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I M M U N O L O G Y

Waning immunity and IgG4 responses following 
bivalent mRNA boosting
Ninaad Lasrado1, Ai-ris Y. Collier1, Jessica Miller1, Nicole P. Hachmann1, Jinyan Liu1, Trisha Anand1, 
Esther A. Bondzie1, Jana L. Fisher1, Camille R. Mazurek1, Robert C. Patio1, Stefanie L. Rodrigues1, 
Marjorie Rowe1, Nehalee Surve1, Darren M. Ty1, Cindy Wu1, Taras M. Chicz2, Xin Tong2,  
Bette Korber3, Ryan P. McNamara2, Dan H. Barouch1,2*

Messenger RNA (mRNA) vaccines were highly effective against the ancestral SARS-CoV-2 strain, but the efficacy of 
bivalent mRNA boosters against XBB variants was substantially lower. Here, we show limited durability of neutral-
izing antibody (NAb) responses against XBB variants and isotype switching to immunoglobulin G4 (IgG4) respons-
es following bivalent mRNA boosting. Bivalent mRNA boosting elicited modest XBB.1-, XBB.1.5-, and 
XBB.1.16-specific NAbs that waned rapidly within 3 months. In contrast, bivalent mRNA boosting induced more 
robust and sustained NAbs against the ancestral WA1/2020 strain, suggesting immune imprinting. Following bi-
valent mRNA boosting, serum antibody responses were primarily IgG2 and IgG4 responses with poor Fc func-
tional activity. In contrast, a third monovalent mRNA immunization boosted all isotypes including IgG1 and IgG3 
with robust Fc functional activity. These data show substantial immune imprinting for the ancestral spike and 
isotype switching to IgG4 responses following bivalent mRNA boosting, with important implications for future 
booster designs and boosting strategies.

INTRODUCTION
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
causing the coronavirus disease 2019 (COVID-19) pandemic 
has continued to evolve rapidly. The messenger RNA (mRNA) 
vaccines have shown clinical efficacy against ancestral SARS-
CoV-2 (1–4), and the bivalent mRNA vaccines with the ancestral 
WA1/2020 and BA.5 spike immunogens have shown robust neu-
tralizing antibody (NAb) responses against WA1/2020 but lower 
NAb responses against BA.5 (5–8). SARS-CoV-2 has continued to 
evolve with recombinant lineages, such as XBB (Fig. 1) (5, 6). Two 
subvariants of XBB, XBB.1.5 and XBB.1.16 (fig. S1), and further 
mutated variants EG.5.1 and FL.1.5.1 are now global dominant 
variants. The ability of XBB.1.5 to evade NAb responses has been 
reported recently (6, 9–11). However, the durability and function-
al properties of XBB antibody responses induced by bivalent 
mRNA boosting remain to be determined.

Although NAbs are considered an important correlate of protec-
tion against SARS-CoV-2, the role of spike-specific T cells and other 
fragment crystallizable (Fc) functional antibodies in vaccine protec-
tion has received less attention. Immunoglobulin G1 (IgG1) and IgG3 
responses have been widely considered to activate the immune system 
in the context of vaccination or infection via the classical C1q comple-
ment pathway and engagement of Fcγ receptors, and have been re-
ported to correlate with survival following SARS-CoV-2 infection 
(12–14). In contrast, IgG2 does not interact substantially with the 
FcγRs or complement pathways (13, 15), and IgG4 interacts with the 
inhibitory FcγRIIB receptor (16). Both IgG2 and IgG4 have been 
shown to potentiate noninflammatory functions due to low Fc effec-
tor activity (17–19), with IgG4 described as a “blocking” antibody due 
to its ability to block excess inflammation (18, 19). Studies have shown 

that COVID-19 mRNA vaccines and adenoviral-vectored vaccines 
induce preferentially IgG1 and IgG3, with limited IgG2 and IgG4 in 
both humans and nonhuman primates (20–22). However, recent lon-
gitudinal follow-up studies after a second or third monovalent mRNA 
vaccination showed evidence of some class switching toward IgG4 
(23, 24). Further evolution of IgG subclasses after a fourth mRNA 
vaccination remains unknown.

In this study, we characterized the magnitude, cross-reactivity, and 
durability of immune responses following bivalent mRNA boosting 
against both ancestral and XBB strains. We also evaluated the anti-
body isotypes and Fc functional responses after a fourth bivalent 
mRNA boost and a third monovalent mRNA boost.

RESULTS
Durability of humoral immune responses following bivalent 
mRNA boosting
We and others have recently shown that the bivalent mRNA boosters 
increase NAb titers to multiple SARS-CoV-2 variants (5–8, 25), but 
the durability of these NAb responses to the XBB subvariants remains 
to be determined. XBB.1.5 is a derivative of XBB.1 with the F486P 
mutation, and XBB.1.16 has the E180V, T478R, and F486P mutations 
(Fig. 1). To assess the durability of the humoral immune responses 
following bivalent mRNA boosting against both the ancestral and 
XBB variants, we determined NAb responses using a luciferase-based 
pseudovirus NAb assay (6, 8). Our clinical cohort included 30 partici-
pants who received the bivalent mRNA boosters, and we performed 
NAb assays at baseline before boosting, at week 3 after boost, and at 
month 3 after boost (tables S1 and S2). Between baseline and month 
3, two of the study participants had SARS-CoV-2 infection, whereas 
43% of study participants had a known COVID-19 infection or were 
nucleocapsid seropositive since the beginning of the pandemic (ta-
bles S1 and S2). We speculate that this represents an underestimate of 
the true rate of infection due to clinically undiagnosed and asymp-
tomatic infections.
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At baseline, median NAb titers to WA1/2020, BA.2, BA.5, BQ.1.1, 
XBB.1, XBB.1.5, and XBB.1.16 were 5015, 118, 104, 59, 46, 74, and 25, 
respectively, in nucleocapsid seronegative participants (Fig.  2 and 
fig.  S2). At week 3, median NAb titers to WA1/2020, BA.2, BA.5, 
BQ.1.1, XBB.1, XBB.1.5, and XBB.1.16 increased to 25,954, 5318, 
2285, 379, 125, 137, and 59, respectively (Fig. 2 and fig. S2), which 
represents a 5.2-, 45.0-, 21.9-, 6.4-, 2.7-, 1.8-, and 2.3-fold increment 
in median NAb titers in the respective groups. At month 3, median 
NAb titers to WA1/2020, BA.2, BA.5, BQ.1.1, XBB.1, XBB.1.5, and 
XBB.1.16 were 21,804, 3996, 1241, 142, 59, 76, and 70, respectively 
(Fig. 2 and fig. S2). These data suggest that bivalent mRNA boosting 
elicited high NAb titers against the ancestral WA1/2020 strain, mod-
erate NAb titers against BA.5, and low NAb titers against the XBB sub-
variants. Moreover, whereas durability appeared relatively robust for 
WA1/2020 at month 3, NAb responses fell to preboost levels against 
XBB.1 and XBB.1.5 by month 3, suggesting more limited durability 
against the XBB subvariants.

Minimal cellular immune responses following bivalent 
mRNA boosting
We next assessed spike-specific interferon-γ–positive (IFN-γ+) CD4+ 
and CD8+ T cell responses in peripheral blood mononuclear cells 
(PBMCs) by intracellular cytokine staining assays. Median spike-
specific IFN-γ+ CD4+ T cell responses to WA1/2020, BQ.1.1, and 
XBB.1.5 were 0.098, 0.072, and 0.065% at baseline before boosting, 
and 0.099, 0.073, and 0.090% at month 3 after boost, respectively 
(Fig.  3). Median spike-specific IFN-γ+ CD8+ T cell responses to 
WA1/2020, BQ.1.1, and XBB.1.5 were 0.080, 0.060, and 0.059% at 
baseline before boost, and 0.107, 0.125, and 0.106% at month 3 after 

boost, respectively (Fig. 3). Although T cell cross-reactivity was ro-
bust, including against XBB.1.5, bivalent mRNA boosting only mini-
mally augmented CD4+ and CD8+ T cell responses.

IgG subclass and functional responses following bivalent 
mRNA boosting
To explore in greater detail spike-specific antibody responses follow-
ing bivalent mRNA boosting, we assessed IgG subclass responses 
(IgG1, IgG2, IgG3, and IgG4) against WA1/2020, BA.1, BA.2, BQ.1.1, 
and XBB.1.5 following bivalent mRNA boosting. Less than twofold 
increases in IgG1 responses were observed to WA1/2020, BA.1, BA.2, 
BQ.1.1, and XBB.1.5 at week 3 and returned to preboost levels by 
month 3 (Fig. 4A). A similar trend was observed with IgG3 responses. 
Slightly higher 4.9-, 2.7-, 1.9-, 1.7-, and 1.5-fold increases in IgG2 re-
sponses were seen to WA1/2020, BA.1, BA.2, BQ.1.1, and XBB.1.5 at 
week 3 (Fig. 4A). In contrast, markedly higher 11.2-, 11.0-, 9.1-, 8.5-, 
and 7.8-fold increases in IgG4 responses were observed to WA1/2020, 
BA.1, BA.2, BQ.1.1, and XBB.1.5 at week 3, and these responses were 
durable at month 3 (Fig. 4A). These results suggested that bivalent 
mRNA boosting did not substantially increase proinflammatory IgG1 
and IgG3 responses but rather skewed responses primarily to isotype-
switched IgG4 responses.

Fc effector functions of antibodies have been shown to contribute 
to protection against SARS-CoV-2 (26–28). We therefore assessed 
antibody-dependent cellular phagocytosis (ADCP), antibody-
dependent neutrophil phagocytosis (ADNP), antibody-dependent 
complement deposition (ADCD), and antibody-dependent natural 
killer cell activation (ADNKA) responses. Consistent with the largely 
negative IgG1 and IgG3 responses, bivalent mRNA boosting led to 

Fig. 1. Key spike mutations found in SARS-CoV-2 Omicron and XBB subvariants. Spike amino acid substitutions in baseline sequences for BA.2, BA.5, BQ.1.1, XBB.1, 
XBB.1.5, and XBB.1.16 are depicted. XBB variants are recombinants between parental sequences BJ.1 (BA.2.10.1) and a sublineage of BA.2.75 (BM.1.1.1). BA.2 mutations 
compared with the ancestral WA1/2020 Spike are shown in black, and additional mutations relative to BA.2 are highlighted in colors corresponding to individual variants. 
Light gray shading indicates differences in prominent XBB lineages relative to the original recombinant founder. NTD, N-terminal domain; RBD, receptor binding domain.
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minimal or no enhanced ADCP, ADNP, and ADCD responses to 
WA1/2020, BA.1, BQ.1.1, and XBB.1.5 and only modest increases in 
ADNKA responses (Fig. 4B and fig. S3). These data show that the an-
tibody responses following bivalent mRNA boosting were primarily 
IgG4 responses with limited Fc functional activity.

IgG subclass and functional responses following third 
monovalent mRNA boosting
Previous reports from multiple laboratories have shown that a third 
monovalent mRNA immunization augmented NAbs to both WA1/2020 
and Omicron variants (29–32). We assessed antibody isotypes in a sep-
arate cohort of individuals who received a third monovalent mRNA 
immunization (table S2). Vaccinees who received a third mRNA vac-
cine had robust IgG1 responses against WA1/2020 (19.1-fold), Gamma 
(15.2-fold), and Delta (3.6-fold) at 3 weeks after vaccination (Fig. 5A). 
IgG2 and IgG3 similarly increased. As previously reported (23, 24), a 
third monovalent mRNA immunization also led to IgG4 responses 
against WA1/2020 (10.3-fold), Gamma (8.5-fold), and Delta (1.7-fold) 
(Fig. 5A). These responses largely declined to preboost levels at month 
6 following the third mRNA boost. Moreover, in contrast to the limited 
Fc functional activity following the fourth mRNA boost, ADCP, ADNP, 
and ADCD responses increased following the third mRNA boost 

(Fig. 5B). These data show that a third mRNA boost resulted in mixed 
IgG1/IgG2/IgG3/IgG4 responses with Fc functional activity.

DISCUSSION
Studies from multiple groups have shown that bivalent mRNA boost-
ing resulted in robust NAb responses against the ancestral WA1/2020 
strain but lower NAb responses against the BA.5 strain (5–8, 11, 25). 
In this study, we show that the durability of NAb responses to 
WA1/2020 is relatively robust but that the magnitude and durability 
of NAb responses to XBB subvariants are more limited following biva-
lent mRNA boosting. This finding is consistent with recent clinical 
efficacy studies that have reported that the bivalent mRNA vaccines 
provided minimal protection against acquisition of infections that 
waned from 29% to 0% after 20 weeks and moderate protection 
against severe disease that waned from 67% to 38% after 20 weeks 
(33), during a time when XBB variants were predominant.

Immune imprinting likely contributed to NAb responses being di-
rected primarily against the ancestral WA1/2020 strain following bi-
valent mRNA boosting (34–36). This phenomenon has also been 
recently described in studies where immunization with monovalent 
or bivalent mRNA vaccines induced limited NAbs against BA.5 and 

Fig. 2. NAb responses to SARS-CoV-2 Omicron and XBB subvariants. NAb titers against the WA1/2020, BA.2, BA.5, BQ.1.1, XBB.1, XBB.1.5, and XBB.1.16 variants by 
luciferase-based pseudovirus neutralization assays at baseline before boosting, at week 3 following boosting, and at month 3 following boosting in nucleocapsid sero-
negative participants are shown. Median NAb titers (red bars) are depicted and shown numerically. LOD indicated by dotted lines represents the starting dilution used for 
the NAb assay, 1:20.

Fig. 3. Cellular immune responses to SARS-CoV-2 Omicron and XBB variants. IFN-γ+ CD4+ and IFN-γ+ CD8+ T cell responses in PBMCs from vaccinees to WA1/2020, 
BQ.1.1, and XBB.1.5 spike-specific peptide pools by intracellular cytokine staining assays at baseline before boosting, and at month 3 following boosting are shown. 
Medians (red bars) are depicted and shown numerically.



Lasrado et al., Sci. Adv. 10, eadj9945 (2024)     23 February 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

4 of 9

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

104

105

106

107

108

109

IgG1

M
F
I

BA.1 BA.2 BQ.1.1

1.6 1.9 1.6 1.6

XBB.1.5

1.6

WA1/2020

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

104

105

106

107

IgG2

M
F
I

4.9 2.7 1.9 1.7 1.5

BA.1 BA.2 BQ.1.1 XBB.1.5WA1/2020

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

104

105

106

IgG3

M
F
I

2.2 1.7 1.7 1.5 1.5

BA.1 BA.2 BQ.1.1 XBB.1.5WA1/2020

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

104

105

106

107

108

M
F
I

IgG4

11.2 11.0 9.1 8.5 7.8

BA.1 BA.2 BQ.1.1 XBB.1.5WA1/2020

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

103

104

105

P
h
ag
o
cy
to
si
s 
sc
o
re

ADCP 

WA1/2020 BA.1 BQ.1.1 XBB.1.5

0.9 1.4 1.1 1.0

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

103

104

105

106

P
h
ag
o
cy
to
si
s 
sc
o
re

ADNP 

WA1/2020 BA.1 BQ.1.1 XBB.1.5

1.8 1.0 1.2 0.8

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

B
as
el
in
e

W
ee
k 
3

M
o
n
th
 3

105

106

107

M
F
I

ADCD 

WA1/2020 BA.1 BQ.1.1 XBB.1.5

1.0 0.9 1.0 1.0

A

B

Fig. 4. Antibody and Fc effector function profiling by systems serology following bivalent mRNA immunization. (A) Spike-specific IgG1, IgG2, IgG3, and IgG4 re-
sponses against WA1/2020, BA.1, BA.2, BQ.1.1, and XBB.1.5 spike antigens by Luminex-based assay at baseline before boosting, week 3 following boosting, and at month 
3 following boosting in nucleocapsid seronegative participants. (B) Spike-specific ADCP, ADNP, and ADCD activity against WA1/2020, BA.1, BQ.1.1, and XBB.1.5 at baseline 
before boosting, week 3 after boost, and at month 3 after boost is shown. Medians of the mean fluorescence intensities (MFI) in red bars are depicted, and fold changes 
are shown numerically. Phagocytosis score for ADCP and ADNP activity is calculated as follows: phagocytosis score = % THP-1 bead-positive cells × median fluorescent 
intensity of bead-positive cells/10,000. LOD indicated by dotted lines represent the median MFI of an Ebolavirus glycoprotein negative control.
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Fig. 5. Antibody and Fc effector function profiling by systems serology following third monovalent mRNA immunization. (A) Spike-specific IgG1, IgG2, IgG3, and 
IgG4 responses against spikes of WA1/2020, Gamma, and Delta variants by Luminex-based assay at baseline before boosting, at week 3 following boosting, and at month 
6 following boosting in vaccinees who received third monovalent mRNA vaccines. (B) Spike-specific ADCP, ADNP, and ADCD activity against WA1/2020, Delta, and BA.1 at 
baseline before boosting, week 3 after boost, and month 6 after boost is shown. Medians of the MFI in red bars are depicted, and fold changes are shown numerically. 
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cells/10,000. LOD indicated by dotted lines represent the median MFI of an Ebolavirus glycoprotein negative control.
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XBB variants (37–39). Moreover, boosting with monovalent BA.5 or 
XBB vaccines as well as breakthrough infections resulted in superior 
NAb responses against these variants (37, 38). Together, these data 
suggest that future COVID-19 boosters should exclude the ancestral 
WA1/2020 spike immunogen, which is the current plan for the 2023 
booster.

Although serum NAb titers induced by mRNA vaccines have 
limited durability and cross-reactivity against variants, effector and 
memory CD4 and CD8 T cell responses have more robust durability 
and cross-reactivity (29, 30, 40, 41). Moreover, T cell responses likely 
contribute substantially to vaccine protection against severe disease 
(41–43). We observed that spike-specific CD4 and CD8 T cell respons-
es were comparable against WA1/2020, BQ.1.1, and XBB.1.5, consis-
tent with prior reports, but that these responses were only minimally 
increased by bivalent mRNA boosting. Future studies could expand T 
cell responses by including nonspike antigens such as the nucleocapsid 
or membrane (44, 45) in next-generation COVID-19 vaccines.

Binding antibody responses are generally more cross-reactive 
against variants than NAb responses (8, 46). Following bivalent 
mRNA boosting, we observed minimal increases in spike-specific 
IgG1 and IgG3 responses but substantial increases in IgG4 responses 
with poor Fc functional activity. In contrast, following third monova-
lent mRNA boosting, we observed major increases in all IgG isotypes 
with enhanced Fc functional activity. Recent reports have also showed 
some increase in IgG4 responses following a third monovalent mRNA 
immunization (23, 24), but not with an adenovirus-based vaccine 
(24). Our data confirm and extend these observations by showing an 
even more marked skewing toward IgG4 responses following a fourth 
mRNA immunization.

A class switch toward IgG4 happens usually when an individual is 
frequently exposed to an antigen (19, 47), which was demonstrated in 
a study with beekeepers, where IgG1 antibodies specific to phospholi-
pase A2, a bee venom antigen, class-switched to IgG4 after 6 months 
of continuous bee stings (48). Similarly, in the HIV vaccine trial 
RV144, where participants received canarypox vector–based HIV 
Env vaccines and purified HIV Env gp120 protein vaccines, elevated 
IgG1 and IgG3 antibodies correlated with enhanced effector func-
tions, whereas in the clinical trial VAX003, where participants re-
ceived seven doses of HIV Env gp120 protein vaccines, elevated IgG2 
and IgG4 levels were observed with increasing boosts and correlated 
with inhibition of Fc effector functions (49–51). We speculate that a 
class switch from IgG1 to IgG4 might occur after multiple mRNA im-
munizations (23). This is also in line with an observation that class 
switch to IgG2 or IgG4 occurs more readily from IgG1 B cells (52), 
potentially to balance excessive inflammation, as IgG4 is known to 
have inhibitory effector functions (18, 19, 53).

In summary, our data show that bivalent mRNA boosting in-
duced only modest and transient NAb responses against XBB sub-
variants, suggesting immune imprinting to the ancestral WA1/2020 
strain. Moreover, antibody responses were primarily IgG4 responses 
with limited Fc functional activity, with minimal boosting of IgG1 
and IgG3 responses. Further studies are needed to elucidate the 
mechanisms behind the IgG4 class switching following multiple 
mRNA immunizations and to evaluate the possibility of tolerance 
induction as well. Additional studies are also needed to establish gen-
eralizability, since our cohorts were small and predominantly female. 
Our data demonstrate that bivalent mRNA boosting may be limited 
by immune imprinting and that multiple mRNA immunizations may 
lead to IgG4 responses with poor functional activity.

MATERIALS AND METHODS
Study population
A specimen biorepository at Beth Israel Deaconess Medical Center 
(BIDMC) obtained samples from individuals who received monova-
lent SARS-CoV-2 vaccines as well as bivalent mRNA boosters. 
The BIDMC institutional review board approved this study 
(2020P000361). All participants provided informed consent. This 
study included individuals from two cohorts who received three 
doses of mRNA vaccines (n = 33; Pfizer-BioNTech, Moderna) and 
the bivalent mRNA boosters (n = 30; Pfizer-BioNTech, Moderna). 
Participants were excluded from the immunologic assays if they had 
a history of SARS-CoV-2 infection or a positive nucleocapsid (N) 
serology by electrochemiluminescence assays or if they received 
immunosuppressive medications.

Pseudovirus NAb assay
NAb titers against SARS-CoV-2 variants used pseudoviruses ex-
pressing a luciferase reporter gene. In brief, the packaging construct 
psPAX2 (AIDS Resource and Reagent Program), luciferase reporter 
plasmid pLenti-CMV Puro-Luc (Addgene), and Spike protein ex-
pressing pcDNA3.1-SARS-CoV-2 SΔCT were cotransfected into 
human embryonic kidney (HEK) 293T cells (American Type 
Culture Collection, CRL_3216) with Lipofectamine 2000 (Thermo 
Fisher Scientific). Pseudoviruses of SARS-CoV-2 variants were 
generated using the Spike protein from WA1/2020 (Wuhan/
WIV04/2019, GISAID accession ID: EPI_ISL_402124), Omicron 
BA.2 (GISAID ID: EPI_ISL_6795834.2), BA.5 (GISAID ID: EPI_
ISL_12268495.2), BQ.1.1 (GISAID ID: EPI_ISL_14752457), XBB.1 
(GISAID ID: EPI_ISL_15232105), XBB.1.5 (GISAID ID: EPI_
ISL_16418320), and XBB.1.16 (GISAID ID: EPI_ISL_17646715). 
The supernatants containing the pseudotyped viruses were collected 
48 hours after transfection, and pseudotyped viruses were purified 
by filtration with a 0.45-μm filter. To determine NAb titers in human 
serum, HEK293T-hACE2 cells were seeded in 96-well tissue culture 
plates at a density of 2 × 104 cells per well overnight. Threefold se-
rial dilutions of heat-inactivated serum samples were prepared and 
mixed with 60 μl of pseudovirus. The mixture was incubated at 37°C 
for 1 hour before adding to HEK293T-hACE2 cells. After 48 hours, 
cells were lysed in Steady-Glo Luciferase Assay (Promega) accord-
ing to the manufacturer’s instructions. SARS-CoV-2 neutralization 
titers were defined as the sample dilution at which a 50% reduction 
(NT50) in relative light units was observed relative to the average of 
the virus control wells.

Intracellular cytokine staining assay
CD4+ and CD8+ T cell responses were quantitated by pooled peptide-
stimulated intracellular cytokine staining assays. Peptide pools con-
tained 15–amino acid peptides overlapping by 11 amino acids 
spanning the SARS-CoV-2 WA1/2020, BQ.1.1, or XBB.1.5 Spike pro-
teins (21st Century Biochemicals). PBMCs (106) were resuspended in 
100 μl of R10 medium supplemented with CD49d monoclonal anti-
body (mAb) (1 μg/ml) and CD28 mAb (1 μg/ml). Each sample was 
assessed with mock (100  μl of R10 plus 0.5% dimethyl sulfoxide, 
background control), peptides (2 μg/ml), and/or phorbol myristate 
acetate (10 pg/ml) and ionomycin (1 μg/ml; Sigma-Aldrich) (100 μl; 
positive control) and incubated at 37°C for 1 hour. After incubation, 
0.25 μl of GolgiStop and 0.25 μl of GolgiPlug in 50 μl of R10 were 
added to each well and incubated at 37°C for 8 hours and then held 
at 4°C overnight. The next day, the cells were washed twice with 
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Dulbecco's phosphate-buffered saline (DPBS), stained with aqua live/
dead dye for 10 min, and then stained with predetermined titers of 
mAbs against CD279 (clone EH12.1, BB700), CD4 (clone L200, 
BV711), CD27 (clone M-T271, BUV563), CD8 (clone SK1, BUV805), 
and CD45RA [clone 5H9, allophycocyanin (APC) H7] for 30 min. 
Cells were then washed twice with 2% fetal bovine serum (FBS)/
DPBS buffer and incubated for 15 min with 200 μl of BD CytoFix/
CytoPerm Fixation/Permeabilization solution. Cells were washed 
twice with 1× Perm Wash buffer (BD Perm/Wash buffer 10× in the 
CytoFix/CytoPerm Fixation/Permeabilization kit diluted with MilliQ 
water and passed through 0.22-μm filter) and stained intracellularly 
with mAbs against Ki67 (clone B56, BB515), interleukin-21 (IL-21) 
[clone 3A3-N2.1, phycoerythrin (PE)], CD69 [clone TP1.55.3, extra-
cellular domain (ECD)], IL-10 (clone JES3-9D7, PE CY7), IL-13 
(clone JES10-5A2, BV421), IL-4 (clone MP4-25D2, BV605), tumor 
necrosis factor–α (TNF-α) (clone Mab11, BV650), IL-17 (clone N49-
653, BV750), IFN-γ (clone B27; BUV395), IL-2 (clone MQ1-17H12, 
BUV737), IL-6 (clone MQ2-13A5, APC), and CD3 (clone SP34.2, Al-
exa Fluor 700) for 30 min. Cells were washed twice with 1× Perm 
Wash buffer and fixed with 250 μl of freshly prepared 1.5% formalde-
hyde. Fixed cells were transferred to 96-well round bottom plate and 
analyzed by BD FACSymphony system. Data were analyzed using 
FlowJo v9.9.

Luminex antibody profiling
Serum samples were analyzed by customized Luminex assay to 
quantify the relative concentration of antigen-specific antibody 
subclasses, as previously described (54, 55). Briefly, SARS-CoV-2 
antigens were used to profile specific humoral immune responses. 
Antigens were coupled to magnetic Luminex beads (Luminex 
Corp.) by carbodiimide–N-hydroxysuccinimide ester coupling 
(Thermo Fisher Scientific). Antigen-coupled beads were washed 
and incubated with heat-inactivated plasma samples. Heat inactiva-
tion was done at 56°C for 30  min, followed by centrifugation at 
13,000 rpm for 5 min to pellet aggregates and nonsoluble material. 
The linear ranges of serum dilution factors were initially determined 
for all antibody isotypes, where samples from each group were ran-
domly chosen and assayed against the variants to be tested. On the 
basis of the dilution curves generated, dilutions for specific antibody 
isotypes, subclasses, and Fc-binding antibodies were done as follows 
in 1× PBS: IgG1 = 1:2000, IgG2 = 1:250, IgG3 = 1:500, IgG4 = 1:250. 
The heat-inactivated plasma samples were incubated with the 
antigen-coupled beads for 2 hours at room temperature in 384-well 
plates (Greiner Bio-One) on a plate shaker. Unbound antibodies 
were washed away using 1× assay buffer [1× PBS (pH 7.4), 0.1% 
(w/v) bovine serum albumin, 0.05% (w/v) Tween 20] on the Hydro-
Speed 384-well plate washer for a total of three washes. Immune 
complexes were then detected through the addition of PE-coupled 
detection antibody for each subclass and/or isotype (IgG1, IgG2, 
IgG3, and IgG4; Southern Biotech). Plates were sealed with alumi-
num foil adhesive to protect from light. All detection antibody bind-
ing incubations were done at room temperature on a plate shaker. 
After 1 hour of incubation, plates were washed three times using 1× 
assay buffer. After the final wash, beads were resuspended in 40 μl of 
QSOL buffer (Sartorius) and flow cytometry was performed with an 
iQue (IntelliCyt). Analysis was performed on IntelliCyt ForeCyt 
(v8.1). Mean fluorescence intensity (MFI) was calculated from tech-
nical replicates for each sample for each antigen-specific antibody 
binding event.

Antibody-dependent complement deposition
ADCD was conducted as previously described (56). Briefly, SARS-
CoV-2 antigens were coupled to magnetic Luminex beads (Luminex 
Corp.) similar to above. Coupled beads were incubated for 2 hours at 
37°C with heat-inactivated serum samples (1:10 dilution in 1× PBS) 
to form immune complexes. Beads were then washed with 1× assay 
buffer to remove unbound immunoglobulins and contaminants. To 
measure ADCD of complement component 3 (C3), lyophilized guinea 
pig complement (Cedarlane) was diluted in gelatin veronal buffer 
with calcium and magnesium (GBV++) (Boston BioProducts) and 
added to beads mixture. Subsequently, C3 was detected with goat 
anti–C3–fluorescein isothiocyanate (FITC) detection antibody (Mp-
bio). Complement deposition is reported as MFI. Flow cytometry was 
performed with iQue (IntelliCyt).

ADCP and ADNP
ADCP and ADNP were conducted according to the previously de-
scribed protocols (57–59). In detail, SARS-CoV-2 antigens were bio-
tinylated and coupled to yellow and green (505/515) fluorescent 
NeutrAvidin-conjugated microspheres (Thermo Fisher Scientific). To 
form immune complexes, antigen-coupled beads were incubated for 
2 hours at 37°C with heat-inactivated serum at a 1:100 dilution in 1× 
PBS. Beads were then washed using 1× PBS. For ADNP, granulocytes 
were isolated from whole blood by lysing red blood cells in 
Ammonium-Chloride-Potassium (ACK) lysis buffer (1:10 blood in 
ACK lysis buffer) for 7 min before precipitation by centrifugation. 
Granulocytes were washed three times with cold 1× PBS to remove 
serum and other contaminants, and were then resuspended at 
2.5 × 105 cells/ml in R10 medium. Fifty thousand cells per well were 
added to each well and incubated with immune complexes for 1 hour 
at 37°C, 5% CO2, and cells were fixed with 4% paraformaldehyde 
(Alfa Aesar). Anti-CD66 Pacific blue was added to the granulocyte 
mixture to gate for neutrophils. For ADCP, the immune complexes 
were incubated for 16 to 18 hours with THP-1 cells (American Type 
Culture Collection): 25,000 live THP-1 cells per well at a concentration 
of 1.25 × 105 cells/ml in R10 medium [RPMI 1640 (Sigma-Aldrich) 
supplemented with 10% FBS (Sigma-Aldrich), 5% penicillin-
streptomycin (50 μg/ml; Corning), 5% l-glutamine (4 mM; Corning), 
and 5% Hepes buffer (pH 7.2) (50 mM; Corning)] at 37°C, 5% CO2. 
Cellular uptake of antigen-coated microspheres in the presence of 
heat-inactivated serum was done as described above. Flow cytometry 
was performed to identify the percentage of cells that had phagocy-
tosed beads as well as the number of beads that had been phagocy-
tosed (phagocytosis score  =  % positive cells × median fluorescent 
intensity of positive cells/10,000). Flow cytometry was performed 
with 5-Laser LSR Fortessa Flow Cytometer, and analysis was per-
formed using FlowJo V10.7.1 and RStudio V3.3.0.

Supplementary Materials
This PDF file includes:
Supplementary Methods
Figs. S1 to S3
Tables S1 to S3
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