titers
post-dose two BNT162b2 vaccination (n = 24) and following addition of 0.05 nM (0.007 pg/ml) or 0.2 nM (0.029 pg/ml) of IgG4 SARS-CoV-2 mAbs. (D to G) Change in
1gG1-lgG4 titers following IgG4 addition into plasma. Significant differences were assessed using Friedman'’s test with Dunn’s multiple comparison. Error bars indicate in-
terquartile range. Binding of (H) IgG1 and (1) IgG4 mAb cocktails to IgG1 or IgG4 detection reagents, FcyRllla-V158 and FcyRllla-F158 dimers. The normalized median fluo-
rescent intensity (MFI) of each detection reagent was plotted. (J) Comparison of the ability of IgG1 and IgG4 mAb cocktails to induce ADCC. (K) FcyRlllaV and FcyRIllaF
binding of IgG4 mAb cocktail into IgG1 mAb cocktail (2.5 nM/0.365 pg/ml). (L) ADCC mediated by IgG4 mAb cocktails titrated into IgG1 mAb cocktail (10 nM; 1.46 pg/ml).
Error bars indicate SEM. Curves were fitted using a four-parameter nonlinear regression model. ****P < 0.0001.

may sterically hinder or outcompete IgG1 for antigen and/or FcyR
engagement, thus reducing ADCP.

To demonstrate this, we titrated the IgG4 mAbs into a fixed high
concentration of IgG1 mAb cocktail (1 nM; 0.146 pg/ml) and as-
sessed for ADCP. The addition of IgG4 reduced IgGl-mediated
ADCP (29% reduction at 1:1 IgG1:IgG4 ratio; Fig. 3C, red line),
demonstrating that IgG4 can inhibit ADCP. In contrast, titrating
IgG4 into a lower concentration of IgG1 (0.1 nM; 0.015 pg/ml) en-
hanced ADCP (80% enhancement at the highest concentration of
IgG4 added; Fig. 3C, blue line). Collectively, our results propose two
different consequences of elevated IgG4 upon ADCP depending on
total SARS-CoV-2 IgG titers. When IgG titers are high, IgG4 com-
petes with other subclasses for antigen and/or FcyR binding, leading
to a reduction of ADCP. However, when titers are low, increased
IgG4 results in more antigen-bound antibody, leading to an overall
increase in ADCP.

To further investigate the role of total spike-specific IgG titers
upon ADCP responses, we divided our cohort based on their SARS-
CoV-2 spike-specific IgG concentrations post-second dose mRNA
vaccination (low/high spike-specific total titers) and examined sub-
class composition of their spike-specific IgG before and after IgG4
addition (Fig. 3, D to M, and fig. S5). In the low titer group, low
concentration IgG4 addition did not significantly change antigen
engagement by any subclass, except for IgG4 (Fig. 3, D to H). In
contrast, low concentration IgG4 addition caused a significant re-
duction in spike-bound IgGl in the high titer group (P < 0.05; Fig.
3]), and a trend toward reduced IgG3, albeit nonsignificant (Fig.
3L). This suggests IgG4 competes with other subclasses for antigen
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binding when spike-specific titers are high, but this does not occur
when titers are low.

As THP-1 monocytes express both FcyRI and FcyRII (fig. S6D),
we assessed the impact of IgG4 addition on antigen-specific anti-
body engagement to soluble FcyRI and FcyRIla. IgG4 spiking
resulted in an overall increase in FcyRI binding at both tested con-
centrations (0.05 nM IgG4, P < 0.05; 0.2 nM IgG4, P < 0.0001; Fig.
3, N and O, and fig. S5). IgG4 addition resulted in heterogenous
changes in FcyRIIa engagement. In the low titer group, FcyRIIaH
and FcyRIIaR binding improved following IgG4 addition at both
concentrations (1.2-fold increase, P < 0.05; Fig. 3, N and O, and fig.
S5), suggesting that IgG4 is working in synergy with other sub-
classes to improve FcyRlIla binding. Changes in FcyRIla binding
varied in the high titer group depending on the polymorphism and
concentration of IgG4 added. Binding to FcyRIIaH did not change
regardless of the concentration of IgG4 added. In contrast, the high
titer group had improved FcyRIIaR engagement following low con-
centration IgG4 addition (1.1-fold, P < 0.05; Fig. 3N), but spiking
of IgG4 at high concentrations did not result in any change in
FcyRIIaR binding (Fig. 3, N and O). Collectively, these results sug-
gests that presence of low IgG4 can enhance overall FcyRI and
FcyRIIaR binding, especially when titers are low. Furthermore,
our results highlight how IgG4 interacts differently with the two
FcyRIla polymorphisms.

To gain a better understanding of the mechanism behind the in-
duction and/or inhibition of FcyRI and FcyRIIa binding by IgG4, we
used the mAb cocktails to mimic the different vaccine scenarios. We
first confirmed the ability of the IgG1 and IgG4 mAb cocktails to
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form FcyRI and FcyRIla immune complexes. As expected, IgG4 dis-
played lower binding to FcyRIIaH and FcyRIIaR compared to IgG1
(FcyRIIaR ECsp IgG1: 0.49 nM versus IgG4: 4.3 nM; FcyRIIaH ECsg
IgG1: 0.49 nM versus IgG4: 19.3 nM; Fig. 3, P and Q, and table S3),
but both subclasses exhibited similar capacity to bind FcyRI (IgG1
ECs0: 0.39 nM; IgG4 ECsq: 0.30 nM; Fig. 3, P and Q). Similar to pre-
vious reports (11), we observed higher binding of IgG4 to FcyRIIaR
than FcyRIIaH (Fig. 3Q), resulting in smaller differences in binding
between IgG1 and IgG4 for FcyRIIaR than for FcyRITaH (FcyRIIaR
EC50 IgG1: 0.49 nM versus IgG4: 4.3 nM; FcyRIlaH ECs IgG1: 0.49 nM
versus IgG4: 19.3 nM), further supporting the differences that were
observed between the two polymorphisms upon IgG4 addition to
dose two plasma samples.

To further interrogate how the relationship between IgG4 and
other subclasses influences FcyRI and FcyRlIla binding, we titrated
IgG4 into a high fixed concentration of IgG1 (2.5 nM, 0.37 pg/ml).
IgG4 addition had minimal impact on FcyRI binding Fig. 3R). In
contrast, binding to both FcyRIIa polymorphisms was reduced (Fig.
3R); however, a greater reduction was seen for FcyRIIaH compared
to FcyRIIaR (FcyRIIaH: 24% reduction; FcyRIIaR: 12% reduction at
1:1 IgG1:IgG4 ratio).

Last, we titrated the IgG4 cocktail into the IgG1 cocktail at ap-
proximately ECsy concentration (0.3 nM, 0.04 pg/ml). At this con-
centration, IgG4 addition improved FcyRI and FcyRIIaR complex
formation (FcyRI: 60% increase, FcyRIIaR: 35% increase; Fig. 3S).
However, FcyRIIaH was reduced when excess IgG4 was added (19%
reduction at 8:1 IgG4:IgG1 ratio) but had minimal effect (<10% dif-
ference in binding) when IgG4 was added at lower concentrations
(Fig. 3S), mirroring the changes in FcyR binding observed following
IgG4 addition into post-dose two plasma.

In silico models confirm that IgG4 can enhance FcyRlla
binding when IgG1 titers are low but inhibits Fc functions at
high IgG1 titers

To gain a further mechanistic understanding of the importance of
spike-specific IgG titers relative to IgG4 titers in influencing FcyRIIa
immune complex formation, we applied a qualitative computation-
al framework that utilizes a previously developed ordinary differ-
ential equation (ODE) model that predicts Fc effector functions
following different IgG subclass distributions upon HIV vaccina-
tion (26, 27). First, we validated that the computational model ac-
curately predicted FcyRIIaH (Pearson p = 0.99) and FcyRIlaH
(p = 0.96) relative to experimental FcyRIIa multiplex measure-
ments (Fig. 3T). We then used the model to predict FcyRIIa im-
mune complex formation as spike-specific IgG1 (the most abundant
subclass), and IgG4 concentrations were simultaneously altered to
reflect increases that may result from boosting (Fig. 3, U and V).
The resulting landscape illustrates that at lower IgG1 concentra-
tions, the addition of low to moderate levels of IgG4 induce an up-
ward incline in FcyRIIa (Fig. 3, U and V, blue regions), whereas the
high addition of IgG4 even to lower concentrations of IgG1 resulted
in a decreased change in FcyRIla immune complex formation, with
the greatest decrease occurring when simultaneous high levels of
IgG1 and IgG4 concentrations are present (Fig. 3, U and V, red re-
gions). Model dissection also confirmed that this mechanism is
driven by changing levels of competition between IgG1 and IgG4
depending on IgG1 levels. Overall, this simulation provides quanti-
tative confirmation for a dual role of IgG4, whereby it can either
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enhance or reduce ADCP, depending on an individual’s original
spike-specific IgGl titers.

IgG4 depletion confirms IgG4 can outcompete IgG1 and
IgG3 for antigen binding and reduce FcyRllla binding
Although the above IgG4 spiking assays suggest that IgG4 is detrimental
for FcyRIITa-mediated responses but may enhance FcyRITa-mediated
responses, we sought to characterize a more definitive role of IgG4 by
depleting IgG4 from a subset of post-dose three plasma (n = 16). We
confirmed that IgG4 was depleted by >75% in all samples [median 96%,
interquartile range (IQR) 89 to 98%]. We next compared antigen affinity
of bulk and IgG4-depleted plasma by biolayer interferometry (BLI).
Given that plasma consists of polyclonal pools of antibodies, which are
present at various concentrations, a dissociation constant equilibrium
(Ky) is difficult to accurately calculate. Therefore, only the dissociation
rate constant (kgis), which is a concentration-independent measure-
ment, was measured (28, 29). We observed similar binding disassocia-
tion for both IgG4 depleted and undepleted plasma (fig. S7), suggesting
that IgG4 had similar affinity to spike as other subclasses. We next inves-
tigated the contribution of IgG4 to Fc effector functions. The depletion
of IgG4 allowed for other IgG subclasses to bind antigen, resulting in
significantly higher spike-bound IgG1 and IgG3 (IgG1: 1.9-fold in-
crease, P < 0.01; IgG3: 1.4-fold increase, P < 0.001; Fig. 4, A and C). This
also confirms that polyclonal spike-specific IgG4 can compete with
IgG1 and IgG3 for antigen binding.

We next investigated the contribution of IgG4 to Fc effector func-
tions by assessing ADCP responses and FcyR binding. As with the
spiking assays, we divided our cohort based on their total IgG titers
post-I1gG4 depletions. ADCP responses between 1gG4-depleted and
-undepleted plasma was not significantly different, regardless of to-
tal IgG titers (Fig. 4E). Likewise, no differences in FcyRI binding
were observed between IgG-depleted and -undepleted plasma (Fig.
4F), likely due to the comparable affinity of IgG1l and IgG4 for
FcyRI. Similar to IgG4 spiking, IgG4 depletion resulted in heterog-
enous changes to FcyRIIa binding (Fig. 4E). We found that individu-
als with high total IgG titers following depletion displayed improved
FcyRIIa binding upon IgG4 depletion (P < 0.05). In contrast, indi-
viduals with low IgG titers showed a trend of reduced FcyRIIa bind-
ing following depletion, supporting previous observations that IgG4
can work in synergy with other subclasses to improve FcyRIIa bind-
ing. Last, we observed a significant increase in FcyRIIla binding
post-IgG4 depletion in the high titer group (P < 0.05) and a trend
toward increased FcyRIIIa binding post-depletion in the low titer
group, confirming that elevated IgG4 inhibits FcyRIIIa binding.

(Fab’), spiking confirms outcompetition of IgG1 and IgG3
reduces FcyR-mediated responses

To confirm that competition for antigen binding was driving reduced
FcyR-mediated responses, we repeated the IgG4 mAb spiking assays
using the (Fab’), fragments of the IgG4 mAbs. As with IgG4 spiking,
(Fab’), spiking reduced spike binding of IgG1 and IgG3 (fig. S8B).
Low-concentration (Fab’), spiking either resulted in a decreases or no
change in FcyR binding regardless of IgG titers binding in individu-
als with low IgG (Fig. 4F). High-concentration (Fab’), spiking sig-
nificantly decreased binding to FcyRIIa and FcyRIIIa (P < 0.0001;
Fig. 4G). Collectively, this confirms that outcompetition of IgG1 and
IgG3 for antigen binding decreases FcyR engagement and that the Fc
region of IgG4 drives the observed increase in FcyRIIa engagement.
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lected post dose three mRNA vaccination (n = 13, median = 28 days post-vaccination) and IgG4 depleted plasma. (F) Log change in binding to soluble FcyRs of post-dose
three plasma following IgG4 depletion. Statistical significance was assessed using Wilcoxon test. Log change in binding to FcyRlla and FcyRilla of post-dose two mRNA
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IgG4 addition improves formation of FcyRllaimmune
complexes against SARS-CoV-2 variants

As our previous results highlight the importance of total spike-specific
antibody titers in determining the influence of increased IgG4
on Fc effector functions and the limited knowledge surrounding the
consequence of IgG4 on Fc-mediated responses against SARS-CoV-2
variants, we next investigated the influence of IgG4 on variant-specific
Fc-mediated responses As expected, variant-specific IgG1 to IgG4 titers
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were lower compared to those against ancestral strain. Moreover,
we observed a delay in variant-specific subclass switching and weaker
negative correlations between variant-specific IgG4 and FcyR binding
(fig. S9, A to E). As the plasma samples were collected from COVID-19
naive individuals who only received ancestral strain mRNA vaccination,
we assessed Fc-mediated responses against the Delta and Omicron BA .2
variants as representative novel variants (Fig. 5). We divided our cohort
based on their variant spike-specific IgG titers (high/low) and examined
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spike-specific subclass composition and FcyR binding before and after
IgG4 addition. We used the same IgG4 mAbs cocktails, which displays
similar binding capacity to Delta in comparsion to the ancestral strain,
but reduced binding to BA.2 as one clone does not bind to BA.2, while
the other two mAbs display reduced binding to BA.2 (fig. S2 and tables
S2 and S3).

Low-concentration IgG4 addition did not significantly change
Delta or BA.2 spike binding by IgG1 and IgG3, regardless of spike-
specific titers, while high-concentration IgG4 addition significant-
ly reduced Delta and BA.2 spike-binding by IgG1 and IgG3 (Fig. 5,
A to H). Consequently at low concentrations, IgG4 addition either
enhanced or did not change binding to all tested FcyRs against
both variants (Fig. 5, I and J). However, IgG4 addition improved
FcyRI binding but reduced FcyRIIla-158 V/F binding (Fig. 5, K
and L). Moreover, Delta-specific FcyRIIa-131H (1.3-fold, P < 0.05)
and FcyRIIa-131R (2.0-fold, P < 0.0001) binding increased in indi-
viduals with low Delta spike-specific titers, while individuals with
high titers displayed a decrease in FcyRIIaH binding (1.1-fold de-
crease, P < 0.01) and an increase in FcyRIIaR binding (1.1-fold
increase, P < 0.05). This was further confirmed when replicat-
ing conditions with IgG4 mAbs with IgG1 mAb cocktails (fig. S9,
HandI).

High-concentration IgG4 addition significantly increased FcyRI
binding and decreased FcyRIIIa binding as expected (P < 0.001) as
expected as well as reduced BA.2-specific FcyRIIaH in individuals
with higher BA.2-specific IgG (Fig. 5L). This may be due to the re-
duced ability of the mAbs to bind BA.2 (ancestral ECsy: IgG1 = 0.16 nM,

IgG4 = 0.19 nM; BA.2 ECs: IgG1 = 1.55 nM, IgG4 = 1.14 nM);
thus, mAb-mediated FcyR complex formation against BA.2 was also
reduced (Fig. 5, M and N). Furthermore, saturation against BA.2
was not observed at the same concentration of IgG1 cocktail where
saturation was achieved for ancestral spike (2.5 nM). Consequently,
titrating IgG4 into this concentration of IgG1 mirrored results observed
when assessing for ancestral responses to IgG4 titration into low
levels of IgG1, where we observed improvements in FcyRIIaR and
FcyRI binding (Fig. 50). FcyRIIaH binding was also enhanced
when we repeated this with even lower concentrations of IgG1 mAbs
(Fig. 5P), emphasizing the functional capacity of IgG4 when total
IgG titers are low.

DISCUSSION

While the rise in IgG4 titers following repeated SARS-CoV-2 mRNA
vaccination is well described (16-19), the clinical and functional im-
pact of this phenomenon is still to be fully elucidated. Here, we
demonstrated that elevated spike-specific IgG4 compete with other
antibodies for antigen and/or FcyR binding, especially when spike-
specific IgG titers are high, resulting in a decrease in Fc effector
responses. However, at low spike-specific titers, IgG4 can work in syn-
ergy with other subclasses to enhance FcyRI and FcyRIla-mediated
effector functions (summarized in Fig. 6). This suggests elevated
spike-specific IgG4 may be advantageous in circumstances where an-
tibody titers are low, such as within immunocompromised indi-
viduals (30) or in other anatomical sites, such as the mucosa (16, 31).
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Fig. 6. Schematic of the role of anti-spike IgG4 in mediating Fc effector functions against SARS-CoV-2

. (A) Summary of binding affinity of IgG4 to different FcyRs.

(B) At high spike-specific IgG titers, elevated IgG4 competes with IgG1 and IgG3 for antigen binding, resulting in reduced FcyRlla binding and ADCP. (C) At low anti-spike
titers, increased IgG4 increases total antigen-bound IgG, leading to an overall increase in FcyRl and FcyRlla binding and therefore ADCP. (D) Elevated IgG4 reduces FcyRllla

engagement and ADCC because of the poor ability of IgG4 to bind FcyRilila.
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Furthermore, we demonstrate the potential benefit of elevated IgG4
titers for novel variants, where low cross-reactive antibody immunity
may be induced by vaccination (14, 21).

Consequently, we demonstrate that elevated IgG4 can impede
FcyRIIIa binding and ADCC. In contrast, we show that IgG4 can
trigger ADCP by THP-1 monocytes via both FcyRI and FcyRIla,
consistent with a previous study demonstrating this using IgG4 HIV
mAbs (23). Now, the relative importance of ADCC compared to
ADCP in providing protection against COVID-19 in humans is un-
clear, although some studies have observed elevated ADCC and/or
FcyRIIla binding may be elevated in those with severe disease
(3, 32). If excessive ADCC does contribute to severe disease, then
elevated IgG4 may be beneficial as it can dampen FcyRIIla-mediated
responses. However, studies in animal models suggest that poly-
functional antibody responses that includes both ADCC and ADCP
are correlated with vaccine efficacy (33); thus, elevated IgG4 may
reduce polyfunctional responses and vaccine induced protection.
Note that FcyRIIla may also be involved in mediating ADCP and
conversely FcyRIIa may mediate ADCC (34, 35). Moreover, different
effector cells may coexpress different FcyRs at varying proportions
(36, 37). Thus, additional studies dissecting the relative contribution
of ADCC and ADCP in the context of SARS-CoV-2, while taking
account diverse effector cell and their FcyR repertoires is necessary
to better understand both functional and clinical consequence of
increased IgG4.

Here, we demonstrate that IgG4 was capable of higher levels of
binding to FcyRIIaR compared to FcyRIIaH, highlighting the im-
portance of FcyR polymorphisms in determining overall FcyR acti-
vation. The distribution of FcyRIIa polymorphisms varies between
different ethnicities and geographical locations. FcyRIIaH is more
prevalent among East Asian populations than European and African
Americans (38, 39); thus, our data suggest that different ethnic
populations may benefit more from a rise in IgG4. Now, studies
examining the association between FcyR polymorphisms and
COVID-19 vaccine efficacy are limited. Nonetheless, FcyRIIaR has
been associated with increased disease severity and mortality in
both SARS-CoV-2 and SARS-CoV (40, 41), albeit both studies oc-
curring in a small cohort of a single population. Therefore, large
genetic studies together with large vaccine efficacy data could
be informative.

IgG4 addition into both plasma and IgG1 mAbs demonstrate
that IgG4 can compete with other subclasses for antigen binding,
and this phenomenon is concentration based. However, multiple
factors beyond antibody concentration modulate level of competi-
tion between subclasses, including antigen affinity and epitope. Our
IgG4 mADb spiking assays likely overestimates the antigen affinity of
polyclonal IgG4. It is possible that lower affinity IgG4 may not com-
pete with other subclasses at the concentration used here. However,
our IgG4 spiking assays against BA.2, which our mAbs have re-
duced affinity to antigen, demonstrate that lower affinity IgG4 can
outcompete other subclasses at high concentrations. However, we
acknowledge our vaccinees induced lower BA.2-specific titers, and
future studies should explore whether low-affinity IgG4 outcom-
petes other subclasses when total titers are high.

Moreover, we do not take into account that different subclasses
may have different antigen affinity. IgG4 has been speculated to
have the highest antigen affinity among all subclasses as it acquires
the most somatic hypermutations among all four subclasses (42, 43),
which may allow IgG4 to outcompete other subclasses at lower
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concentrations. Conversely, IgG4 can undergo F(ab) arm exchange
in vivo, whereby IgG4 forms half-molecules, which then recom-
bines with other half-molecules (20). Because of the random nature
of the exchange, this typically results in a bispecific antibody, which
may reduce the avidity of IgG4 (44). We did not observe differences
in binding kinetics of depleted and undepleted plasma. However,
an increase in binding of IgG1 and IgG3 to spike following IgG4
depletion suggests that polyclonal IgG4 has sufficiently high anti-
gen affinity to compete with IgG1 and IgG3 for antigen binding.
However, measuring antigen affinity of purified polyclonal IgG4
would be a more accurate measurement and should be performed
in the future to improve understanding on the competition be-
tween subclasses.

In addition, the mAbs used here target a limited number of
epitopes on RBD, which is not a true reflection of polyclonal
pool that targets multiple epitopes on spike, including those
outside the RBD. Furthermore, our experiments demonstrating
competition between IgG1 and IgG4 mAbs may not reflect what
occurs in vivo where different subclasses may recognize distinct
epitopes. Hence, future studies should aim to investigate I1gG4
against epitopes beyond RBD, especially those that are highly
conserved across variants and whether these overlap with epit-
opes recognized by other subclasses. These factors should also be
taken into account along with the different subclass affinities to
various FcyRs to better understand the importance of antigen bind-
ing compared to Fc receptor binding in the induction of Fc-
mediated response.

As mentioned previously, the tendency of IgG4 to form bispecific
antibodies that behaves as if functionally monovalent is thought to
contribute to its reduced capacity to trigger FcyR mediated re-
sponses, which often require cross-linking of multiple antigen-specific
IgG (44). While we did not assess if Fab arm exchange was occurring
in our IgG4 mAb cocktail, it is unlikely that immune complex forma-
tion is substantially affected should it occur as the target epitopes are
in proximity of each other. Future studies should investigate the
role of Fab arm exchange on FcyR-mediated responses and the overall
consequence of Fc effector functions against SARS-CoV-2.

Overall, our study highlights the complex role of IgG4 in mediat-
ing Fc effector functions against SARS-CoV-2. While we have
demonstrated that IgG4 exhibits reduced ability to trigger Fc effector
functions such as ADCC and ADCP compared to IgG1, the relative
contribution of IgG4 in the overall FcyR-mediated response against
SARS-CoV-2 was dependent on the titers of each IgG subclass, FcyR
class, and polymorphism as well as the target SARS-CoV-2 variant.
Collectively, this study emphasizes the interconnected nature of the
various factors modulating Fc effector functions. Our work highlights
the need for future studies to examine the clinical impact of IgG4
against COVID-19 and to take into consideration the multiple factors
that can potentially influence the functional consequences of IgG4.

MATERIALS AND METHODS

Human samples and ethics statement

SARS-CoV-2 vaccinee plasma was collected 13 to 42 days post-second
(n=46) and post-third (n =31) dose of BNT162b2 (Pfizer-BioNTech)
vaccination as previously described (45). Participant characteristics
are described in table S1. Informed consent was acquired from all
participants. Study protocols were approved by the University of
Melbourne Human Research Ethics Committee (#2056689, #21560,
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#21626, and #13344), Austin Health (#HREC/73256/Austin-2021),
and Melbourne Health (HREC/68355/MH-2020).

Expression of SARS-CoV-2-specific mAbs

Spike-specific IgG1 and IgG4 mAbs were expressed as previously de-
scribed (21). PDI 96, PDI 215, and PDI 222 were previously isolated
from RBD-reactive B cells from patients with convalescent
COVID-19 and cloned into human IgG1 expression vectors (21).
Class-switched PDI mAb constructs were obtained from GenScript.
Expi293F suspension cells were transfected with heavy and light
chain plasmids using the ExpiFectamine293 Kit (Life Technologies)
according to the manufacturer’s instructions. The cells were har-
vested after 4 to 5 days, and the antibodies purified by Protein A
affinity chromatography.

BLI of SARS-CoV-2 mAbs

Binding of the mAbs to SARS-CoV-2 RBD and human FcyRs was
measured by BLI using an Octet-Red96 system (FortéBio) in black
96-well plates (Greiner Bio-One) at 30°C agitated at 1000 rpm.
HBS-EP buffer [containing 0.01 M Hepes, 0.15 M NaCl, 3 mM
EDTA, 0.005% (v/v) Surfactant P20, 0.005% Tween 20 (pH 7.4)]
was used as the kinetic buffer for all assays.

BLI measuring affinity of the mAbs against human FcyRs were
carried out using Streptavidin Biosensors (FortéBio). Biotinylated
FcyRIIa or FcyRIIIa (5 pg/ml; ACROBiosystems) were loaded onto
hydrated sensors until a threshold of 2 nm was reached, followed by
equilibration in buffer only wells for 120 s. The sensors were loaded
into a twofold dilution series of mAbs from 27.56 to 441 nM for 180 s
to measure association. Dissociation was measured by submerging
the sensors into buffer only wells for 300 s. Sensor tips were regen-
erated using a cycle of 5 s in 10 mM glycine (pH 3.0) and 5 s in ki-
netic buffer repeated three times. For measurement of affinity to
FcyRI, biotinylated mAbs (1.5 pg/ml) were loaded onto hydrated
sensors until a threshold of 2 nm was reached, followed by equili-
bration in buffer only wells for 120 s. The sensors were loaded into
a twofold dilution series of FcyRI (R&D Systems) from 2 to 30 nM
for 150 s. Dissociation was measured by submerging the sensors
into buffer only wells for 300 s. Affinity measurements against
SARS-CoV-2 ancestral and variant RBD (SinoBiological) were per-
formed using Protein G Biosensors (FortéBio) and carried out as
previously described (21).

IgG4 spiking assays

PDI 96, PDI 215, and PDI 222 were pooled to form an IgG4 mAb
cocktail. PDI 222 is part of cluster 1 and is of the VH1-58 class that
binds the RBD at an epitope centered around N487. PDI 215 is part
of cluster 4 and binds the distal part of the RBD outside the
angiotensin-converting enzyme 2 (ACE2) receptor binding site. PDI
96 is part of cluster 6 and binds to the ACE2 binding site at G446
and T500 (21). IgG4 mADb cocktail was added into plasma collected
post-dose two mRNA vaccination at 0.05 nM (0.007 pg/ml) to
represent the median IgG4 concentration measured in our cohort
post-third dose mRNA vaccination. Spiking at 0.2 nM (0.029 pg/
ml) corresponded to the median IgG4 concentration of a subset of
post-dose four mRNA samples (1 = 6).

(Fab’), spiking
Digestion of IgG4 (Fab’), fragments was performed by in-
cubation of 100 pl of IgG4 mAb cocktail (0.5 mg/ml) with 80 pl of
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FabRICATOR MagIC resin (Genovis) at 37°C for 20 min with
continuous mixing, followed by the removal of the resin by mag-
netic separation. IgG4 (Fab), ftragments were added to post-dose
two plasma at a concentration of 0.05 nM (0.006 pg/ml) or 0.2 nM
(0.022 pg/msl).

IgG4 depletion

Plasma was diluted 1:5 in phosphate-buffered saline (PBS) before
addition of 5 pl of resuspended CaptureSelect IgG4 (Hu) Affinity
Matrix (Invitrogen) and incubated on a vortex at room temperature
(RT) for 1 hour. Following incubation, the samples were centrifuge
for 1 min, and the supernatant was collected. A Luminex multiplex
assay was performed to assess efficient IgG4 depletion. Sufficient
depletion was defined as >75% reduction in IgG4 relative to the un-
depleted sample. Depleted samples with IgG4 levels greater than the
25th percentile IgG4 level measured at dose two were excluded from
subsequent analysis.

SARS-CoV-2 multiplex bead assay

A customized Luminex multiplex assay was used to assess mAb and
plasma SARS-CoV-2 antibody responses as previously described
(46). Briefly, mAbs or plasma (1:1600) was incubated with antigen-
coupled beads (750 beads/bead region; table S4) on a shaker over-
night at 4°C before being washed with PBS 0.05% Tween 20 (PBST).
Following washing, the beads were incubated with biotinylated or
phycoerythrin (PE)-conjugated detection antibodies or soluble Fc
receptors (table S5) on a shaker for 2 hours at RT. For biotinylated
detectors, plates were followed with an additional PBST wash and
incubated with streptavidin-R-PE (Invitrogen) for 2 hours at RT. The
plates were washed, and each well was resuspended sheath fluid be-
fore reading on the xMAP INTELLIFLEX (Luminex). The level of
PE signal associated with each bead region in each well was reported
as median fluorescence intensity (MFI). The MFI of buffer only wells
were background subtracted for each sample. Standard curves were
generated using IgG1 to IgG4 anti-SARS-CoV-2 RBD broadly neu-
tralizing mAbs (AM395b, Acro Biosystems). A four-parameter lo-
gistic regression was used to convert the MFI of plasma samples to
antigen-specific IgG1 to IgG4 concentrations, relative to the stan-
dard curve. Individuals with total relative antigen-specific IgG titers
below the median were classified as low titer, and individuals with
total titers above the median were classified as high titer. Each sam-
ple was run in duplicate.

Bead-based THP-1 ADCP assay

ADCP was measured using a previously described bead-based
ADCP assay (24, 25). Briefly, SARS-CoV-2 ancestral spike trimer
and RBD (SinoBiological) were biotinylated and coupled to 1 pM
fluorescent NeutrAvidin Fluospheres (beads; Invitrogen) overnight
at 4°C. Washed antigen-coated beads were incubated with plasma
(1:3200) or mAbs for 2 hours at 37°C in a 96-well U-bottom plate
before addition of THP-1 monocytes (100,000 per well) followed by
a 16-hour incubation under cell culture conditions. For Fc block ex-
periments, THP-1 monocytes were incubated BD Pharmingen Hu-
man BD Fc Block at RT for 20 min (2.5 pg/1 million cells) before
addition to opsonized beads. Cells were fixed and acquired by flow
cytometry on a BD LSR Fortessa with a high-throughput sampler
attachment (HTS) (see fig. S3A for gating). The data were analyzed
using FlowJo 10.9.0, and a phagocytic score was calculated as previ-
ously described using the formula: (% bead-positive cells X mean
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fluorescent intensity). Flow cytometry was used to confirm stable
expression of FcyRI (CD64), FcyRII (CD32), and FcaR (CD89)
(table S4) on THP-1 monocytes before use.

Luciferase-based ADCC assay

ADCC was examined using a previously described luciferase-
based ADCC assay (24). NK cells from healthy donors were en-
riched and purified using the EasySep Human NK Cell Enrichment
Kit (STEMCELL Technologies Inc.) NK cells (20,000 per well) and
Ramos S-Luc cells (5000 per well) were added to 96-well V-bottom
cell culture plates and incubated with threefold dilutions of mAb
cocktail for 4 hours at 37°C. Each condition was tested in dupli-
cate, and “no antibody” and “target cell only” controls were in-
cluded. Following incubation, cells were washed and developed
with britelite plus luciferase reagent (Revvity). Luminescence was
read using a FLUOstar Omega microplate reader (BMG Labtech).
The relative light units measured was used to calculate % ADCC
with the formula: (“no antibody” — “antibody sample”)/(“target cell
only”) x 100.

BLI measurements of IgG4-depleted and undepleted plasma
To measure binding kinetics of IgG4-depleted plasma and unde-
pleted plasma to spike, hydrated streptavidin sensors were loaded
with biotinylated ancestral SARS-CoV-2 spike trimer (5 pg/ml)
until a threshold of 1.6 nm was reached, followed by equilibration in
buffer only wells for 60 s. The sensors were submerged in a twofold
dilution series of plasma or IgG4-depleted plasma, starting from a
1 in 400 dilution, for 180 s to allow for association. Dissociation was
measured by submerging sensors into buffer only wells for 300 s.
Only the dissociation rate constant (kdis), which is a concentration-
independent measurement was measured, given that plasma con-
sists of polyclonal antibodies (28, 29). Curve fitting was performed
using a local fit 1:1 Langmuir binding model for plasma. Baseline
drift was corrected by reference subtracting the shift of a loaded
sensor immersed in kinetic buffer only. Mean kinetic constant and
SEM were determined from two independent experiments.

Data normalization

The antibody MFI and phagocytic score of each mAb cocktail was
normalized to the maximum antibody binding or phagocytic
score (100%). The normalized antibody binding or phagocytic
score was used to calculate the half maximal effective concentra-
tion (ECsp). For IgG4 mAb cocktail titration into IgG1 mAb
cocktail experiments, the antibody MFI, phagocytic score, or %
ADCC of IgG1 + IgG4 mAb cocktails were normalized to the
antibody binding, phagocytic score, or % ADCC of the IgG1 mAb
cocktail alone.

In silico FcyR ODE model generation and validation

FcyRIla binding simulations were carried out using a previously
published ODE model (26) implemented in MATLAB (R2023b,
MathWorks) that predicts FcyR complex formation as a function of
IgG subclass concentrations. Model parameters are outlined in table
S6. The model was used to predict FcyRIIa-131H and FcyRIIa-131R
complex formation as a function of measured IgG subclass con-
centrations for each dose 2 mRNA-vaccinated plasma samples.
To fit the model to the data, measured IgG concentrations were
proportionally adjusted by a constant factor (A = 25) to maximize
the fit with the corresponding predictions from the corresponding
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multiplex assay measurements. Code and data used for these mod-
els are available at https://doi.org/10.5281/zenodo.14231188.

Surface plots to evaluate the combined effects of

IgG1 and IgG4

FcyR complex formation surfaces were generated by simulating the
model across 50 IgG1 concentrations and 100 IgG4 concentrations
logarithmically spaced from 0.10 to 10 nM and 0.045 to 7.5 nM re-
spectively to cover the plasma concentration range observed be-
fore and after the addition of IgG4 mAb. IgG2 and IgG3 levels were
set to the median values in the dose two mRNA-vaccinated sam-
ples. Surface color was determined by numerical approximation of
the partial derivative of FcyR complex formation with respect
to IgG4 concentration at each IgG1 and IgG4 combination (gra-
dient function).

Statistical analysis

Prism GraphPad version 10.1.0 (GraphPad Software) was used to
develop graphs and perform the statistical analyses described in the
figure legends. The ECs, of each mAb or mAb cocktail was deter-
mined using a four-parameter nonlinear regression model de-
scribing the relationship between the agonist concentration and the
normalized response.

Supplementary Materials
This PDF file includes:

Figs.S1to S9

Tables S1to S6
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