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Spike-specific 1lgG4 generated post BNT162b2
MRNA vaccination is inhibitory when directly
competing with functional IgG subclasses
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SUMMARY

COVID-19 vaccines proved vital in controlling the SARS-CoV-2 pandemic. Both neutralizing and effector-
function activities of Spike-specific antibodies are important for their protective activity. Several studies
have reported that COVID-19 mRNA vaccines can lead to elevated levels of Spike-specific immunoglobulin
G4 (IgG4), an anti-inflammatory subclass with reduced binding to Fcy receptors. We show that Spike-specific
IgG4 levels following BNT162b2 vaccination are impacted by the interval between and frequency of vaccine
boosts, prior or post SARS-CoV-2 infection and bivalent vaccine boosters. Through expression of IgG1, 1gG2,
IgG3, and IgG4 subclasses of SARS-CoV-2 antibodies, we demonstrate that while IgG4 has reduced effector-
function activity, including antibody-dependent cellular cytotoxicity (ADCC), antibody-dependent comple-
ment deposition (ADCD), and antibody-dependent cellular phagocytosis, IgG4 is only inhibitory when directly
competing with functional IgG subclasses binding to overlapping epitopes. ADCC and ADCD activity in
plasma was not depleted by adding a cocktail of Spike-specific IgG4 monoclonal antibodies, suggesting

that the non-stimulatory effect of Spike-specific IgG4 may be hidden in polyclonal mixes.

INTRODUCTION

The COVID-19 pandemic led to the rapid development and
deployment of several COVID-19 vaccines utilizing a range of
different vaccine platforms.’ Vaccines targeting SARS-CoV-2
Wuhan Spike glycoprotein have been highly effective in reducing
morbidity and mortality from COVID-19. In particular, the
pandemic led to the first widespread clinical use of MRNA-based
vaccines; including BNT162b2 from BioNTech/Pfizer® and Spi-
kevax from Moderna.* These were initially deployed in a two-
dose regimen, separated by a 3-week interval.®>* However, the
United Kingdom quickly changed to a 12-week interval between
doses, with the rationale of ensuring some degree of SARS-
CoV-2 immunity for a wider proportion of the population.® To
overcome waning antibody levels,® a third dose was offered as
a booster, which had the additional benefit of broadening the
antibody response toward SARS-CoV-2 variants of concern’~'°
as well as leading to an increased antibody-binding avidity.”
More recently, updated mRNA vaccines based upon newer var-
iants such as BA.1 and XBB.1.5 have been used as boosters, '
not only for individuals primed with COVID-19 Wuhan-1 mRNA
vaccines'"'? but also for individuals who had initially received
other vaccine types, such as the AstraZeneca chimpanzee

)

adenovirus vector (ChAdOx) COVID-19 vaccine, AZD1222.'3
Given the safety and efficacy of COVID-19 mRNA vaccines,
there has been increased interest in using this vaccine platform
for more applications, including vaccines against other patho-
genic viruses as well as against bacteria, and as immunother-
apies for cancer treatment.'*

While antibody binding and neutralization correlate with pro-
tection against SARS-CoV-2 infection and severe COVID-19 dis-
ease, '° the Fc region can also collaborate to enhance the protec-
tive capacity of antibodies. Animal studies have shown the
importance of Fc-mediated effector functions of monoclonal an-
tibodies (mAbs) for limiting SARS-CoV-2 immunopathology and
viral persistence.'®'° Furthermore, robust antibody Fc effector
functions induced by vaccines correlate with protection in animal
challenge studies.?* 22

It has previously been reported that the use of COVID-19
mRNA-based vaccines can lead to skewing of the immunoglob-
ulin G (IgG) subclass usage against SARS-CoV-2 Spike.'%2%2°
In addition to the majority IgG1 and IgG3 response, Spike-spe-
cific IgG4 could also be detected at low levels in some individ-
uals around 6-7 months after a second dose of either
BNT162b2 or Spikevax'®*> and at higher levels in the majority
of individuals following a third dose of BNT162b2, as well as
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following a BNT162b2 booster vaccine in individuals who initially
received the AZD1222 vaccine.' This increase in Spike-specific
IgG4 is notable, given that IgG4 is usually thought to be anti-in-
flammatory® and is not typically observed following vaccination
or infection.?” Instead, antigen-specific IgG4 has been reported
in the context of allergy,?® autoimmunity,®*° and chronic inflam-
matory conditions.®’ The perceived role of IgG4 as anti-inflam-
matory comes from its reduced ability to stimulate Fc-mediated
antibody effector functions,?®*? including antibody-dependent
cellular cytotoxicity (ADCC), antibody-dependent complement
deposition (ADCD), and antibody-dependent cellular phagocy-
tosis (ADCP), due to the reduced affinity of the IgG4 Fc domain
for FcyR receptors, in particular FcyRIA, FcyRIIA, and
FcyRIIIB.*® IgG4 is the only immunoglobulin that can undergo
Fab-arm exchange, a process in which half-molecules of IgG4
combine randomly, resulting in bispecific immunoglobulins
with reduced binding and/or neutralizing activity due to a lower
valency of binding.*

Antibody effector functions are important in clearing infection
through binding of antibodies to antigens expressed on the sur-
face of infected cells or to free virus.®® Effector functions have
been shown to be important in both prophylactic and therapeutic
protection models.?®¢ For example, introduction of the LALA-
PG mutations (L234A + L235A + P329G), which are known to
reduce the binding of IgGs to FcyRs, reduces the therapeutic ac-
tivity of neutralizing antibodies against SARS-CoV-2.°" Further-
more, non-neutralizing Spike-specific IgG1 can confer protec-
tion in small-animal challenge models if passively administered
prior to challenge.®® While the relevance of IgG subclass has
not been studied in vivo in the context of SARS-CoV-2 infection,
antibody passive transfer experiments in the context of influenza
virus infection have revealed that the IgG subclass is important in
determining protection.®>*® However, animal studies have
limited utility for understanding the impact of increased levels
of antigen-specific IgG4 given that it is only found in humans
and great apes.”’

While several studies report elevated levels of Spike-specific
IgG4 following mRNA vaccination, '®*2° there is an incomplete
knowledge of factors that might influence the switch to IgG4 and
how the level of Spike-specific IgG4 might be impacted by
further mMRNA vaccine booster doses and/or breakthrough infec-
tion (BTI). Furthermore, there is an incomplete understanding of
the functional implications of the presence of Spike-specific
IgG4 on the functional activity of the Spike-specific total IgG.
Here, we investigated the impact of (1) mRNA vaccine interval
and frequency, (2) hybrid immunity (including infection pre-
vaccination and BTI), (3) bivalent vaccines, and (4) time from
SARS-CoV-2 infection in unvaccinated individuals on the
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amount of IgG4 produced, the IgG4 binding specificity, breadth,
and avidity, and the effector-function activity in immune plasma.
We observed that IgG4 production was impacted by the number
of mMRNA doses, the interval between these doses, and SARS-
CoV-2 infection (both pre- and post vaccination). Through gener-
ation of a panel of class-switched Spike-specific mAbs,
including IgG1, IgG2, IgG3, and IgG4, we demonstrate that while
IgG4 poorly activates ADCC, ADCP, and ADCD, it is capable of
potent and equivalent neutralization as IgG1. Importantly, IgG4 is
only anti-inflammatory when competing directly for binding with
an activating IgG1 but is functionally silent if not competing.
These findings provide important insights into the functional im-
plications of elevated levels of Spike-specific IgG4 following
BNT162b2 mRNA vaccination.

RESULTS

Spike-specific IlgG4 class switching increases with
multiple BNT162b2 vaccine exposures and time

To gain further understanding of the factors influencing class
switching to Spike-specific IgG4 during mRNA vaccination, we
studied selected plasma from several United Kingdom (UK)-
based vaccine cohorts (Table S1A and Figure S1A). These
groups differed in (1) the spacing between the first and second
vaccine doses, (2) prior or subsequent SARS-CoV-2 infection,
and (3) use of a bivalent booster vaccine based on Wuhan-1/
BA.1. We first measured the concentration of SARS-CoV-2
Spike-specific IgG in a subclass-specific manner for each group
using a semiquantitative ELISA (Figure 1).

Following the standard BNT162b2 vaccination protocol (i.e., a
3- to 4-week interval between first and second dose, here
referred to as “short group”), total IgG levels averaged
45.1 pg/mL after two mRNA doses (Figure 1A). As previously re-
ported, the total Spike-specific IgG levels waned over time, such
that at 6 months post vaccination they decreased to 9.05 pg/mL.
A third vaccine dose was able to increase the level back to
67.0 pg/mL. This pattern of IgG levels can largely be explained
by changes in IgG1, 1gG2, and IgG3, which all follow a similar
pattern. However, Spike-specific IgG4 only became detectable
after the third dose of vaccine, similar to observations previously
reported,®*° with levels reaching 1.47 pg/mL.

In the UK, the majority of individuals receiving the BNT162b2
vaccine did so with an extended 8- to 12-week interval between
the first and second doses (referred to here as “extended
group”). The trends in total IgG, IgG1, 1gG2, and IgG3 levels
were similar to that of the short group (Figure 1B). However, in
contrast to the short group, Spike-specific 1IgG4 could be
observed earlier, with Spike-specific IgG4 being detected in

Figure 1. Spike-specific IlgG4 production in individuals with different exposure histories

Semiquantitative ELISA measurement of wild-type (WT) SARS-CoV-2 Spike-specific total IgG (black), IgG1 (blue), IgG2 (green), IgG3 (purple), and 1gG4 (red) for
plasma at (A) 3-week interval between first- and second-dose group (short group, n = 8), (B) 12-week interval between first- and second-dose group (extended
group, n = 17), (C) subgroup of extended group with sample at 6 months post third dose (n = 9), (D) prior infection group (n = 8), (E) subgroup of extended group
with a breakthrough infection after three doses (n = 9), and (F) subgroup of extended group with a bivalent WT/BA.1 booster 1 year after third dose (n = 8). Samples
paired from individuals in gray with colored data representing geometric mean + SD (standard deviation). Pre1, before first dose; Post1, 3 weeks after first dose;
Pre2, before second dose; Post2, 3 weeks after second dose; Pre3, before third dose; Post3, 3 weeks after third dose; 6Month, 6 months after third dose; BTI,
3 weeks after breakthrough infection; Bivalent, 3 weeks after bivalent dose. See Table S1 for demographics and Figure S1 for precise timings. Semiquantitative
ELISA limit of detection (LOD) is 0.05 pg/mL and is shown by the horizontal dotted line. See also Table S1 and Figure S1.
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the majority of individuals at 6 months post second dose and
prior to the third vaccination, suggesting that the vaccine interval
can influence class switching to 1gG4. Interestingly, unlike at
6 months after the second vaccine dose when IgG1 responses
had waned, 1gG4 responses had increased. However, at
6 months after the third vaccine dose, all IgG subclasses had
waned, including IgG4 (Figure 1C).

Next, we examined the impact of hybrid immunity on 1gG4
production, including infection prior to vaccination as well as a
BTl post vaccination. A more heterogeneous response was
observed in individuals who had SARS-CoV-2 infection prior to
vaccination, with three out of eight volunteers producing
Spike-specific IgG4 after the first vaccine dose and all producing
Spike-specific IgG4 after two doses (Figure 1D). A BTl after three
BNT162b2 vaccinations lead to a further increase in Spike-spe-
cific IlgG4, reaching levels of only ~5-fold below Spike-specific
IgG1 in some individuals (Figure 1E). Some individuals were sub-
sequently vaccinated a fourth time with a bivalent wild-type
(WT)/BA.1 mRNA vaccine, and this additional vaccination led
to a further increase in Spike-specific IgG4 levels as well as in to-
tal I9G, 1gG1, 19G2, and IgG3 levels (Figure 1F).

Together, these data demonstrate that Spike-specific 1IgG4
generated in response to mRNA vaccination is impacted by
the interval and number of vaccinations, the time since vaccina-
tion, and an infection prior to or after BNT162b2 vaccination.

Spike-specific IgG4 is not detected in a longitudinal
infection cohort

Several studies have reported a continued evolution of the anti-
body response post SARS-CoV-2 infection as demonstrated by
increased somatic hypermutation of Spike-specific mAbs iso-
lated at 6 months post infection.*” To determine whether time
from infection might influence the production of Spike- and/or
nucleocapsid-specific IgG4 post infection, we measured total
IgG and IgG4 levels in a longitudinal infection cohort from
wave 1 (i.e., beginning March 2020) that was followed until
33 weeks post infection (Table S1B and Figure S1B). Spike-spe-
cific IgG4 was at or below the limit of detection in sera from indi-
viduals experiencing mild (Figure 2A) or severe (Figure 2B)
disease, even up to similar times post-infection as for the post-
vaccination volunteers. These data suggest that the production
of Spike-specific IgG4 is not a feature inherent to the Spike pro-
tein itself or the time post SARS-CoV-2 Spike exposure, and that
multiple exposures are important.

IgG4 class switch is Spike specific

As the levels of Spike-specific IgG4 were boosted upon BTI, we
next determined whether 1IgG4 production was restricted to
Spike or if IgG4 to nucleocapsid (which is not present in the
BNT162b2 vaccine) could be detected following BTI. After two
BTls post vaccination, there was a robust Spike-specific IgG4
response, which persisted for at least 6 months after the second
infection (Figure 2C). However, there was no nucleocapsid-spe-
cific IgG4 detected, even 6 months after a second BTI.

Some individuals also received an influenza vaccine at the
same time as their third BNT162b2 vaccination. We therefore
investigated whether the immune environment generated in
response to the mRNA vaccination might impact on IgG4 class
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switching to influenza hemagglutinin (HA). No HA-specific IgG4
was detected in any of these plasma samples (Figure 2D).
Combined, these data indicate that the class switching to
IgG4 is specific for SARS-CoV-2 Spike in the context of
mRNA vaccination.

Spike-specific IgG4 is distributed across RBD and NTD
domains

We next investigated the domains on SARS-CoV-2 Spike tar-
geted by the IgG4 response with a focus on the extended group.
The two major Spike domains targeted by neutralizing antibodies
are the receptor-binding domain (RBD), which interacts with the
host cell receptor angiotensin converting enzyme 2 (ACE2),**
and the N-terminal domain (NTD), whose function is less well
defined.** Binding of IgG4 to both RBD and NTD could be de-
tected by ELISA (Figure 2E). When considering the proportion
of IgG4 binding to each domain, 33.6% of the Spike-specific
IgG4 was targeted against RBD, similar to 30.2% (standard de-
viation [SD] 4.53) of the total IgG, while 19.7% (SD 9.87) of the
Spike-specific 1gG4 was targeted against NTD, similar to
23.8% of the total IgG (Figure 2F), suggesting that the Spike-spe-
cific 1IgG4 response is not skewed toward a specific Spike
domain.

Spike-specific IgG4 has variant binding breadth similar
to that of total Spike-specific IgG

Previous studies have shown that repeated COVID-19 vaccina-
tion can lead to increased antibody binding and neutralization
breadth against newer SARS-CoV-2 variants of concern.’+*>°
Given that Spike-specific IgG4 also emerges and increases
following multiple mRNA vaccinations, we therefore measured
the breadth of the Spike-specific IgG1 and IgG4 responses by
measuring variant Spike-binding breadth by ELISA. We focused
on the Spike-specific total IgG and IgG4 in the extended group
following three BNT162b2 doses (Figure 2G). Similar to the total
IgG binding, comparable levels of IgG4 binding were observed
against the WT, Beta, Delta, and BA.1 SARS-CoV-2 recombinant
Spikes.

Spike-specific IgG4 has a delayed avidity increase

Antibody avidity can also be enhanced by repeated antigen
exposure, either through vaccination or infection.”*> Previous
studies have associated the increased Spike-specific total IgG
avidity with increasing levels of IgG4.2° However, this study did
not specifically measure avidity changes for Spike-specific
IgG1 and IgG4 independently. Here, we first measured the avid-
ity index against WT Spike of the total IgG by comparing the area
under the curve in ELISA, with and without an 8 M urea washing
step.” Similar to previously published results,” the avidity of
Spike-specific total IgG increased with additional vaccine doses
as well as time post vaccination, up until the third dose when the
avidity score reached a plateau (Figure 2H and Table S2). When
considering the avidity of Spike-specific IgG1 and IgG4 indepen-
dently, the IgG1 avidity mirrored the increasing avidity pattern
observed for the total IgG (Figure 2I). In contrast, the avidity of
Spike-specific IgG4 when first detected at 6 months post second
vaccine (Pre3) was low (35.0%, SD 7.62) compared to the total
1gG (73.4%, SD 5.62) and to IgG1 (72.2%, SD 6.32) (Figure 2I).
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Figure 2. Specificity and avidity of IgG4 arising from BNT162b2 mRNA vaccination

(A and B) Concentration of Spike-specific total IgG (black/gray) and IgG4 (red/pink) in sera for (A) a mild infection group and (B) severe, ITU admission infection
group. The horizontal dotted line shows the lower limit of detection (LOD, 0.05 pg/mL) for IgG and IgG4.

(C) Concentration of SARS-CoV-2 N-specific total IgG (filled black circles), Spike-specific total IgG (clear black circles), N-specific IgG4 (filled red circles), and
Spike-specific IgG4 (clear red circles) 3 weeks after third dose (Post3), 3 weeks after second breakthrough infection (3W Post 2xBTI), and 6 months after second
breakthrough infection (6M Post 2xBTI).

(D) Concentration of hemagglutinin-specific total IgG (black/gray) or IgG4 (red/pink) with or without influenza booster given with third dose to extended group.
(E) ELISA measurement of total IgG (black/gray) and IgG4 (red/pink) targeted against WT SARS-CoV-2 full Spike, receptor-binding domain (RBD), and N-terminal
domain (NTD) in extended group Post3 samples.

(F) RBD and NTD binding total IgG (black) and IgG4 (red) as a proportion of binding to full Spike.

G) Total IgG (black/gray) and IgG4 (red/pink) binding to WT, Beta, Delta, and BA.1 Spike in extended group Post3 samples.

H) Serum antibody avidity of total IgG (black) binding to WT Spike in Post2, Pre3, Post3, and bivalent samples from the bivalent group.

1) As in (H), but for IgG1 (blue) and IgG4 (red). Significance values shown between IgG1 and IgG4 avidity for the same sample time point.

(J) Serum antibody avidity of total IgG (black/gray) and IgG4 (red/pink) against WT and BA.1 recombinant Spikes for Post3 and bivalent samples from the bivalent
group.

In all panels, samples paired from an individual are in lighter color, with darker-colored data representing geometric mean + SD. Data representative of three
technical replicates. ns, not significant; *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001, paired t tests (F, |, and J) and multiple-comparisons repeated-measures
ANOVA (H) calculated using GraphPad Prism. See also Tables S2 and S3.
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However, the IgG4 avidity increased following a third BNT162b2
(Post3, 65.3%, SD 5.84), with a smaller increase following a sub-
sequent bivalent booster (86.4%, SD 3.44) to reach similar avid-
ity levels to the Spike-specific IgG1 (83.4%, SD 6.23). Although
the avidity against WT Spike became equal after a bivalent
booster, the avidity against the BA.1 Spike remained lower for

IgG4 (62.0%, SD 9.96) compared to the total IgG (81.4%, SD
8.13) (Figure 2J and Table S3), suggesting that affinity maturation
of IgG4 against the BA.1 Spike is less. Overall, the avidity of
Spike-specific 1IgG4 was delayed compared to IgG1 but pla-
teaued at a similar level after three vaccine doses against the
matched vaccine antigen.
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Serum antibody functional activity is associated with
IgG1 levels but not 1IgG4 levels

We next investigated the functional effect of the increase in Spike-
specific IgG4 on functional activity of polyclonal plasma, including
neutralization, ADCC, ADCP, and complement deposition. Given
the largest increase in Spike-specific IgG4 was observed be-
tween the second and third dose of BNT162b2 vaccine, we inves-
tigated the differences in functional activity between plasma from
these time points (Post2 and Post3) in the extended group and the
bivalent booster group. Neutralization activity is largely antibody
Fc binding independent,*” and, as previously shown, there was
a trend toward increasing plasma neutralizing activity between
the second and third dose of mMRNA vaccine against WT (although
this did not reach significance), consistent with the increase in
Spike-specific total IgG (Figure 3A).” Both the IgG1 and IgG4
levels Post2, Post3, and post bivalent mRNA vaccines correlated
with the 1D5q values (Figure 3C).

ADCC is dependent on CD16 expressed on natural killer (NK)
cells, so we tested the ability of the plasma to stimulate an NK-92
cell line expressing CD16 to degranulate using CD107a expres-
sion as the readout (Figure S2).“%*° In our assay, there was no
significant difference in NK cell degranulation between the sec-
ond and third dose of mRNA vaccine at the highest dilution
tested (1:50) (Figure 3D), although there was notable heteroge-
neity between whether ADCC increased or decreased, presum-
ably due to the differing IgG1 and 1gG4 levels. We therefore
correlated the level of NK cell degranulation with concentration
of Spike-specific IgG1 and IgG4. NK cell degranulation positively
correlated with Spike-specific IgG1 (Figure 3F), IgG2, and 1gG3
(Figure S3A), but no significant correlations were observed with
Spike-specific IgG4 levels (Figure 3F) or between the ratio of
IgG1 to IgG4 (Figure S3B). In the cohort receiving the bivalent
vaccine, the additional WT/BA.1 mRNA vaccination had no
impact on ADCC activity despite small increases in Spike-spe-
cific IgG4 levels, suggesting a homeostatic limit to the amount
of ADCC (Figure 3E).

Next, we compared the ability of plasma collected following
second and third doses of BNT162b2 vaccine to stimulate
ADCD and ADCP. As ADCD requires a complement source lack-
ing antibodies to the SARS-CoV-2 Spike, we utilized guinea pig
complement serum that was naive to SARS-CoV-2 Spike.*°
Comparing ADCD activity in plasma post second and third doses
showed a 3.0-fold increase in the level of complement deposition
(Figure 3G). There was a positive correlation between ADCD ac-
tivity and IgG1 level, but no significant correlation was observed
with IgG4 (Figure 3l). ADCP activity was measured using THP-1
cells as the effector cells and fluorescent beads coated with re-
combinantly expressed SARS-CoV-2 Spike.”' A 1.8-fold in-
crease in ADCP activity was observed following the third
mRNA vaccine (Figure 3J). Similar to ADCD activity, there was
a positive correlation between ADCP activity and IgG1 level,
but a weak positive correlation was also observed with IgG4
(Figure 3L). Following administration of the bivalent booster,
ADCD and ADCP levels remained unchanged, which is consis-
tent with the smaller increase in Spike-specific IgG levels post
bivalent booster (Figures 3H and 3K).

A previous study reported a decrease in ADCD and ADCP
following a third dose of BNT162b2 mRNA vaccine®”; however,
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in these experiments the serum input was normalized to the
amount of Spike-specific total IgG at each time point. When
the ADCC, ADCD, and ADCP activity measured in our experi-
ments was normalized to the amount of Spike-specific total
IgG, we also observed a decrease in ADCD, ADCP, and ADCC
for the Post3 samples compared to Post2 samples, suggesting
that increasing IgG4 may limit effector-function activity
(Figure S3C). No significant difference was observed for neutral-
ization. Nevertheless, given that there are increases in all IgG
subclasses between Post2 and Post3 (Figure 1B), the absolute
ability of serum to activate these effector functions would be
most physiologically relevant, rather than the relative functional
ability.

In summary, between the second and third mRNA vaccine
doses, where there is a 3.2-fold increase in IgG1 and an ~100-
fold increase in 1gG4, we observe increased neutralization,
ADCD, and ADCP in the plasma of individuals in the extended
group. However, despite ADCC activity correlating with IgG1
concentration, ADCC activity in plasma did not increase signifi-
cantly, suggesting that Spike-specific 1gG4 may impact
effector-function activities differently.

IlgG4 maintains neutralization activity but loses Fc-
dependent effector functions

Next, we investigated the specific contribution that IgG4 makes
to the effector-function activity measurements. Due to the tech-
nical challenges in separating the different subclasses of Spike-
specific IgG from plasma, we recombinantly expressed IgG1,
19G2, 1gG3, and IgG4 versions of a panel of SARS-CoV-2-spe-
cific mAbs previously isolated from infected or vaccinated indi-
viduals.®>>® mAbs were selected based on their ability to acti-
vate degranulation of CD16 expressing NK cells in the ADCC
assay (Figures S4A and S4B). mAbs selected targeted several
different epitopes on Spike.”* P008_60 is SD1 specific,””
P008_87 is a class 3 RBD-specific mAb that binds an epitope
on the outer face of RBD,*” VA14_1 and VA14_R39 are class 4
RBD-specific mAbs that bind the interior face of RBD,**
P008_90 is a class 1/2 RBD-specific mAb,*> and P008_99 is
NTD specific®® (Figure S4A). Note that none of the class 1
RBD-specific mAbs that bind the ACE2 receptor binding site
were able to facilitate ADCC. IgG subclass did not affect the
binding to SARS-CoV-2 Spike for any of the mAbs studied
(Figure S6).

We first investigated the ability of immune complexes contain-
ing the different subclasses of IgG to bind to Fc receptors on the
surface of various immune cells. NK cells express CD16
(FcyRllla), and incubation of mAb-immune complexes with
NK cells demonstrated similar binding of IgG1 and IgG3
antibodies but very low binding of the IgG2 and IgG4 subclasses
(Figure S5A). Raiji cells expressing CD32 (FcyRlla and FeyRlIlb)*°
bound immune complexes of all subclasses equally
(Figure S5B). THP-1 cells differentiated using phorbol myristate
acetate (PMA) and interferon-y express both CD32 (FcyRll) and
CD64 (FcyRI),*° and these showed weaker binding of IgG4
compared with other subclasses (Figure S5C). Given that there
was no difference in binding to Raji cells expressing CD32 alone,
the difference in binding to the differentiated THP-1 cells is likely
due to reduced binding between CD64 and the IgG4 Fc region.
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Figure 3. Functional activity of plasma with increasing Spike-specific IgG4

(A) Neutralizing 50% inhibitory dose (IDsp) titer against WT SARS-CoV-2 Spike pseudotyped virus for extended group Post2 and Post3 samples.

(B) Neutralizing IDsg titer for bivalent group Post2, Post3, and bivalent samples.

(C) Correlation between neutralizing IDso and IgG1 (blue) or IgG4 (red) concentration, with lighter color for Post2, medium color for Post3, and darkest for bivalent.
(D-F) As (A)—(C) but for antibody-dependent cellular cytotoxicity (ADCC) assay, measuring surface CD107a on activated NK cells. A serial dilution of plasma was
used, and the percentage CD107a surface expression is shown for a 1:50 plasma dilution.

(G-I) As (A)—(C) but for antibody-dependent complement deposition (ADCD) assay, measuring deposited C3. A serial dilution of plasma was used, starting from
1:50 plasma dilution, with area under the curve (AUC) calculated by GraphPad Prism.

(J-L) As (A)~(C) but for antibody-dependent cellular phagocytosis (ADCP) assay, measuring THP-1 uptake of WT Spike-coated fluorescent beads incubated with
plasma. A serial dilution of plasma was used, starting from 1:50 plasma dilution.

Spearman correlations (line of best fit) are drawn for all IgG1 data, and Post3 and bivalent samples for IgG4. Post2 IgG4 levels were below the limit of detection
(LOD = 0.05 pg/mL), so no best-fit line is drawn. r? and p values calculated by GraphPad Prism. Samples paired from individuals are shown in gray. Black data
points represent the geometric mean + SD. Data representative of three technical replicates. ns, not significant; “**p < 0.001, ***p < 0.0001, paired Wilcoxon
signed-rank test calculated using GraphPad Prism. See also Figures S2 and S3.
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Figure 4. Functional activity of SARS-CoV-2 mAbs when expressed as different IgG subclasses

(A) Neutralization curves for mAbs P0O08_60, P008_87, P008_90, P008_99, VA14_1, and VA14_R39 class-switched to IgG1 (blue), IgG2 (green), IgG3 (purple), and

1gG4 (red), against WT SARS-CoV-2 Spike pseudotyped virus.
(B) As (A) but for ADCC measured as percentage of NK cells with surface-accessible CD107a.
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Neutralization of virus by IgG is largely antibody Fc-binding in-
dependent,*” and indeed, class switching each of these SARS-
CoV-2 mAbs to IgG1, 1IgG2, 1IgG3, and IgG4 had no impact on
their ability to neutralize ancestral SARS-CoV-2 pseudovirus
infection of HeLa-ACE2 cells (Figure 4A). Having demonstrated
unchanged binding and neutralization activity, we next
measured effector-function activities of the class-switched anti-
bodies. For all six mAbs, the IgG1 and IgG3 subclasses were
able to stimulate CD16 expressing NK-92 cells to degranulate
in the ADCC assay as measured by CD107a cell-surface expres-
sion*® (Figure 4B). However, IgG2 and IgG4 subclasses were not
able to activate degranulation of these cells, consistent with
their inability to bind to the CD16 expressing NK-92 cell line
(Figure S5A).

In the complement activation assay, IgG1 and IgG3 versions of
P008_87 were equally able to fix complement C3, and IgG2 and
IgG4 displayed an 8-fold and 100-fold reduced complement fix-
ation activity, respectively, when Spike was coated at 3 pg/mL
(Figure 4C). When the complement deposition assay was
repeated with concentrated virus-like particles (VLPs) express-
ing SARS-CoV-2 Spike coated on the ELISA plate, no ADCD ac-
tivity of IgG4 could be detected (Figure 4D), presumably due to a
lower avidity of C3q binding. This hypothesis was confirmed, as
ADCD activity of the IgG4 mAbs was also absent when the re-
combinant Spike was coated at a lower density of 0.3 pg/mL
(Figure 4E). A similar trend was observed for the remaining
IgG4 mAbs on both concentrated VLPs (Figure S7) and recombi-
nant Spike coated at 0.3 pg/mL (Figure 4F).

Finally, in the ADCP assay, equal phagocytic activity was
observed for the IgG1, 19G2, and IgG3 subclasses of each
mADb, but there was a 5- to 15-fold reduction in the phagocytic
activity of IgG4, which is consistent with the reduced binding
to the THP-1 cells (Figure 4G). Overall, the 1gG4 subclass
mAbs were unable to facilitate ADCC and had reduced ADCD
and ADCP activity.

Non-competing lgG4 is functionally silent, not inhibitory
Antibodies function in vivo within a polyclonal mix of antigen-
specific antibodies of different isotypes and subclasses. To
determine the functional impact of Spike-specific IgG4 on overall
antibody effector function of plasma, we next investigated how
the mAbs of different IgG subclasses, either targeting the same
epitope or non-competing epitopes, would interact with one
another in effector-function assays.

First, we investigated the effect of the presence of IgG4 target-
ing the same epitope as an IgG1 with potent ADCC activity. We
maintained a constant level of the IgG1 version of the mAb (either
P008_87 or VA14_R39) prior to titrating in either additional IgG1
or IgG4 of the same mAb. Adding in additional IgG1 of the mAb
led to an increased NK cell degranulation once the concentration
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was greater than the baseline level of mAb (Figure 5A). However,
addition of the IgG4 version of the mAb binding to the same
epitope led to inhibition of degranulation, likely due to competi-
tion for binding to a shared epitope on Spike. The same trend
was observed for both P0O08_87 and VA14_R39. However, this
inhibition of ADCC activity was not observed when an IgG4 tar-
geting a non-competing epitope was added (Figure 5B). Again, a
constant level of IgG1 antibody was maintained, but either an
additional IgG1 or IgG4 of a non-competing mAb was added.
Addition of IgG1 similarly led to additional NK cell degranulation.
However, addition of IgG4 as a non-competing antibody had no
effect on overall degranulation.

A similar experimental approach was used to study the direct
impact of Spike-specific IgG4 on ADCD and ADCP by a potent
IgG1 mAb. When IgG1 was added to a constant level of IgG1 tar-
geting the same epitope (either PO08_87 or VA14_R39), an in-
crease in ADCD was observed. When the 1gG4 version of this
mAb was added there was a decrease in ADCD, indicating an
inhibitory effect (Figure 5C). However, addition of an IgG1 or
IgG4 targeting a different Spike epitope showed no decrease
in ADCD activity (Figure 5D). In contrast, as the 1gG4 version
of the mAbs could facilitate ADCP, addition of competing or
non-competing I1gG1 or IgG4 led to an increase in ADCP
(Figures 5E and 5F). Overall, the presence of Spike-specific
19G4 could potentially decrease effector-function activity (both
ADCC and ADCD) through preventing the binding of IgG sub-
classes that are potent activators of effector functions, including
1gG1.

To determine whether such an effect might be seen in vivo
in the context of a polyclonal antibody response, we added a
cocktail of the IgG4 mAbs targeting different Spike epitopes
(PO0O8_60, PO0O08_87, PO008_90, P008_99, VA14_1, and
VA14_R39) to plasma collected after two mRNA doses, when
the Spike-specific IgG4 level is very low (Figure S8A), or after
three doses (Figures 5G-5I), and measured the impact on
ADCD, ADCC, and ADCP. Pooled IgG4 or IgG1 mAbs were
added at a combined concentration of 1 mg/mL, which greatly
exceeds the maximum level of Spike-specific IgG4 measured
in plasma. HIV-1 broadly neutralizing antibody PGT128 was
also used as a negative control.>” Addition of pooled Spike-spe-
cific IgG1 mAbs was able to increase the level of ADCC
(Figures 5G and S8A) and ADCD (Figure 5H). However, although
the pooled IgG4 was able to compete with the activity of IgG1
mAb P008_99, no difference in ADCC (Figures 5G and S8A)
and ADCD (Figure 5H) activity was observed for the polyclonal
plasma. Similar to the increase in ADCP observed in the mAb
competition experiments, addition of either the IgG1 or IgG4
cocktails increased the level of ADCP (Figure 5I).

This difference in ADCC and ADCD competition between the
mAbs and polyclonal plasma may be due to the recombinant

(C) ADCD assay for P008_87 as IgG1 (blue), IgG2 (green), IgG3 (purple), or IgG4 (red) with 3 pg/mL WT Spike ELISA plate coating.

(D) ADCD assay for P008_87 as IgG1 (blue), IgG2 (green), IgG3 (purple), or IgG4 (red) against Spike virus-like particles (VLP) (filled circles) or naked VLPs (clear circles).
(E) ADCD assay for P0O08_87 as IgG1 (blue), IgG2 (green), IgG3 (purple), or IgG4 (red) with 0.3 pg/mL WT Spike plate coating.

(F) ADCD for PO08_60, P008_87, P008_90, P0O08_99, VA14_1, and VA14_R39 class-switched to IgG1 (blue), IgG2 (green), IgG3 (purple), and IgG4 (red) with

0.3 pg/mL WT Spike plate coating.

(G) As (A) but for ADCP, measuring THP-1 macrophage uptake of WT Spike-coated fluorescent beads incubated with antibody.
Data representative of three technical replicates, presented as geometric mean + SD. Error bars not shown if smaller than data points. See also Figures S4-S7.
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IgG4s only targeting a proportion of the potential Spike epitopes
targeted by the functional IgG1 and IgG3 in the polyclonal
plasma. To reduce the number of competing epitopes, the
ADCC competition assay was repeated with immobilized RBD
and a cocktail of four RBD-specific mAbs (P008_87, PO08_90,
VA14_1, and VA14_R39). While addition of the IgG1 mAb cock-
tail increased ADCC activity, there was a trend toward a slight
decrease in plasma ADCC when the IgG4 mAb cocktail was
added (Figure S8B). To determine whether the IgG4 mAb cock-
tail can outcompete plasma IgG1 for binding to Spike or RBD, we
also performed a parallel ELISA that demonstrated an increase
in overall IgG1 and IgG4 Spike or RBD binding when the 1gG1
and IgG4 mAb cocktails were added to Post3 plasma but a
corresponding decrease in 1gG4 or IgG1 binding, respectively
(Figures S9A and S9B).

These data suggest that the interplay between IgG1 and IgG4
within the context of the polyclonal sera, where there is a wider
array of neutralizing and non-neutralizing epitopes targeted on
Spike, is more complex.

DISCUSSION

This study supports previous observations that the COVID-19
mRNA-based vaccine, BNT162b2, can lead to a Spike-spe-
cific IgG4 response following multiple exposures.'®?372°> This
study extends these observations further through additional
understanding of the factors impacting the switch to IgG4
following BNT162b2 vaccination and the functional activity
and potential consequences of high levels of Spike-spe-
cific IgG4.

Comparing the kinetics and magnitude of Spike-specific
IgG4 production in individuals with varying vaccination histories
enabled us to identify additional factors that impact IgG4 class
switching in the context of mMRNA vaccination. The interval be-
tween first and second BNT162b2 dose proved important for
the switch to Spike-specific 1gG4, as demonstrated by an
elevated level of IgG4 in the extended (12-week interval) vs.
short (3-week interval) group at 6 months post second vaccine
dose. However, a third BNT162b2 dose resulted in boosting to
reach similar levels of Spike-specific IgG4 in both the short and
extended groups. These data suggest that vaccine interval
alone is not sufficient to explain the previously reported differ-
ence in production of Spike-specific IgG4 between BNT162b2
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administered at a 3-week interval and AZD1222 administered
at a 12-week interval, where no Spike-specific IgG4 was de-
tected, but the difference must also be related to the vaccine
type and formulation.”® We observed the level of Spike-specific
IgG4 to further increase following additional mRNA vaccination,
similar to Gelderloos et al. who showed that the IgG4 level can
continue to increase after up to five doses of mMRNA vaccine in
older adults.?* Spike antigen exposure through BTI also
increased |gG4 Spike levels. Whether these increases are due
to continued evolution of already switched IgG4 or new
class-switching events needs to be investigated. However,
the class switch to IgG4 is specific for SARS-CoV-2 Spike in
the form of an mRNA-based immunogen, as nucleoprotein-
specific 1IgG4 was not detected following two SARS-CoV-2
BTls, and HA-specific IlgG4 was not detected in individuals
co-immunized with the influenza vaccine at the time of mRNA
booster vaccination. These results indicate that there may be
specific conditions created by the mRNA vaccine that make
B cells more prone to induce class-switch recombination
(CSR) to distal subclasses. Investigation of class switching to
antigen-specific 1gG4 for other mRNA-based vaccines is
required.

It has been proposed that long germinal-center reactions
observed following mRNA vaccination, where there is a pro-
longed presence of the Spike antigen in the lymph node,®>°
might explain the high level of Spike-specific IgG4.%° Prolonged
antigen exposure has also been proposed as the mechanism
behind IgG4 responses to honeybee venom observed in bee-
keepers.®® However, prolonged antigen exposure through
repeated vaccination with tetanus vaccines is not sufficient to
generate a strong vaccine-specific IgG4 response in the majority
of individuals.?>"5? Furthermore, despite continued maturation
of the Spike-specific IgG response being observed for at least
6 months post SARS-CoV-2 infection, presumably due to
extended antigen exposure,*? no Spike-specific IgG4 was de-
tected in our longitudinal infection cohort, including both mild
and severe disease, up to 33 weeks post infection. These obser-
vations highlight that repeated or prolonged antigen exposure is
not sufficient to facilitate IgG4 switch.

The distribution in 1gG4 binding to the RBD and NTD do-
mains was similar to that observed for total IgG and IgG1,
suggesting that there is no epitope bias in the subclass
switching. As the IgG4 shows a similar breadth of variant

Figure 5. Effector-function competition assays between IgG1 and IgG4
(A) ADCC competition assay, with constant level of either PO08_87 IgG1 or VA14_R39 IgG1 to give 10% NK cells with detectable surface CD107a, incubated with

increasing amounts of the same antibody as an IgG1 (blue) or IgG4 (red).

(B) ADCC competition assay with constant level of either P0O08_87 IgG1 or VA14_R39 IgG1 to give 10% of NK cells with surface CD107a, incubated with

increasing amounts of the other non-competitively binding antibody.
(C and D) As (A) and (B) but for ADCD.
(E and F) As (A) and (B) but for ADCP.

(G) ADCC competition assay spiking in additional pooled IgG1 or IgG4 monoclonal antibody cocktails (P008_60, PO08_87, PO08_90, P008_99, VA14_1, and
VA14_R39) or IgG1 isotype control antibody (anti-HIV IgG1 mAb PGT128) into four volunteer plasma samples (extended group Post3 samples) at 1:100 dilution or
positive control of P008_99 IgG1 monoclonal at 1 pg/mL.

(H) As (G) but for ADCD.

() ADCP competition assay spiking in additional pooled IgG1 or IgG4 monoclonal antibody cocktails (PO08_60, PO08_87, PO08_90, P008_99, VA14_1, and
VA14_R39) or IgG1 isotype control antibody (anti-HIV IgG1 mAb PGT128) into four volunteer plasma samples (extended group Post3 samples) at 1:2,000 dilution
or positive control of P008_99 IgG1 monoclonal at 0.5 pg/mL.

Data representative of three technical replicates, plotting geometric mean + SD. Error bars not shown if smaller than data points. See also Figures S8 and S9.
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Spike binding, it also suggests that the IgG4 B cells could be
arising from reactivation and switching of existing Spike-reac-
tive B cells rather than a de novo response. Additionally,
SARS-CoV-2 infection prior to BNT162b2 vaccination was
observed to accelerate the appearance of Spike-specific
IgG4, with IgG4 first being detected at low levels from 3 weeks
after the first BNT162b2 dose in three of eight individuals and
in all (8/8) individuals from 3 weeks after the second dose.
This more rapid appearance suggests that IgG subclasses
generated in response to SARS-CoV-2 infection can be class
switched to IgG4 upon mRNA vaccination, indicative of reac-
tivation of existing B cell clones rather than generation of a de
novo response. This is similar to the late remodeling of the
memory B cell repertoire observed in vaccinated individuals
following BA.1 infection.®® However, it is noteworthy that the
avidity of the Spike-specific IlgG4 lags behind that of the total
IgG, particularly against the BA.1 variant Spike. In contrast to
the former observation, this may indicate that IgG4 production
does not solely arise from the class switching of high-avidity
IgG subclasses and is supported by identification of variant-
specific B cell clones upon BTIL.%* Alternatively, the lower avid-
ity could also arise from the ability of IgG4 to undergo Fab arm
exchange leading to monovalent antibody binding with
reduced avidity.®* Further investigations into the clonal origin
of IgG4 in relation to other antibody classes and IgG sub-
classes over time is required to understand further the origin
of 1gG4.

Antibody effector functions have been shown to be important
in the therapeutic and prophylactic activity of SARS-CoV-2
mAbs in animal models.?>*° A significant concern with the elic-
itation of Spike-specific IgG4 is the reported anti-inflammatory
properties arising from reduced affinity to Fcy receptors®®>®
and an association with risk of SARS-CoV-2 infection.®® Impor-
tantly, despite the production of Spike-specific IgG4, repeated
mRNA vaccine boosting has remained protective from severe
COVID-19."? The consequence of high levels of Spike-specific
IgG4 on effector-function activity is difficult to tease apart, due
to the polyclonal nature of plasma and the varying proportions
and amounts of Spike-specific IgG1, 1gG2, 19G3, and 1gG4
both at different time points and between individuals as well
as the lack of animal models that produce IgG4.*' Aurelia
et al. recently demonstrated that the functional impact of
IgG4 is dependent upon the titer of each IgG subclass and
the Fcy receptor being studied.®® By subclass-switching previ-
ously characterized Spike-specific IgG mAbs, we have been
able to investigate the functional implications of elevated levels
of Spike-specific IlgG4 more directly. As expected, antibody
class switching had no impact on the ability of mAbs to
neutralize SARS-CoV-2, which is consistent with the increasing
plasma-neutralizing activity observed as Spike-specific total
IgG increases. Spike-specific IgG1 and IgG3 were able to facil-
itate ADCC, ADCD, and ADCP equally. Spike-specific IgG2 lost
ADCC activity, retained ADCP activity, and was a weak acti-
vator of ADCD. Spike-specific IgG4 had the lowest levels of
effector-function activity, showing no ADCC and ADCD activity
(at low antigen densities), and had a 10-fold reduction in ADCP.
Using mAbs expressed as different subclasses in ADCC and
ADCD competition assays, we showed that in the context of
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viral infection the Spike-specific IgG4 is functionally silent un-
less there is direct binding competition with a functionally
active IgG1. In this scenario, the IgG4 reduces effector-function
activity by preventing the binding of IgG1 to the Spike antigen.
In the context of allergy, increased titers of allergen-specific
IgG4 has been shown to reduce hypersensitivity through block-
ing the activity of IgE,°” and IgG4 in the context of mRNA
vaccination may have a comparative function in reducing in-
flammatory responses while maintaining the ability to neutralize
free virus. Indeed, this blocking nature of IgG4 makes it a
commonly used format for therapeutic mAbs due to its limited
ability to induce inflammatory responses.*° Despite the unusual
presence of Spike-specific IgG4, the relatively low-level pres-
ence compared to the more functionally active IgG1 suggests
the inhibitory effect arising from steric occlusion could be out-
competed for the limited antigenic sites on the surface of a
virion or infected cell or the lower avidity of 1IgG4 binding.
Furthermore, in the context of SARS-CoV-2 infection, anti-
bodies against viral proteins other than Spike can also mediate
effector functions such as ADCC.®® Therefore, the non-stimula-
tory effect of Spike-specific IgG4 may be hidden in more com-
plex scenarios, such as polyclonal mixes. Indeed, we were un-
able to inhibit ADCD or ADCC activity in polyclonal sera
through addition of a cocktail of Spike-specific IgG4s at high
concentrations (up to 1 mg/mL).

In summary, we show that factors including vaccine interval
and frequency, hybrid immunity, and BTI all enhance the pro-
duction of Spike-specific IgG4 following BNT162b2 mRNA
vaccination. Through generation of Spike-specific mAbs of
each IgG subclass, we showed that IgG4 can inhibit ADCC
and ADCD activity of potently activating IgG1 through direct
binding competition. However, the polyclonal nature of plasma
and the lower avidity of IgG4 binding observed suggest that the
impact on overall effector-function activity is likely to be mini-
mal and will be heavily dependent on the epitope specificity
of the IgG4 antibodies produced. Further research is needed
to understand the factors that trigger 1IgG4 class switching in
the context of mMRNA vaccination and the origin of the anti-
gen-specific IgG4 antibodies.

Limitations of the study

Limitations of this study include the relatively small group sizes
for the different vaccine and infection cohorts. This study would
be strengthened through the study of IgG subclass responses to
alternative COVID-19 vaccine platforms including viral vectors,
inactivated virus, and subunit vaccines. The IgG1 and IgG4
mAb cocktails used in the ADCC and ADCP competition studies
are unlikely to cover the full range of functional epitopes present
on SARS-CoV-2 Spike, and therefore the full extent of IgG4
competition in the context of the polyclonal response may not
have been reached.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

HILOAD 16/600 SUPERDEX 200 PG
Column

Strep-TactinXT Superflow 50% Suspension
BioLock blocking solution

Ni Sepharose 6 Fast Flow

Golgistop Protein Transport Inhibitor

GE Healthcare

IBA Lifesciences
IBA Lifesciences
Cytiva

BD Biosciences

Cat#: 28989335

Cati#: 2-4010-002
Cati#: 2-0205-050
Cat#: GE17-5318-06
Cati#: 554724

Critical commercial assays

Q5® Site-Directed Mutagenesis Kit
Bright-Glo luciferase kit

Phusion High-Fidelity DNA Polymerase
LIVE/DEAD Fixable Aqua Dead Cell Stain
Kit

1-Step™ Ultra TMB ELISA Substrate
Solution

Phosphatase substrate

Guinea Pig Complement Serum

FluoSpheres™ NeutrAvidin™-Labeled
Microspheres, 1.0 um, yellow-green
fluorescent (505/515)

New England Biolabs
Promega

New England Biolabs
Thermofisher Scientific

Thermofisher Scientific
Sigma Aldrich

Sigma
Invitrogen

Cat#: E0554
Cat#: E2610
Cat#: E2611L
Cat#: L34957

Cat#: 34028

Cat#: S0942-200TAB
Cat#: S1639
Cat#: F8776

Experimental models: Cell lines

FreeStyle™ 293F Cells
HEK293T/17
HelLa-ACE2

NK-92 Cells transduced with high affinity
(Valine 158) human CD16

Thermofisher Scientific
ATCC

James Voss (Scripps) °
This manuscript (Source: Richard Stanton)

RRID:CVCL_D603
Cat#: R79007

RRID:CVCL_1926
Cat#: CRL-11268

N/A
N/A

THP-1 Cells ATCC RRID:CVCL_0006
Cat#: TIB-202

Raiji Cells ATCC RRID:CVCL_0511
Cat#: CCL-86

Oligonucleotides

Antibody variable sequence primers Refs.”®/""7"% N/A

Recombinant DNA

Biotinylated Spike (pHLSec) This manuscript and ref. > N/A

Pre-fusion, stabilized and uncleaved SARS- Marit van Gils (Amsterdam)’* N/A

CoV-2 Spike (pcDNA3.1+) (WT)

Truncated SARS-CoV-2 Wuhan Spike Wendy Barclay (Imperial) N/A

(pcDNA3.1+)

Truncated B.1.1.529 (omicron/BA.1) variant Wendy Barclay (Imperial) N/A

Spike (pcDNA3.1+)

Full-length SARS-CoV-2 Spike (pcDNA3.1 Ref.® N/A

+)

pHIV-Luc (constructed by replacing GFP in Luis Apolonia (KCL) N/A

pHR’SIN-SEW (Demaison et al.”®) with HA-

luciferase)

HIV 8.91 gag/pol packaging construct p8.91 7° N/A

HIV 8.91 mScarlet gag/pol packaging Sergi Padilla-Parra (KCL) N/A

construct
AbVec2.0-IGHG2 Heavy Chain Plasmid
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REAGENT or RESOURCE SOURCE IDENTIFIER

AbVec2.0-IGHG3 Heavy Chain Plasmid Addgene RRID:Addgene_99577

AbVec2.0-IGHG4 Heavy Chain Plasmid Addgene RRID:Addgene_99578

BirA Plasmid (pDisplay-BirA-ER) Addgene RRID:Addgene_20856

Software and algorithms

FlowdJo Tree Star https://www.flowjo.com

Prism Graphpad https://www.graphpad.com/scientific-
software/prism/

Other

FACS Canto Il BD Biosciences N/A

Victor™ X3 multilabel reader Perkin Elmer N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethics

Demographics of the vaccinated and infected volunteer samples are shown in Table S1. Samples were collected according to the
timeline shown in Figure S1. This vaccine cohort used human plasma samples collected with written consent as part of a study enti-
tled “Antibody responses following COVID-19 vaccination.” Ethical approval was obtained from the King’s College London Infec-
tious Diseases Biobank (IDB) (KDJF-110121) under the terms of the IDB’s ethics permission (REC ref. 19/SC/0232) granted by the
South Central Hampshire B Research Ethics Committee in 2019 and London Bridge Research Ethics Committee (reference:
REC14/L0O/1699). Collection of surplus serum samples from SARS-CoV-2 convalescent donors at St Thomas Hospital, London,
was approved by South Central-Hampshire B REC (20/SC/0310).

Bacterial strains and cell culture

SARS-CoV-2 pseudotypes were produced by transfection of HEK293T/17 cells (ATCC CRL-11268) and neutralization activity as-
sayed using Hela cells stably expressing ACE2 (kind gift from Dr James Voss, Scripps Research, CA). Monoclonal antibodies
were expressed in HEK293 Freestyle (HEK293F) cells (Thermofisher Scientific). NK-92 human CD16 cells were made by transducing
NK-92 cells with a retroviral vector expressing high affinity (Valine 158) human CD16. THP-1 (TIB-202) and Raji (CCL-86) cells were
obtained from ATCC. HEK293T/17 cells and HeLa-ACE2 cells were maintained in Dulbecco’s Modified Eagle Medium supplemented
with GlutaMAX, 10% Fetal Calf Serum and 1% Penicillin/Streptomycin (DMEM-C). HEK293F cells were maintained in Freestyle me-
dia. THP-1 and Raji cells were maintained in Roswell Park Memorial Institute (RPMI) 1640 supplemented with GlutaMAX, 10% Fetal
Calf Serum (RPMI-C). NK-92 cells expressing CD16 were maintained in Minimum Essential Medium o (MEM «) supplemented with
L-glutamine, nucleosides, 12.5% Fetal Calf Serum, 12.5% Horse Serum, 20 mM HEPES, 0.2 mM Myo-inositol, 0.02 mM Folic Acid,
0.1 mM 2-mercaptoethanol and 50 IU/mL interleukin (IL)-2. Bacterial transformations for class switching were performed with NEB
Stable Competent E. coli.

METHOD DETAILS

Protein expression and purification

Recombinant Spike, RBD and NTD (residues 1-310) were expressed and purified as previously described.®®° Recombinant SARS-
CoV-2 WT Nucleocapsid (N protein) was a kind gift from Dr Leo James, Laboratory of Molecular Biology, Cambridge. Recombinant
Spike trimers were engineered from full-length Spike expression plasmids (pcDNA3.1 plasmid) using a molecular cloning approach.
The furin cleavage site (RRAR) was replaced with a flexible linker (GGGG), and the K986 and V987 residues in the S2 subunit were
mutated to prolines using site-directed mutagenesis. The resulting sequences were truncated at amino acid position 1138 and subcl-
oned into pHLSec’” via Gibson assembly, positioning them upstream of a flexible linker (GSGG), T4 foldon trimerization domain, and
incorporating Avi and His tags.

Biotinylated Spike was expressed as previously described.>? Biotinylated Spike was expressed in 1L of HEK293F cells (Invitrogen)
at a density of 1.5 x 10° cells/mL. To achieve in vivo biotinylation, 480pg of each plasmid was co-transfected with 120 pg of BirA”®
and 12 mg PEI-Max (1 mg/mL solution, Polysciences) in the presence of 200 uM biotin (final concentration). The supernatant was
harvested after 7 days and purified using immobilized metal affinity chromatography and size-exclusion chromatography. Complete
biotinylation was confirmed via depletion of protein using avidin beads.

Influenza HA hemagluttinin A/California 04/2009 was cloned into the pHLSec vector containing a 6xHIS tag, and expressed and
purified in the same manner as for SARS-CoV-2 Spike.
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IgG subclass cloning and expression
SARS-CoV-2 monoclonal antibodies were isolated and characterized previously.”-°>°° Heavy chains were PCR amplified using pre-
viously described primers and conditions,”°>°*"" and cloned into human IgG heavy chains of IgG2 (Addgene AbVec2.0-IGHG2
#99576), 1gG3 (AbVec2.0-IGHG3 #99577) and IgG4 (AbVec2.0-IGHG4 #99578) using the Gibson Assembly Master Mix (NEB)
following the manufacturer’s protocol. AbVec2.0-IGHG2, AbVec2.0-IGHG3 and AbVec2.0-IGHG4 were a gift from Hedda Warde-
mann (Addgene plasmid #99576, #99577 and #99578; RRID:Addgene_99576, RRID:Addgene_99577 and RRID:Addgene_99578).
Ab heavy and light plasmids were co-transfected at a 1:1 ratio into HEK-293F cells (Thermofisher) using PEI Max (1 mg/mL, Poly-
sciences, Inc.) at a 3:1 ratio (PElI Max:DNA). Ab supernatants were harvested five days following transfection, filtered and purified
using protein G affinity chromatography following the manufacturer’s protocol (GE Healthcare).

Pseudovirus production

HEK293T/17 cells were seeded in a 10cm dish at a density of 3 x 10° cells/mL. Following overnight culture, cells were co-transfected
using 90 pg PEI-Max (1 mg/mL, Polysciences) with 15 pg HIV-luciferase plasmid, 10 pg HIV 8.91 gag/pol plasmid, and 5 pg SARS-
CoV-2 Spike protein plasmid.’® Transfected cells were incubated for 72 h at 37°C, and virus was harvested, sterile filtered, and stored
at —80°C until required.

VLP production and quantification

HEK293T/17 cells were seeded in a 10 cm dish at a density of 3 x 10° cells/mL. Cells were transfected using 90uL PEI (1mg/mL so-
lution) with the following plasmids: 2.5 pg WT SARS-CoV-2 Spike plasmid, 8 pg HIV gag/pol mScarlet plasmid, 2 pg HIV 8.91 gag/pol
plasmid, and 10 pg HIV-luciferase plasmid. The supernatant containing the VLPs was collected 72 h post-transfection, clarified by
centrifugation at 3,000x g for 15 min and passed through a 0.45 um filter. The clarified supernatant was then layered onto a sucrose
cushion (20% sucrose, 50 mM Tris-HCI, 0.5 mM EDTA, and 100 mM NaCl in PBS, pH 7.4) and centrifuged at 10,000xg for 4 h at 4°C.
The supernatant was gently aspirated and the concentrated VLPs were resuspended in PBS. The samples were then stored at —80°C
until use. Infectivity of VLPs was measured using HeLa ACE2 cells.

Antibody subclass ELISA

High-binding ELISA plates (Corning, 3690) were coated with antigen (N protein, S glycoprotein, RBD, NTD or Influenza HA) or F(ab’),
Fragment of Goat Anti-Human IgG F(ab’), fragment (Jackson 109-106-106) at 3 pg/mL (25 pL per well) in phosphate-buffered serum
(PBS) overnight at 4°C. Wells were washed with PBS-T (PBS with 0.05% Tween-20) and then blocked with 100 pL of 5% milk in
PBS-T for 1 h at room temperature. The wells were emptied, and serial dilutions of plasma (starting at 1:25 dilution, 5-fold dilution
series, heat-inactivated at 56°C for 30 min) were added and incubated for 1 h at room temperature. Dilutions of a known monoclonal
antibody standard, and serum antibody standard ERM-DA470k (Sigma)’® were used for quantification. Wells were washed with
PBS-T. Secondary antibodies were added (1:1,000 dilution in 5% Milk in PBS-T) and incubated for 1 h at room temperature, including
goat-anti-human total IgG-alkaline phosphatase (AP) (Jackson Immunoresearch, 109-055-098), mouse-anti-human IgG1-horse-
radish peroxidase (HRP) (Invitrogen A10648), mouse-anti-human IgG2-HRP (Invitrogen MH1722), mouse-anti-human IgG3-HRP
(Southern Biotech 9210-05), mouse-anti-human IgG4-HRP (Invitrogen MH174225)). Wells were washed with PBS-T and either AP
substrate (Sigma) was added and read at 405 nm (AP) or one-step 3,3',5,5'-tetramethylbenzidine (TMB) substrate (Thermo Fisher
Scientific) was added and quenched with 0.5 M H,SO,4 before reading at 450 nm (HRP). Quantification was conducted by comparing
dilutions to reach the same ECs5q value calculated by GraphPad Prism.

Avidity assay

The avidity ELISA was carried out as described above except for one additional step. After incubation of plasma, one half of the plate
was incubated with 8M Urea and the other half incubated with PBS for 15 min before washing 5-times with PBS-T. The area under the
curve was determined in Prism (Log dilution). The avidity index was calculated using the following formula:

Area under curve with 8M Urea
Avidity i =1
vidity index 00« ( Area under curve with no Urea )

Immune complex binding assay

NK-92 cells expressing human CD16, THP-1 cells and Raji cells were plated at 1.0 x 10°cells/well on high-binding full-well 96 well
plates. Immune complexes were formed by incubating 25 pL of serially diluted mAb in RPMI-C (starting at 100 pg/mL, 5-fold dilution
series), with WT Spike protein (25 pL at 3.0 pg/mL) for 1 h. Immune complexes were then incubated with each cell type for 1 h. Cells
were then washed with PBS-T, and blocked with Fc Block (BD Biosciences) for 1 h. Following a final was in PBS-T, binding to cells
was measured using the same secondary antibodies as for ELISA above.

Neutralization assay

Serial dilutions of plasma samples (starting at 1:50 dilution, 5-fold dilution series, heat inactivated at 56°C for 30 min) or monoclonal
antibody were prepared in DMEM-C (to total 25 pL) and incubated with pseudotyped virus (25 pL) for 1 h at 37°C in half-area 96-well

20  Cell Reports 44, 116000, July 22, 2025



Cell Reports ¢ CellPress

OPEN ACCESS

plates. HeLa ACE2 cells were diluted to a concentration of 5 x 10°cells/mL and added to each well (25 uL/well), and plates incubated
at 37°C for 72h. Infection levels were quantified by lysing the cells and measuring luciferase activity using the Bright-Glo Luciferase
Assay Kit (Promega) on a Victor X3 multilabel plate reader (PerkinElmer).

Antibody Dependent Cellular Cytotoxicity (ADCC) assay

ADCC assay was adapted from Bartsch et al.*® and Alter et al.*® High-binding full-well ELISA plates were coated with Spike or RBD
protein at 3 pg/mL (50 pL per well) in PBS for 2h at 37°C. Wells were washed with PBS and then blocked with 100 pL of 5% bovine
serum albumin in PBS overnight at 4°C. The plates were then washed with PBS, prior to addition of serial dilutions of heat inactivated
plasma samples (starting at 1:50 dilution, 5-fold dilution series) or monoclonal antibody diluted in DMEM-C and incubated at room
temperature for 1 h. NK-92 CD16 cells were added (1.0 x 10° cells/well) in media supplemented with an increased IL-2 concentration
(100 IU/mL), Golgistop protein transport inhibitor (BD Biosciences #554724, 5 uL per 1.0 x 106cells) and PerCP/Cyanine5.5 anti-hu-
man CD107a antibody (Biolegend Clone H4A3). Golgistop was added to maximize CD107a signal, by blocking degradation of rein-
ternalized CD107a from the plasma membrane.*® Plates were incubated at 37°C, 5% CO, for 6 h. NK-92 cells were transferred to
75 mm Polystyrene Tubes, washed with PBS and fixed by addition of 4% paraformaldehyde. Level of CD107a surface expression
was measured by flow cytometry using a BD Canto |l

Antibody Dependent Complement Deposition (ADCD) assay

ADCD assay was adapted from Polycarpou et al.°® High-binding ELISA plates (Corning, 3690) were coated with Spike protein at
3 pg/mL or 0.3 pg/mL (25 pL per well) in phosphate-buffered saline (PBS) overnight at 4°C. For VLP assays, purified VLPs at
4 x 108 infectious units/well were incubated at room temperature for 2 h. Wells were washed with PBS-T (PBS with 0.05% Tween
20) and then blocked with 100 pL of 5% milk in PBS-T for 1 h at room temperature. Serial dilutions of heat-inactivated plasma (starting
at 1:250 dilution, 5-fold dilution series) or mAbs (25 uL in PBS) were added and incubated for 1 h at room temperature, followed by
washing with PBS-T. Guinea Pig Complement Serum (Sigma S1639) was diluted to 1:100 (as per the complement activity level) in
HEPES Buffered Saline (0.01 M HEPES, 0.15 M NaCl, 135 nM CaCl,, 1 mM MgCl,, adjusted to pH 7.4) as barbitone buffers are
not available.®° Diluted complement was added to the wells, alongside a heat inactivated control plasma (56°C for 30 min), and plate
was incubated for 1 h. Wells were washed with PBS-T, prior to addition of Goat Anti-Guinea Pig Complement C3 polyclonal (1:250 in
5% milk/PBS-T, MP Biomedicals 0855371) for 1 h at room temperature. Wells were washed with PBS-T, and incubated with HRP-
conjugated Mouse Anti-Goat IgG (1:500, Santa Cruz Biotechnology sc-2354). Wells were then washed and TMB substrate added
which was quenched with 0.5 M H,SO, before reading at 450 nm (HRP).

Antibody Dependent Cellular Phagocytosis (ADCP) assay

The ADCP assay was based on previously published protocol.®" Briefly, biotinylated SARS-CoV-2 Spike (5 pL at 1 mg/mL) was incu-
bated with 10 pL of washed yellow-green fluorescent NeutrAvidin-Labeled Microspheres (480-505 nm, 1.0 pm size, Thermofisher),
and incubated at 37°C for 2 h. Beads were washed twice (0.1% PBS-BSA) by centrifugation (16,000x g, 5 min) at room temperature.
The antigen-coupled fluorescent beads were resuspended in 0.1% PBS-BSA (1:500 by volume). 2.5 uL of this bead suspension was
incubated with 5 pL heat inactivated diluted plasma (starting at 1:2,500 dilution, 5-fold dilution series) or antibody dilutions at room
temperature for 1 h. THP-1 cells (25,000 cells/well) and bead/plasma mixes were added to 24 well plates and incubated for 16 h at
37°C, 5% CO.. Cells were washed and non-internalized fluorescence was quenched with the addition of 0.5% trypan blue. Bead
uptake was measured by flow cytometry using a BD FACS Canto Il. Phagocytosis scores were determined by first plotting the anti-
body concentration or plasma dilution against the geometric mean fluorescence intensity of the bead positive THP-1 cells multiplied
by the percent of bead positive THP-1 cells. These curves were used to calculate the AUC using GraphPad Prism.

IgG subclass ADCC, ADCD and ADCP competition assays

For competition assays, IgG1 of P008_87 or VA14_R39 were titrated to either 10% NK-92 cell degranulation activity, 25% comple-
ment C3 detection (0.5 at 450 nm absorbance) or 10% THP-1 cells with 1 or more beads for ADCP. Further PO08_87 or VA14_R39 of
I9G1 or IgG4 subclass was then added into this antibody mixture at different serial dilutions. These antibody mixes were then used in
the ADCC and ADCD assays as described above.

Plasma Spiked lgG4 ADCC, ADCD and ADCP assays

P008_60, PO08_87, P008_90, P008_99, VA14_1 and VA14_R39 IgG1s or IgG4s were pooled together for a combined final concen-
trations of 1 mg/mL for the anti-Spike ADCC and ADCD assays. P008_87, P008_90, VA14_1 and VA14_R39 IgG1s or IgG4s were
pooled together at a final concentration of 1 mg/mL each for the RBD ADCC assays. An IgG1 isotype control of PGT128 (an anti-
HIV-1 mAb) was also used to spike into plasma. The IgG1 and IgG4 cocktails were serially diluted (ADCC dilutions started from a
further dilution to 100 pg/mL (685 nM), while ADCD assays started from the initial 1 mg/mL (6,850 nM)) and 25 pL added to either
Post2 or Post3 plasma samples (25 pL of ED,5 values calculated from a prior ADCD assay (roughly 1:100 dilution)). P008_99 IgG1
mAb was used at 1 pg/mL as an ADCD and ADCC positive control. PO08_87 IgG1 mAb used at 1 pg/mL (6.85 nM) was used as a
positive control for the RBD only ADCC assay.
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Plasma Spiked ADCP assays were carried out with pools of PO08_60, P008_87, PO08_90, P008_99, VA14_1 and VA14_R39 IgG1s
or IgG4s at final concentrations of 1 mg/mL for each assay. These were further diluted to 100 ug/mL (685 nM), before creating a 5-fold
dilution series, and added to Post3 plasma samples (25 pL of EDo5 values calculated from a prior ADCP assay (roughly 1:2,000 dilu-
tion)). P008_99 IgG1 mAb was used at 0.1 pg/mL (0.69 nM) as a positive control for the ADCP assay. 2.5 pL of these mixes were incu-
bated with biotinylated-Spike-coated fluorescent beads as described for the standard ADCP assay.

IgG1 and IgG4 competition ELISAs

Competition ELISAs (in parallel with competition ADCC assays) were carried out by applying the Post3 plasma samples with spiked
IgG1 and IgG4 cocktails to ELISA plates coated with Full WT Spike or RBD domains at 3 pg/mL (25 pL per well). The increase or
decrease in bound IgG1 and IgG4 antibody upon addition of the IgG1 or IgG4 mAb cocktail was detected using the same secondary
antibodies described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

All ELISA, neutralization, ADCC, ADCP and ADCD experiments were performed in duplicate or triplicate as stated in the figure leg-
ends. The 50% inhibitory concentrations/dilutions (IC/IDso, EC/EDsg) and area under curve (AUC) were calculated using GraphPad
Prism software. Linear correlations (Figures 3 and S3, Spearman correlation) were calculated using GraphPad Prism. D’Agostino and
Pearson tests were performed to determine normality, and based on this result, paired t-tests, multiple comparisons repeated-mea-
sures ANOVA, and Wilcoxon signed rank tests (Figures 2 and 3) were used to determine significance, also calculated using GraphPad
Prism.
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Supplementary Table S1

A)
Short 6 Month Prior |Breakthrough | Bivalent
Group Extended . . ]
Group Waning [Infection Infection Booster
Number 8 17 9 8 9 8
Gender . . . . . .
Male : Female 1:7 7:10 4:5 3:5 3:6 1:7
Age 29-57 23-66 23-66 25-58 24-58 25-66
Range (Median) (46) (47) (47) (33) (29) (48)
B)
Group Mild Infection Severe Infection
Number 11 14
Gender
Male : Female 56 Ll
Age 27-67* 25-83
Range (Median) (41)* (55)

Supplementary Table 1 - (A) Demographics of the volunteers in each of the vaccination cohort
groups. (B) Demographics for volunteers in Mild and Severe Infection groups. *= age data only

available for 5 volunteers in this group. Related to Fig. 1 and Supplementary Figure S1.




Supplementary Figure S1

A)
4 Dose No. 1 2 3 N
Short Group —H H >
Week No. 0 36 30 33
Sample Name Post2 Pre3 Post3
\ P Y,
4 Dose No. 1 2 3 N
Extended Group I H H >
Week No. 0 1215 39 42
Sample Name Post2 Pre3 Post3
\ 4
4 Dose No. 1 2 3 )
6-month Waning } H H b
Week No. 0 1215 39 42 65
\_ Sample Name Post2 Pre3 Post3 6MontD
(" Dose No. Infection 1 2 N
Prior Infection I — — >
Week No. 03 1215
Sample Name Pre1 Post1 Pre2 Post2
\ . Y,
4 Dose No. 1 2 3 BTl )
Breakthrough } H H >
Infection (BTI) Week No. 0 1215 39 42 +3
Sample Name Post2 Pre3 Post3 BTI
\ P Y,
4 Dose No. 1 2 3 Bivalent\
Bivalent Vaccine } H H >
Week No. 0 1215 39 42 +3
Sample Name Post2 Pre3 Post3 Bivalent
\_
B)
4 Dose No. Infection h
Mild Infection HH } >
Week No. 0235 12
\_ Sample Name W2W3W5 W12 )
4 Dose No. Infection )
Severe Infection HHH — >
Week No. 0235 3133
Sample Name W2W3W5 W31 W33

.




Supplementary Figure S1

Supplementary Figure S1 - (A) Timing of vaccinations and infection in each of our vaccinated
groups. Plasma was collected in these groups at the specified times: Pre1 = before 1% dose, Post1 =
3 weeks after 15t dose, Pre2 = before 2"9 dose, Post2 = 3 weeks after 2" dose, Pre3 = before 3" dose,
Post3 = 3 weeks after 3" dose, 6Month = 6 months after 3" dose, BTl = 3 weeks after breakthrough
infection after 3™ dose, Bivalent = 3 weeks after bivalent booster. (B) Timings of serum samples
from mild and severe infection groups. Related to Fig.1 and Supplementary Table S1.



Supplementary Table S2

Total IgG Post2 Pre3

PBS-treated AUC 5.419 | 3.380 | 1.864 | 2.371 | 2.584 | 1.957 | 1.752 | 3.574 | 1.598 | 1.927 | 2.600 | 1.731 | 1.414 | 1.705

8M Urea-treated AUC 3.799 | 2.227 | 1.019 | 1.327 | 1.461 | 1.202 | 1.072 § 2.508 | 1.306 | 1.349 | 1.952 | 1.236 | 1.123 | 1.125

Avidity Index (%) 70.11 | 65.89 | 54.67 | 55.97 | 56.54 | 61.42 | 61.19 | 70.17 | 81.73 | 70.01 | 75.08 | 71.40 | 79.42 | 65.98
Total IgG Post3 Bivalent
PBS-treated AUC 3.340 | 1.801 | 2.47213.362 | 2.504 | 2.200 | 2.259 )| 4.190 | 2.837 | 4.440 | 3.688 | 3.259 | 3.582 | 3.705

8M Urea-treated AUC 2.88211.35112.146|12.984 | 2.045]11.654 | 1.565 | 3.815 | 2.146 | 3.974 | 3.368 | 2.948 | 3.195 | 3.128

Avidity Index (%) 86.29|75.01|86.81|88.76 | 81.67 | 75.18 | 69.28 | 91.05 | 75.64 | 89.50 | 91.32 | 90.46 | 89.20 | 84.43
1gG1 Post2 Pre3
PBS-treated AUC 459712686 | 1.172 | 1.681 | 1.002 | 1.291 | 1.093 | 2.824 | 1.070 | 1.731 | 2.208 | 1.328 |0.9126] 1.538

8M Urea-treated AUC 3.360 | 1.370 ]0.7846] 1.107 | 0.613 |0.7437]|0.6491] 2.188 | 0.793 | 1.131 | 1.747 | 1.027 [0.6224(0.9811

Avidity Index (%) 73.09151.01166.95|65.85|61.18 | 57.61 [ 59.39 | 77.48 | 74.11 | 65.34 | 79.12 | 77.33 | 68.20 | 63.79
1gG1 Post3 Bivalent
PBS-treated AUC 3.01111.33412.195| 3.062 | 2.226 | 1.924 | 1.992 | 3.501 | 2.300 | 3.813 | 3.051 | 2.649 | 2.954 | 3.086

8M Urea-treated AUC 2.59 11.0533|1.869 | 2.376 | 1.771 | 1.279 | 1.384 | 3.097 | 1.825 | 3.326 | 2.734 | 2.325 | 2.252 | 2.312

Avidity Index (%) 86.02 | 78.96 | 85.15 | 77.60 | 79.56 | 66.48 | 69.48 | 88.46 | 79.35 | 87.23 | 89.61 | 87.77 | 76.24 | 74.92
18G4 Post2 Pre3
PBS-treated AUC n.d. n.d. n.d. n.d. n.d. n.d. n.d. | 2.492]0.9372] 0.447 | 2.806 | 1.239 | 1.390 | 2.481

8M Urea-treated AUC nd. | nd. | nd. | nd. | nd. | nd. | nd. J0.8666/0.2899(0.1839] 1.341 |0.3789| 0.340 |0.8746

Avidity Index (%) = = = o = = = 34.78 | 30.93 | 41.14 | 47.79 | 30.58 | 24.46 | 35.25
1gG4 Post3 Bivalent
PBS-treated AUC 5419 | 3.38 [ 1.864 | 2.371 | 1.784 | 1.957 [ 1.752 1 4.369 | 1.633 | 1.162 | 3.492 | 1.876 | 2.425 | 3.648

8M Urea-treated AUC 3.939(2.357 | 1.198 [ 1.327 [ 1.081 | 1.332 | 1.172 | 3.961 |1.4474]0.9268] 3.029 |1.6401| 2.058 | 3.170

Avidity Index (%) 72.69|69.73 | 64.27 | 55.97 | 60.59 | 68.06 | 66.89 | 90.66 | 88.63 | 79.76 | 86.74 | 87.43 | 84.87 | 86.90

Supplementary Table 2 — Avidity Area Under the Curve (AUC) calculations corresponding to Fig. 2H
& Fig. 2I; for Spike-binding antibodies in Bivalent group plasma of Total IgG (black), I1gG1 (blue) and
IgG4 (red) subclasses, after treating with PBS or 8M Urea. 5-fold serial dilution of plasma started at 1
in 25. Only binding curves reaching saturation, with calculatable IC50 values used for this analysis,
n.d. (not determined) used to denote samples not meeting this criteria. The area under the curve
was determined in Prism (Log dilution). Related to Fig. 2H + 2I.



Supplementary Table S3

Total IgG Post3 Bivalent
PBS-treated AUC 2.5380.8199| 2.138 2.358 1| 1.971 [ 1.818 | 1.775 | 1.716 § 1.929 | 1.241 | 1.548 | 2.029 | 1.161 | 3.876 | 4.190 | 5.660

8M Urea-treated AUC  [1.827 [0.6369 1.836 [ 1.793 [ 1.778 | 1.650 | 1.689 [ 1.237 | 1.373 [0.9247( 1.475 [ 1.477 [ 1.174 | 3.591 | 3.348 [ 5.313

Avidity Index (%) 71.99|77.68]85.89(76.02190.1890.76 | 95.18 | 72.10 § 71.18 | 74.51 | 95.28 | 72.79 |101.12| 92.65 | 79.90 | 93.87
1gG4 Post3 Bivalent
PBS-treated AUC 2.79911.176 1 1.294 | 6.066 | 3.654 | 1.778 ] 3.068 | 1.735]§5.904 | 1.998 | 1.299 | 5.067 | 2.202 | 3.807 | 6.045 | 1.575

8M Urea-treated AUC  12.0340.818 [0.8325| 3.354 [ 2.217 | 1.205 | 2.055 [0.9573] 5.249 [ 1.542 | 1.148 | 4.134 [ 1.944 | 3.293 | 4.662 | 1.322

Avidity Index (%) 72.67169.59|64.30155.29|60.67 | 67.81|66.99|55.17])88.90|77.18 | 88.34 | 81.59 | 88.28 | 86.49 | 77.12 | 83.91
Total IgG Post3 Bivalent
PBS-treated AUC 2.336(1.02212.124 | 2.204 | 1.937 | 1.800 | 1.847 | 1.892§1.643 | 1.080 | 1.543 | 1.455|1.617 | 2.581 | 2.471 | 4.221

8M Urea-treated AUC  [1.785(0.795 [ 1.562 [ 2.153 [ 1.872 [ 1.625 [ 1.376 | 1.607 | 1.173 [0.8283( 1.192 [ 1.278 [ 1.160 | 2.339 | 2.252 | 3.555

Avidity Index (%) 76.43|77.74|73.52(97.69)96.67 [ 90.25|74.49 | 84.93§71.39|76.69|77.25|87.84|71.74190.62(91.14 | 84.22
1gG4 Post3 Bivalent
PBS-treated AUC 1.456(1.51711.711|3.984 1 1.685| 1.388 | 2.496 | 1.971§4.263 | 1.205]1.088 | 3.738 | 1.613 | 1.970 | 4.236 | 1.045

8M Urea-treated AUC  0.9522| 1.038 [0.9105| 1.776 | 1.147 [0.9294 1.979 | 1.094 | 3.144 [0.8624| 0.600 | 1.721 [0.8807| 1.424 | 2.630 [0.6348

Avidity Index (%) 65.38168.40 | 53.21|44.58 | 68.09 | 66.98 | 79.27 | 55.53 § 73.75| 71.55 | 55.13 | 46.03 | 54.61 | 72.32 | 62.08 | 60.73

Supplementary Table 3 — Avidity Area Under the Curve (AUC) calculations corresponding to Fig. 2J;
for WT and BA.1 variant Spike-binding antibodies in Bivalent group plasma of Total IgG (black), and
IgG4 (red) subclass, after treating with PBS or 8M Urea. 5-fold serial dilution of plasma started at 1 in
25. Only binding curves reaching saturation, with calculatable IC50 values used for this analysis,
n.d. (not determined) used to denote samples not meeting this criteria. The area under the curve
was determined in Prism (Log dilution). Related to Fig. 2J.



Supplementary Figure S2
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Supplementary Figure S2 - Example ADCC assay with a 5-fold serial titration of plasma from either
Post2 (grey) or Post3 (black) starting at 1 in 50 dilution. Highest, non-saturating, non-Hook effect
degranulation result (measured by percentage surface-expressed CD107a positive NK cells) used in
correlation calculations in other figures. Data in duplicate, plotting geometric mean and standard
deviation. Related to Fig. 3D and 3E.
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Supplementary Figure S3 - (A) Correlations between measured IgG2 and IgG3 levels and
Neutralisation, ADCC, ADCD and ADCP for combined data from extended and bivalent groups. (B)
Neutralisation, ADCC, ADCD, and ADCP for the extended group, plotted against the IgG1 to IgG4
ratio. Undetectable IgG4 levels were treated as the limit of detection (0.05ug/ml) to calculate
values. (C) Neutralisation and ADCC normalised to 1ug/ml Spike-binding Total IgG equivalent;
calculated by the activity value divided by the Total IgG level in ug/ml at Post2 or Post3 level. ADCD
and ADCP calculated by conversion of dilution series to pg/ml equivalents at Post2 and Post3 level;
and recalculating AUC for these new curves. ns not significant, * p<0.05, ** p<0.01. Related to Fig. 3.
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Supplementary Figure S4 — (A) Panel of monoclonal antibodies against WT spike, showing their
epitope of either Receptor Binding Domain (RBD), N-terminal Domain (NTD), or non-S1 regions;
competition group (ND=not done), equivalent antibody class (if an RBD targeting antibody) and the
WT spike ELISA EC50 and WT SARS-CoV-2 Pseudovirus Neutralisation IC50. (B) ADCC assay
measuring activation of NK cells by surface expression of CD107a against same panel of
monoclonal antibodies, with the highest degranulation effect plotted here after a 5-fold serial
dilution of each monoclonal, starting at 100pg/ml. Related to Fig. 4.
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Supplementary Figure S5 - Binding of immune complexes formed pooled monoclonal IgG1 (blue),
1gG2 (green), 1IgG3 (purple), and 1gG4 (red) incubated with recombinant WT Spike, on NK cells (A),
Raji cells (B), and differentiated THP-1 cells (C). Data is from 3 biological replicates, plotting
geometric mean and standard deviation, and representative of 2 technical replicates. Related to Fig.
4.
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Supplementary Figure S6 — Spike-binding ELISA of monoclonal antibodies P0O08_60, PO08_87,
P0O08_90, PO08_99, VA14_1 and VA14_R39, expressed as I1gG1 (blue), 1gG2 (green), IgG3 (purple), and
18G4 (red), with detection using the same anti-total IgG antibody. EC50 values calculated with
Graphpad Prism. Data is from 3 biological replicates, plotting geometric mean and standard
deviation, and representative of 2 technical replicates. Related to Fig. 4.
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Supplementary Figure S7 — ADCD assay, measuring Complement C3 deposition stimulated by
monoclonal IgG1 (blue) or IgG4 (red), against WT Spike Virus-like Particles (VLP) (filled circles) or
Naked VLPs (clear circles). Related to Fig 4.
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Supplementary Figure S8 — (A) ADCC competition assay against SARS-CoV-2 Full Spike, spiking in
addition Pooled IgG1 or IgG4 monoclonals (P008_60, PO08_87, P0O08_90, PO08_99, VA14_1 and
VA14_R39) or IgG1 Isotype Control antibody (anti-HIV IgG1 mAb PGT128) into 4 volunteer plasma
samples (Extended Group Post3 samples) at 1:100 dilution or position control of PO08_99 IgG1
monoclonal at 1Tpug/ml. Data is from 2 biological replicates, plotting geometric mean and standard
deviation. (B) ADCC competition assay against SARS-CoV-2 Receptor Binding Domain only, spiking
in additional Pooled IgG1 or IgG4 monoclonals (P008_87, PO08_90, VA14_1 and VA14_R39) or 1gG1
Isotype Control antibody (anti-HIV IgG1 mAb PGT128) into 4 volunteer plasma samples (Extended
Group Post3 samples) at 1:100 dilution or positive control of PO08_87 IgG1 monoclonal at 1pug/ml.
Data is from 3 biological replicates, plotting geometric mean and standard deviation. Related to Fig.

5.
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Supplementary Figure S9 — (A) Parallel Spike ELISA to Spike Competition ADCC assay, spiking in
additional Pooled I1gG1 or IgG4 monoclonals (P008_60, PO08_87, P0O08_90, P008_99, VA14_1 and
VA14_R39) or 1gG1 Isotype Control antibody (anti-HIV IgG1 mAb PGT128) into 4 volunteer plasma
samples (Extended Group Post3 samples) at 1:100 dilution or positive control of P0O08_99 I1gG1
monoclonal at 1ug/ml. (B) Parallel SARS-CoV-2 WT RBD ELISA to RBD competition ADCC assay,
spiking in additional Pooled IgG1 or IgG4 monoclonals (P008_87, PO08_90, VA14_1 and VA14_R39)
or 1gG1 Isotype Control antibody (anti-HIV IgG1 mAb PGT128) into 4 volunteer plasma samples
(Extended Group Post3 samples) at 1:100 dilution or positive control of P0O08_87 IgG1 monoclonal at

Tug/ml. Related to Fig 5.
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