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Dysregulated inflammation in solid tumor
malignancy patients shapes
polyfunctional antibody responses to
COVID-19 vaccination

Check for updates

Ruth A. Purcell1 , Marios Koutsakos1, Lukasz Kedzierski1, Lilith F. Allen1, Oscar H. Lloyd Williams2,
Jo-Wai Douglas Wang3,4, George Cavic4, Adam K. Wheatley1, Wen Shi Lee1, Bruce D. Wines5,6,
P.Mark Hogarth5,6,7, EmilyM. Eriksson8,9, IvoMueller8,9, Katherine A. Bond1,10,11, Deborah A.Williamson2,12,
Janine M. Trevillyan2,13, Jason A. Trubiano14,15,16,17, Thi H. O. Nguyen1, Pradhipa Ramanathan1,
Stephen J. Rogerson2,15, Kelly B. Arnold18, Kanta Subbarao1,19, Adrian Lee20,21,22, Amanda L. Hudson22,23,
AlexanderYuile20,21,22, HelenR.Wheeler20,21,22, Stephen J.Kent1,24, Kevin JohnSelva1, SiddharthaMahanty2,
Katherine Kedzierska1, Aude M. Fahrer4,25, Yada Kanjanapan3,26 & AmyW. Chung1

Solid tumor malignancy (STM) patients experience increased risk of breakthrough SARS-CoV-2
infection owing to reduced COVID-19 vaccine immunogenicity. However, the underlying
immunological causes of impaired neutralization remain poorly characterized. Furthermore, non-
neutralizing antibody functions can contribute to reduced disease severity but remain understudied
within high-risk populations. We dissected polyfunctional antibody responses in STM patients and
age-matched controls who received adenoviral vector- ormRNA-basedCOVID-19 vaccine regimens.
Elevated inflammatory biomarkers, including agalactosylated IgG, interleukin (IL)-6, IL-18, and an
expandedpopulationofCD11c−CD21−double negative 3 (DN3)Bcellswereobserved inSTMpatients
and were associated with impaired neutralization. In contrast, mRNA vaccination induced Fc effector
functions thatwere comparable in patients andcontrols andwerecross-reactive againstSARS-CoV-2
variants. These data highlight the resilience of Fc functional antibodies and identify systemic
inflammatory biomarkers that may underpin impaired neutralizing antibody responses, suggesting
potential avenues for immunomodulation via rational vaccine design.

The immunogenicity of COVID-19 vaccines, as with other respiratory virus
vaccines, is highly variable and typically impaired in individuals who are
immunocompromised1–5 and consequently vulnerable to severe disease
outcomes6–8. Accordingly, there is an urgent need to optimize vaccine effi-
cacy in high-risk populations9,10. Nevertheless, mechanisms underpinning
impaired vaccine immunogenicity in these groups remain understudied,
limiting progress towards enhanced protection of vulnerable vaccinees.

Solid tumormalignancy (STM) patients are a heterogeneous high-risk
group7,8 inwhomcharacterization of COVID-19 vaccine responses remains
largely limited to reports of impaired neutralizing and binding antibody
titers1,2. Neutralizing antibodies remain the best described correlate of
protection against COVID-1911–14. However, when neutralizing titers are

low, for example against SARS-CoV-2 variants15–19 or in immunocompro-
mised vaccinees1–5, maintenance of robust T cell and extra-neutralizing
antibody functions may be important in mitigating disease severity and
blocking transmission14,19,20. Unlike neutralizing antibodies which must
target specific epitopes21, Fc functional antibodiesmay target any epitope to
induce downstream Fc effector functions such as phagocytosis and cyto-
toxicity, provided the epitope is conformationally compatible with Fc
gamma receptor (FcγR) engagement22. This ensures that despite loss of
SARS-CoV-2 variant-specific antibodies against neutralizing epitopes,
particularly those targeting the antigenically variable receptor binding
domain (RBD)23–25, preservation of antibody responses against antigenically
conserved spike 2 (S2) and other non-neutralizing epitopes may facilitate
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robust antiviral Fc effector functions18,26,27. Consequently, Fc effector func-
tions against SARS-CoV-2 are more durable and cross-reactive than
neutralization18,27–29, facilitating control of infection and enhanced protec-
tion under circumstances of impaired neutralization20,29,30.

Here, we recruited infection-naïve STM patients and age-matched
controls who received mRNA- or adenoviral vector-based COVID-19
vaccine regimens early in the pandemic. We performed in-depth char-
acterization of vaccine-induced functional antibody responses and further
probed how systemic inflammatory dysregulation experienced by STM
patients31,32 may modulate COVID-19 vaccine responses. We demonstrate
that mRNA-based COVID-19 vaccination induces robust cross-reactive Fc
functions in STM patients despite inflammation-associated impairment of
neutralization, and we further identify inflammatory biomarkers that may
contribute to impaired COVID-19 vaccine immunogenicity.

Results
Three mRNA vaccine doses overcome impaired SARS-CoV-2
neutralization breadth-potency in STM patients
Two cross-sectional cohorts of COVID-19-naïve STM patients and age-
matched controls who received COVID-19 vaccines encoding the ancestral
SARS-CoV-2 spike were recruited. Vaccinees in the mRNA-primed cohort
received two mRNA-based BNT162b2 doses (n = 30 control; n = 40 STM)
plus anmRNA-basedbooster (n = 20control;n = 42STM).Vaccinees in the
adenoviral vector-primed cohort received two adenoviral vector-based
AZD1222 doses (n = 29 control; n = 47 STM) plus anmRNA-based booster
(n = 21 control; n = 59 STM) (Fig. 1A and Supplementary Table 1). The
cohorts comprised a diversity of malignancies, with breast, brain, gastro-
intestinal, genitourinary, and gynecological malignancies being most fre-
quent. Across cohorts and timepoints, between 40–57% of vaccinees had
metastatic disease. At least half of the patients in the mRNA-primed cohort
and at least one third of the patients in the adenoviral vector-primed cohort
were under an active chemotherapy regimen at the time of vaccination.
Patients not on chemotherapy were receiving an immunotherapy, targeted
therapy, or radiotherapy regimen, and a minority were under observation
following prior treatment (Supplementary Table 1).

Assessment of SARS-CoV-2 neutralization capacity via an ACE2
inhibition assay identified significantly reduced neutralizing capacity in
STM patients, as compared to age-matched controls, one month post sec-
ond BNT162b2 mRNA vaccination (Fig. 1B). Both the magnitude of
responses (38% reduction; P = 0.0288) and proportion of individuals with
detectable neutralizing capacity (67.5 vs 93.3%; P = 0.0091) were sig-
nificantly lower in STM compared to control vaccinees. Encouragingly, a
third mRNA vaccine restored neutralizing capacity to that measured for
age-matched controls (Fig. 1B). In contrast, primary AZD1222 vaccination
failed to induce detectable neutralizing antibodies in the majority of STM
patients and controls (80.9% and 69.0%, respectively). Although an mRNA
booster vaccine significantly increased neutralizing capacity in AZD1222-
primed STM patients and controls (Supplementary Fig. 1A), STM patients
still generated significantly lower neutralizing responses in terms of both
magnitude (28% reduction; P = 0.0153) and proportion (70.2% vs 100%;
P = 0.0047) of responders (Fig. 1B).

Emergence of successive SARS-CoV-2 variants of concern (VoCs) has
driven serial escape from neutralizing responses. We further explored the
breadth of the neutralizing response against SARS-CoV-2 VoC RBDs.
Neutralizing breadth induced by two mRNA vaccines was significantly
lower in STM compared to control vaccinees (median 1 and 2.5 of 7 tested
strains, respectively; P = 0.0448). A third mRNA booster dose significantly
increased neutralizing breadth to a median of five strains in both STM and
control vaccinees (Fig. 1C) whereas AZD1222-primed, mRNA-boosted
STM patients neutralized significantly fewer variants compared to controls
(medians 3 and 5, respectively; P = 0.0045) (Fig. 1C).

Given the enhanced sensitivity of IgG assessment and robust correla-
tion of RBD-specific IgGwithACE2 inhibition (Supplementary Fig. 1B), we
further examined IgG responses to VoCRBDs. Across the panel of variants,
RBD-specific IgG responses were significantly lower in STM patients

compared to controls following twoBNT162b2or twoAZD1222doses (Fig.
1D). An mRNA booster vaccine was required to generate appreciable IgG
cross-reactivity against BA.2, BA.5, and XBB.1.5 variant RBDs in both STM
patients and control vaccinees, regardless of priming vaccine regimen.
However, ~25% of STM vaccinees who received an AZD1222 prime plus
mRNA booster regimen still did not generate detectable BA.5 nor XBB.1.5
RBD cross-reactive IgG responses (Fig. 1E). The cumulative magnitude of
cross-reactive RBD-specific IgG responses was quantified as a breadth-
potency score describing the geometric mean of IgG responses across var-
iants (Fig. 1F). Mirroring surrogate neutralization breadth data, RBD IgG
breadth-potency was significantly lower in STM compared to control vac-
cinees following two vaccine doses, regardless of regimen (Fig. 1F). A third
mRNA vaccine significantly increased cross-reactive RBD IgG responses
(Fig. 1G) such that RBD IgG breadth-potency became comparable in STM
patients and controls who received threemRNAdoses (Fig. 1F). In contrast,
the difference in RBD IgG breadth-potency between AZD1222-primed
STM and control vaccinees following two AZD1222 doses was not resolved
by an mRNA booster dose (P = 0.0163) (Fig. 1F), despite significant
increases in breadth-potency for both patients and controls (P < 0.0001)
(Fig. 1G). These data highlight the value of mRNA- versus adenoviral
vector-based vaccination strategies for induction of broad and potent
neutralizing responses in immunocompromised groups.

Memory B cells preserve the diversity of the germinal center (GC)
output and are thus critical for recall of cross-reactive antibody responses
upon SARS-CoV-2 variant challenge33. Importantly, in a subset of vaccinees
for whom peripheral blood mononuclear cells (PBMCs) were available
(n = 10 control; n = 17 STM), we observed no significant differences
between STM and controls in the frequency of switched CD19+IgD-

(Supplementary Fig. 2A, B) nor CD19+IgG+ (Supplementary Fig. 2C, D)
RBD-specificmemory B cells onemonth post dose 2mRNAvaccination, in
line with previous characterizations of vaccine-specific memory B cell
responses in other high-risk groups3,4,34. RBD-specific switched CD19+ B
cells did not correlate with RBD-specific IgG levels (Supplementary Fig. 2B,
D), as expected3,35.

TwoBNT162b2doses induce robust Fceffector functions inSTM
patients
We next assessed ancestral SARS-CoV-2 spike trimer-specific antibody-
dependent cellular phagocytosis (ADCP) and cytotoxicity (ADCC) in STM
and control vaccinees. Two BNT162b2 doses induced comparable trimer-
specific ADCP and ADCC in STM patients and controls (Fig. 2A, B). In
contrast, twoAZD1222doses induced significantly lowermagnitudeADCP
and ADCC responses in STM patients (P = 0.0155 and P < 0.0001, respec-
tively), and ADCPwas induced in a lower proportion of STM patients than
controls (P = 0.0108) (Fig. 2A, B). ADCP and ADCC are largely mediated
via activation of FcγRIIa and FcγRIIIa, respectively28. As expected, cell-
based ADCP and ADCC responses strongly correlated with trimer-specific
IgG engagement of soluble FcγRIIa and FcγRIIIa dimers, respectively (Fig.
2A,B), supporting further assessmentof Fc functional capacity viamultiplex
quantification of IgG-FcγR binding responses at additional timepoints and
across SARS-CoV-2 VoCs. Strong positive correlations between cell-based
functional capacity and trimer-specific IgG engagement of FcγRs were
observed for both the higher-affinity (FcγRIIaHandFcγRIIIaV) (Fig. 2A,B)
and lower-affinity (FcγRIIaR and FcγRIIIaF) (Supplementary Fig. 3) FcγR
polymorphic variants.

STM patients maintain robust Fc effector functions across var-
iants of concern
Assessment of FcγRIIa breadth-potency (surrogate ADCP) revealed that
twomRNAdoses induced comparable cross-reactive responses in STMand
control vaccinees, whereas STM patients who received two AZD1222 vac-
cines induced significantly lower FcγRIIa breadth compared to controls
(P = 0.0014) (Fig. 2C). AnmRNA booster significantly enhanced FcγRIIaH
responses in all groups (P < 0.0001) (Fig. 2D), facilitating comparable
ancestral trimer-specific Fc functional capacity in STM patient and control
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vaccinees regardless of vaccine regimen (Supplementary Fig. 4) and com-
parable breadth-potency in STM and control vaccinees who received three
mRNA doses (Fig. 2C). However, FcγRIIaH breadth-potency remained
significantly lower in AZD1222-primed STM patients (P = 0.0413) (Fig.
2C), driven by significantly lower magnitude responses to Omicron strains

(Fig. 2E and Supplementary Fig. 4), despite both STMand control vaccinees
developing FcγRIIaH responses against a median of seven strains (Fig. 2F).

Spike trimer-specific FcγRIIIa engagement (surrogate ADCC) was
similarly influenced by vaccine dose and platform, with two mRNA doses
inducing broad and potent Fc functional capacity in both STM and control
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vaccinees (Fig. 2G–J). In contrast, STMpatientswho received twoAZD1222
vaccines developed significantly lower FcγRIIIa breadth-potency
(P = 0.0001) and reduced cross-reactive binding capacity (median six
strains) compared to controls (median seven strains) (P = 0.0010)
(Fig. 2G–J). Although an mRNA booster significantly increased cross-
reactive responses to be proportionally comparable between STM and
controls (median seven strains in both groups) (Fig. 2J), FcγRIIIa breadth-
potency remained significantly lower in STMpatients (P = 0.0371) (Fig. 2G)
owing to significantly reduced Omicron trimer cross-reactivity (Fig. 2I and
Supplementary Fig. 4).

S2-specific IgG underpins comparable Fc effector functions in
STM vaccinees
The comparable trimer-specific Fc functional capacity—measured as FcγR
and complement component 1q (C1q) engagement—between STM and
controls following two BNT162b2 doses was underpinned by equivalent
responses against the antigenically conserved S2 domain (Fig. 3A and
Supplementary Fig. 5A). In contrast, three mRNA vaccinations were
required for STM and control vaccinees to generate comparable FcγR and
C1q responses against the more antigenically novel spike 1 (S1) and
RBD domains (Fig. 3A and Supplementary Fig. 5A). Fc functional
capacity against all SARS-CoV-2 spike subunits (trimer, S2, S1, and
RBD) was significantly lower in STM patients compared to controls
following two AZD1222 doses and an mRNA-based booster dose
was required for AZD1222-primed STM patients and controls to
generate comparable S2-specific responses (Fig. 3B and Supplementary
Fig. 5B).

Trends in spike subunit-specific FcγR engagement (Fig. 3A, B) were
driven by subunit-specific IgG1—the subclass best correlated with FcγRIIa
andFcγRIIIa engagementpost dose2 (SupplementaryFig. 6)18,36. Equivalent
spike trimer- and S2-, but significantly weaker S1- and RBD-specific, IgG1
responses were observed in two-dose mRNA vaccinated STM patients
compared to controls (Fig. 3C). This underpinned S2/S1 IgG1, FcγRIIa, and
FcγRIIIa ratios biased towards S2-specific responses in STM vaccinees
(P < 0.0001) (Fig. 3D). Following a third mRNA vaccine, IgG1 against all
SARS-CoV-2 spike subunits were comparable in STM and controls (Fig.
3C), resolving the S2-skewed S2/S1 ratios (Fig. 3D). Assessment of the
functional breadth of antibody responses—neutralization, surrogateADCP,
surrogate ADCC, and complement deposition—was calculated as a
weighted polyfunctionality index. STM patients who received two
BNT162b2doses generated reducedpolyfunctionality compared to controls
(91.3 versus 98.3; P = 0.0322), driven by reduced neutralizing capacity,
which was resolved upon a booster mRNA dose (98.8 versus 100) (Fig. 3E).

In contrast, following two AZD1222 doses, IgG1 responses against all
spike subunits were significantly lower in STM compared to control vac-
cinees (Fig. 3C) facilitating equivalent S2/S1 ratios in STM patients and
control vaccinees (Fig. 3D). An mRNA booster increased IgG1 responses
against the antigenically conserved S2 domain, and by extension the whole
spike trimer, in both STM and control vaccinees, while S1- and RBD-
specific responses remained significantly lower in STM vaccinees (Fig. 3C).

This subunit bias altered S2/S1 IgG1 and FcγR ratios to become higher in
STM compared to control vaccinees (P = 0.0077 and P < 0.0001, respec-
tively) (Fig. 3D),mirroring the responses in STMpatients who received two
BNT162b2doses and contributing to comparable S2- and trimer-specific Fc
functions in STM patients and controls (Fig. 3B). However, following an
mRNA booster, polyfunctionality remained significantly lower in
AZD1222-primedSTMpatients compared to control vaccinees (89.4 versus
100; P = 0.0192), driven by reduced neutralizing capacity (Fig. 3E). These
data suggest that two doses of mRNA vaccination can induce robust S2
antibody responses in STM patients, underpinning broadly cross-reactive
Fc effector functions, equivalent to responses overserved in controls.
However, STMpatients require three doses ofmRNAvaccination to induce
robust IgG responses to novel epitopes, such as RBD, which are essential for
neutralization and polyfunctionality.

IgG subclass switching is delayed in STM patients and against
variants
IgG subclass distribution heavily influences the quality of the FcγR
response37,38, given the varied affinities of different subclasses for each
FcγR39. Consequently, characterization of IgG subclass dynamics, as the
immunoglobulin heavy constant gamma (IGHG) gene irreversibly switches
from IGHG3 to IGHG4 (Fig. 4A), is critical to understanding functional
antibody responses40.

Profiling of IgG subclass responses to primaryBNT162b2orAZD1222
adenoviral vector vaccination plus mRNA booster revealed distinct mod-
ulation of IgG subclass switching influenced by malignancy, vaccine plat-
form, and SARS-CoV-2 viral variant. AZD1222-primed, mRNA-boosted
STM patients and control vaccinees developed an IgG1 and IgG3-
dominated response to SARS-CoV-2 antigens one month post prime and
post boost vaccination (Supplementary Fig. 7)41,42. In contrast, one month
post third mRNA dose, the SARS-CoV-2-specific IgG subclass distribution
in control vaccinees shifted from an IgG1 and IgG3 dominated response
generated post second dose to an IgG1 and IgG4 dominated response, as
previously reported (SupplementaryFig. 7)38,43,44.However, in STMpatients,
this pattern of subclass switching to IgG4wasmarkedly reduced (P < 0.001)
(Fig. 4B).

Interestingly, the delayed IgG3 to IgG4 subclass switching dynamics
observed in STM patients closely mirrored the delayed subclass switching
against SARS-CoV-2 variants in controls (Fig. 4C). With progressively
increased antigenic distance from ancestral RBD, progressively smaller fold
decreases in IgG3, larger fold increases in IgG1 and IgG2, and smaller fold
increases in IgG4 levels were observed (Fig. 4C). This variant-specific delay
in SARS-CoV-2 IgG subclass switchingwas amplified in STMpatients, with
fold changes in variant-specific subclass levels further reduced from those
calculated for controls (Fig. 4C). Since total IgG titers against variants are
increasingly diminished with increased antigenic distance from ancestral
SARS-CoV-2 (Fig. 1E, F), these data suggest an overall IgG titer-dependent
regulatory mechanism of subclass switching.

Elevated IgG4 in controls drove significant negative correlations of
IgG4 responses as well as IgG4/IgG1 ratios against FcγR engagement,

Fig. 1 | Three mRNA vaccine doses overcome impaired SARS-CoV-2 neu-
tralization breadth-potency in STMpatients. AOverview of cohort demographics.
B Surrogate neutralization (% ACE2 binding inhibition) of ancestral SARS-CoV-2
RBD onemonth post second BNT162b2 or AZD1222 dose and postmRNAbooster.
Pie charts indicate the proportion of vaccinees for whom neutralization was (black)
or was not (grey) detected. ACE2 inhibition above 20% was deemed detectable
neutralization capacity, as described in methods. C Proportion of vaccinees for
whom neutralization was detected for the indicated number of variants. Number in
the center of each pie chart indicates the median number of variants neutralized.
RBD-specific IgG responses across the panel of seven tested SARS-CoV-2 variants
one month post D two or E three doses of the indicated vaccine regimen. F RBD-
specific IgG breadth-potency curves and scores one-month post indicated vaccine
regimen. The proportion of variant-specific responses above a given threshold MFI
is indicated by thin dashed lines for individual vaccinees. Group-specific mean

proportions are indicated by thick dashed lines. Thick solid lines (breadth-potency
curves) indicate the proportion vaccinees for whom the geometric mean response
across variants is at or above a given threshold MFI. G RBD-specific IgG breadth-
potency scores one-month post dose 2 and dose 3 for BNT162b2- and AZD1222-
primed vaccinees. Black: Controls; Red: BNT162b2-primed STM; Blue: AZD1222-
primed STM. Box plots represent median and IQR. Horizontal dotted lines indicate
positivity threshold, calculated as described in methods. Statistical differences in
proportions of vaccineeswith (B) detectable surrogate neutralization andC) number
of variants neutralized determined via chi-square test. Unpaired, nonparametric
rank order comparisons between STM and control vaccinees or between dose 2 and
dose 3 responses within each vaccinee regimen determined via Mann-Whitney U-
tests. P < 0.0001 (****); P < 0.001 (***); P < 0.01 (**); P < 0.05 (*); non-significant
(ns). MFI: median fluorescence intensity.
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particularly FcγRIIIaV and FcγRIIIaF engagement, following three mRNA
doses (Fig. 4D), as previously described38,44. However, negative correlations
were conspicuously absent in STM patients (Fig. 4D), further highlighting
the resilience of Fc functions in immunocompromised patients experien-
cing inflammatory comorbidities.

FcγR-IgG engagement is further modulated by Fc glycosylation of
antigen-specific IgG at asparagine 29745,46. Lower fucosylation facilitates
enhanced FcγRIIIa binding and improved ADCC45, whereas higher galac-
tosylation can be associated with enhanced FcγRIIa engagement and
ADCP46. One month following two BNT162b2 doses, RBD-specific IgG1
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was similarly glycosylated in STM patients and controls (Supplementary
Fig. 8A). In contrast, RBD-specific IgG1was significantly less galactosylated,
but equivalently fucosylated, in STM patients compared to controls who
received two AZD1222 doses (Supplementary Fig. 8B). Reduced IgG1
galactosylation may have contributed to reduced ADCP in AZD1222-
primed STM patients (Fig. 2A), as suggested by the positive correlation of
ADCPwith galactose abundance (Supplementary Fig. 8B)46.However, IgG1
titers remained the strongest driver of Fc functional capacity (Supplemen-
tary Fig. 6).

Reduced neutralizing antibodies and IgG against novel epitopes
are associated with dysregulated inflammation
Tobegin to probe potentialmechanisms underlying impaired SARS-CoV-2
neutralizing capacity despite robust Fc functions in STM patients who
received two BNT162b2 doses, we assessed whether a range of inflamma-
tory biomarkers may be associated with impaired antibody responses.
Decreased galactosylation of bulk IgGFcN-linked glycans is associatedwith
increased age47 and presence of comorbidities3 (Fig. 5A). Expanded
IgD-CD27- double negative (DN) B cell populations (alternatively referred
to as age-associated or atypical B cells) (Fig. 5B) are associated with
increased age34 and have recently been associated with STM48. Elevated
inflammatory cytokine concentrations are also associatedwith STM and an
inflammaging phenotype, and may modulate a network of inflammatory
dysregulation31,32.

We observed distinct patterns in bulk IgG glycan abundance (Fig. 5C),
DN B cell frequency (Fig. 5D), and cytokine concentrations (Fig. 5E)
associated with STMpatients compared to controls (Fig. 5F). Inflammatory
G0 glycoforms and DN3 B cells were positively correlated with each other
andwith IL-6, IL-12-p70, IL-17A, and IL-10, whileG2 glycoforms andDN1
B cells were positively associated but inversely correlatedwith inflammatory
cytokines and glycoforms (Supplementary Fig. 9), suggesting an inflam-
matory network of interacting cytokine, glycan, and DN B cell biomarkers.
Importantly, for the subset of individuals for whom longitudinal plasma
samples were available, the relative abundance of bulk IgG glycoforms was
unchanged over time (Supplementary Fig. 10A), demonstrating limited
influence of COVID-19 vaccination upon bulk IgG glycosylation. This
suggests that levels of these inflammatory biomarkers one month post
seconddose vaccinationare likely representativeofpre-vaccination levels, as
previously described3,49,50.

Relative abundance of inflammatory total agalactosylated IgG (Total
G0)—calculated as the sumofboth fucosylated (G0F) andafucosylated (G0)
glycoforms—was increased in STM patients compared to controls
(P < 0.0001) (Fig. 5G). Concomitantly, increased relative abundance of
digalactosylated IgG (Total G2)—calculated as the sum of fucosylated
(G2F), sialylated fucosylated (G2S1F), and afucosylated (G2) glycoforms
containing two galactose units—was observed in controls (P < 0.0001) (Fig.
5H). Therewas no difference in total fucosylated IgG between STMpatients
and controls (Supplementary Fig. 10B). In STM patients, as compared to
controls, we observed increased frequencies of CD11c-CD21- DN3 B cells
(P < 0.0001) (Fig. 5I) concomitant with decreased frequencies of

CD11c-CD21+ DN1 B cells as well as increased CD11c+CD21- DN2 B cells
(Supplementary Fig. 10C). We further observed significantly increased
concentrations of IL-6 (P < 0.0001), IL-18 (P < 0.0001), IL-17A
(P = 0.0004), IL-23 (P = 0.0014), IL-12-p70 (P = 0.0039), and IL-33
(P = 0.0136) in STM patients compared to controls (Fig. 5F–K) in addi-
tion to increased IFN-γ (P = 0.0212), TNF (P = 0.0196), and IL-8
(P = 0.0252) in STM patients (Supplementary Fig. 10D). Immunosup-
pressive IL-10 was also significantly elevated in STM patients compared to
controls (P < 0.0001) (Fig. 5F, L), likely in response to the systemic
inflammatory dysregulation experienced by malignancy patients31,32. The
significantly elevated inflammatory IgG glycoforms, DN B cells, and cyto-
kines associated with inflammatory dysregulation, including G0, DN3 B
cells, IL-6, IL-10, IL-17A, and IL-18, were significantly negatively correlated
with both ancestral RBD-specific IgG levels and neutralizing capacity (Fig.
5G–M), whereas Total G2, was significantly positively correlated with
ancestral RBD-specific IgG levels and neutralizing capacity (Fig. 5H–M).

In contrast, correlations betweenwhole spike trimer-specific ADCP or
ADCC and inflammatory biomarkers were limited (Fig. 5M), underpinned
by the weak or absent correlations between inflammatory biomarkers and
S2-specific IgG despite the negative correlations with S1-specific IgG
(Fig. 5M). We further explored whether inflammatory dysregulation may
influence mRNA vaccine-induced Fc functional capacity via modulation of
epitope bias. Significant positive correlations were observed for S2/S1
FcγRIIa andFcγRIIIa ratios against inflammatorybiomarkers,mostnotably
G0 glycoforms, IL-6, IL-18, and DN3 B cells as well as immunosuppressive
IL-10 (Fig. 5M), whereas inverse correlations were observed with total G2
glycan species and DN1 B cells (Fig. 5M). These data suggest that while
systemic inflammation may impair the development of antibody responses
against novel epitopes, including RBD-specific IgG required for efficient
SARS-CoV-2 neutralization, Fc effector functions targeting antigenically
conserved epitopes may still be successfully generated under conditions of
inflammatory dysregulation. Indeed, hierarchical clustering grouped the
correlations of inflammatory biomarkers against S1- and RBD-specific
responses in a distinct node, separate from S2- and trimer-driven Fc
functions.Overall, these glycan, cytokine, andB cell data point to a signature
of inflammatorydysregulation in STMpatients that impairs developmentof
antibody responses against novel epitopes, resulting in decreased SARS-
CoV-2 neutralizing capacity.

Importantly, the correlation of elevated inflammatory biomarkerswith
reduced vaccine-specific IgG in STM patients was absent in controls
(Supplementary Fig. 11A, B), given the robust antibody responses and
generally limited inflammation in this group. Inflammatory networks were
limited to positive correlations between cytokines and inverse correlations
between G0 and G2 glycan species within controls (Supplementary Fig.
11A). In STM patients alone, elevated IL-6 was associated with increased
immunosuppressive IL-10 while DN3 B cell frequency was positively cor-
related with inflammatory G0 glycan species. These inflammatory bio-
markers, as well as IL-18 concentration, all negatively correlated with
reduced RBD-, S1-, and trimer-, but not S2-, specific IgG one month post
second mRNA dose in STM patients assessed as an independent cohort

Fig. 2 | mRNA vaccination induces cross-reactive Fc effector functions in STM
patients. A Ancestral trimer-specific ADCP one month post two BNT162b2 or
AZD1222 doses and Spearman correlation with FcγRIIaH binding. A phagocytic
score above 1.4 was deemed a detectable positive response, as described in methods.
B Ancestral trimer-specific ADCC one month post two BNT162b2 or AZD1222
doses and Spearman correlation with FcγRIIIaV binding. An ADCC AUC above 0
was deemed a detectable positive response, as described inmethods. Trimer breadth-
potency curves and scores for C FcγRIIaH or G FcγRIIIaV binding one month post
indicated vaccine regimen. The proportion of variant-specific responses above a
given threshold MFI is indicated by thin dashed lines for individual vaccinees.
Group-specific mean proportions are indicated by thick dashed lines. Thick solid
lines (breadth-potency curves) indicate the proportion of vaccinees for whom the
geometric mean response across variants is at or above a given thresholdMFI. Black:
Controls; Red: BNT162b2-primed STM; Blue: AZD1222-primed STM. Trimer

breadth-potency scores for D FcγRIIaH and H FcγRIIIaV binding one month post
indicated vaccine regimen. Omicron XBB.1.5 trimer-specific E FcγRIIaH and
I FcγRIIIaV binding responses one month post indicated vaccine regimen. Pro-
portion of vaccinees for whomFFcγRIIaH and J FcγRIIIaV bindingwas detected for
the indicated number of variants. Number in the center of each pie chart indicates
the median number of variants recognized. Horizontal dotted lines indicate posi-
tivity threshold. Statistical differences in proportions of vaccinees with detectable
A ADCP, B ADCC, F FcγRIIaH binding or J FcγRIIIaV binding responses deter-
mined via chi-square test. Unpaired, nonparametric rank order comparisons
between STM and control vaccinees or between dose 2 and dose 3 responses within
each vaccinee regimen determined via Mann-Whitney U-tests. P < 0.0001 (****);
P < 0.001 (***); P < 0.01 (**); P < 0.05 (*); non-significant (ns). MFI: median
fluorescence intensity. AUC: area under curve.
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(Supplementary Fig. 11B). Upon receipt of a third mRNA vaccination and
resolution of differences in antibody titers between STM and control vac-
cinees, RBD-specific IgG and neutralization no longer correlated with
inflammatory biomarkers (Supplementary Fig. 12). These data highlight the
value of booster vaccine doses for individuals with chronic inflammatory
comorbidities.

Discussion
Our study compared polyfunctional antibody responses induced by two-dose
BNT162b2orAZD1222 vaccinationplusmRNAbooster in STMpatients and
age-matched controls. Here, we link impaired SARS-CoV-2 neutralizing
capacity and reduced RBD-specific IgG in STM patients to increased inflam-
matory biomarkers and an expanded CD11c-CD21- DN3 B cell population.
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Impaired neutralizing capacity was observed in STM patients com-
pared to controls who received two BNT162b2 doses only or who received
twoAZD1222 doses plusmRNAbooster. Nevertheless, at these timepoints,
STM patients were able to generate Fc functional capacity of comparable

magnitude to that developed by control vaccinees. Importantly, both STM
patients and controls inducedFc functional antibodieswithpreserved cross-
reactivity to SARS-CoV-2 VoCs. In other immunocompromised popula-
tions, robust generation of vaccine-induced T cells, typically targeting

Fig. 3 | Robust vaccine-specific Fc effector functions in STM patients under-
pinned by a robust anti-S2 IgG response. Radar plots depicting median ancestral
SARS-CoV-2 antigen-specific FcγR and C1q engagement one month post A two
BNT162b2 and two BNT162b2 plus mRNA booster (red) or B two AZD1222 doses
and two AZD1222 doses plus mRNA booster (blue). Responses normalized to
maximum MFI per Fc feature—determined across control and STM cohorts and
timepointswithin each vaccine regimen—and depicted as percentiles.C SARS-CoV-
2 antigen-specific IgG1 responses and D S2/S1 IgG1, FcγRIIaH, and FcγRIIIaV
ratios one month post indicated vaccine regimen. E Proportion of vaccinees for
whom responses were detected for the indicated number of functions (including

neutralization, FcγRIIaH, FcγRIIIaV, and C1q engagement). Number in the center
of each pie chart indicates the polyfunctionality index calculated as described in
methods. Box plots represent median and IQR. InC horizontal dotted lines indicate
positivity threshold. In E statistical differences in proportions of vaccinees with
detectable responses for the indicated number of functions determined via chi-
square test. Unpaired, nonparametric rank order comparisons between STM and
control vaccinees within each vaccinee regimen determined via Mann-Whitney U-
tests. P < 0.0001 (****); P < 0.001 (***); P < 0.01 (**); P < 0.05 (*); non-significant
(ns). MFI: median fluorescence intensity.

Fig. 4 | Delayed IgG subclass switching in three-dose mRNA-vaccinated STM
patients. A Schematic of the immunoglobulin heavy constant gamma (IGHG) gene.
B SARS-CoV-2 antigen-specific IgG4 responses one month post third mRNA dose.
Box plots represent the median and IQR. Horizontal dotted lines indicate the
positivity threshold.CHeatmap depicting the subtracted difference inmedian RBD-
and trimer-specific subclass responses one month post third dose minus one month
post second dose for each variant. Data was z-scored prior to use. Statistics refer to
differences between responses one month post second dose versus one month post

third dose. D Heatmap depicting Spearman correlation coefficients describing the
association of variant (ancestral, alpha, beta, delta, BA.2, BA.5, and XBB.1.5;
depicted sequentially) trimer and RBD IgG, IgG1-4 subclass responses, and IgG4/
IgG1 ratios with engagement of the indicated FcγR or C1q. Unpaired, nonpara-
metric rank order comparisons between STMand control vaccinees or between dose
2 and dose 3 responses within each vaccine regimen determined via Mann-Whitney
U-tests. P < 0.0001 (****); P < 0.001 (***); P < 0.01 (**); P < 0.05 (*); non-
significant (ns). MFI: median fluorescence intensity.

https://doi.org/10.1038/s41541-025-01268-w Article

npj Vaccines |          (2025) 10:217 8

www.nature.com/npjvaccines


antigenically conserved epitopes, has been described3,4. Similarly, our study
demonstrates the resilience of SARS-CoV-2 variant cross-reactive Fc
effector functions under conditions of inflammatory dysregulation asso-
ciated with impaired neutralizing responses. These data underscore the
value of vaccine-induced Fc effector functions in high-risk groups10 and

suggest a potential additional mechanism of protection against rapidly
evolving viruses such as SARS-CoV-2.

Choice of vaccine platform remains an important consideration for
enhanced protection in immunocompromised individuals.We found that a
minimum of three mRNA vaccine doses—but not adenoviral vector-based
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primary vaccinationplusmRNAbooster—was required for STMpatients to
develop a neutralizing antibody response of comparable magnitude and
breadth to that developed by controls. These data are consistent with prior
studies of COVID-19 vaccine immunogenicity in other high-risk
groups1,34,51 and emphasize the importance of booster vaccinations for
immunocompromised individuals52.Wehave previously demonstrated that
repeated mRNA vaccination induces elevated SARS-CoV-2-specific IgG4
antibodies that can inhibit FcγRIIIa binding and downstream Fc effector
functions38. Intriguingly, we observed that following three mRNA vaccines,
STM patients generated significantly lower SARS-CoV-2-specific IgG4,
while maintaining SARS-CoV-2-specific IgG1 levels comparable to con-
trols, potentially contributing to the robust Fc functions in STM patients.

Our data suggest that differential regulation of antibody responses
against antigenically conserved versus novel SARS-CoV-2 epitopes in STM
compared to control vaccinees may contribute to the maintenance of Fc
functions despite impaired neutralizing capacity in STM patients. Controls
generated robust RBD- and S1-specific antibodies. In contrast, STM
patients developed reduced RBD- and S1-specific IgG, despite IgG
responses against the antigenically conserved S2 epitope being equivalent in
STM and control vaccinees. These data demonstrate that reduced RBD-
specific IgG in STM vaccinees is not a simple consequence of overall
dampening of the prototypical response elicited in control vaccinees.
Responses against antigenically conserved epitopes are robustly induced,
while only IgG against novel epitopes is impaired. We hypothesize that an
immunosenescence-like phenotype induced by the chronic inflammatory
dysregulation associated with malignancy31,32 may suppress GC-dependent
de novo antibody responses against antigenically novel epitopes, under-
pinning impaired SARS-CoV-2 neutralization.

Reduced RBD-specific IgG and neutralizing capacity in STM patients
were significantly associated with elevated inflammatory biomarkers, most
notably IL-6, IL-18, G0 glycoforms, and CD11c-CD21- DN3 memory B
cells. These cytokines, IgG glycoforms, and B cells were correlated in an
inflammatory network, suggesting a rewired inflammatory axis in STM
patients that underpins impaired vaccine responses to novel epitopes. We
have previously reported that inflammatory G0 and IL-18 negatively cor-
relate with RBD-specific IgG following two BNT162b2 doses in vaccinees
with chronic inflammatory comorbidities such as renal disease and
diabetes3. Elevated G0 has also been associated with impaired antibody
responses following seasonal influenza vaccination50. Increased circulating
CD11c+FcRL5+ atypical B cells in the elderly34 and increasedCD11c+CD21-

DN2 and CD11c-CD21- DN3 B cells in systemic lupus erythematosus
patients53 have been associated with impaired SARS-CoV-2 neutralizing
antibodies following two-dose AZD1222 plus mRNA booster vaccination34

or two-dose mRNA vaccination53. The repeated association of these
inflammatory biomarkers with impaired antibody responses to vaccination
across diverse cohorts, different vaccination regimens, and both influenza
and COVID-19 vaccination suggests common mechanisms that may be
universally targeted to improve response in a variety of high-risk groups.

Recently, accumulation of circulating CD11c-CD21- DN3 B cells has
been reported in STM patients48. These cells were hyporesponsive to B cell
receptor stimulation, displaying reduced antibody production and failure to
differentiate into antibody-secreting cells48. Both DN2 and DN3memory B
cells have extrafollicular origins, and the expansion of theseDNpopulations

suggests a bias towards extrafollicular differentiation at the expense of GC
formation in STM and SLE patients48,53. As such, an expanded DN3
population and potential suppression of the GC responses required to
develop robust antibody responses against novel epitopes may have con-
tributed to reduced RBD-specific IgG and neutralizing capacity following
COVID-19 vaccination of STM patients.

In addition to increased inflammatory cytokines, anti-inflammatory
IL-10 was also elevated in STM patients as compared to controls and was
similarly correlatedwith impaired SARS-CoV-2neutralizing capacity.Until
recently, it was considered somewhat paradoxical that elevated inflamma-
tion could occur concurrently with immunosuppression. However, IL-10—
a potent immunomodulatory cytokine that serves to counterbalance the
harmful effects of chronic inflammation driven by sustained IL-6 elevation
—was identified as a link between increased inflammation and damped
immunity54. Indeed, IL-6 is required to maintain high levels of IL-1054.
Murine studies demonstrate that IL-10 released by Tfh cells impairs GC
responses, and that blocking IL-10 receptor in agedmice improves vaccine-
induced antibody titers54,55. Human influenza vaccination studies have also
associated elevated IL-10 in the elderly with impaired antibody
responses56,57. Our data, together with prior studies, suggest an inflamma-
ging phenotype may drive immunosenescence in individuals with inflam-
matory co-morbidities, such as STM, and impair the development of
antibody responses against novel epitopes resulting in decreased SARS-
CoV-2 neutralizing capacity. Future studies should assess the influence of
inflammatory dysregulation upon human Tfh subsets to gain further
mechanistic insight into the impaired humoral responses associated with
chronic comorbidities.

Inflammatory dysregulation, such as that experienced by STM
patients31,32, may modulate FcγR expression on monocytes and NK cells58.
Future studies should examine ADCP and ADCC using autologous
monocytes or NK cells, respectively, from STM patients rather than THP-1
monocytes and healthy donor primary NK cells. Chronic inflammation is
associated with a dysfunctional NK cell phenotype59,60, but is also associated
with upregulation of FcγRI under conditions of IFN-γ-induced inflam-
matory stress61,62. As such, potentially elevated FcγRI in STM patients may
enhance ADCP, while ADCC responses may be impaired by NK cell dys-
function. Nevertheless, a bias toward induction of ADCPmay contribute to
protection against COVID-19, as suggested by recent animal studies30,63.
Vaccine-induced ADCP was associated with viremic control following
SARS-CoV-2 infection of mice, particularly against Omicron challenge30,
and ADCP in bronchial lavage fluid has been identified as a correlate of
protection inmacaques63. Futurehumanclinical trials are needed to confirm
if Fc functions are a correlate of protection, particularly in immunocom-
promised patients.

Although our study provides a comprehensive analysis of polyfunc-
tional antibody responses to COVID-19 vaccination in STMpatients, there
are several limitations to our study that warrant further investigation. Given
the urgency with which STM patients were vaccinated upon authorization
of COVID-19 vaccines, limited pre-vaccination samples were available for
STM patients in this study. Availability of PBMC samples was similarly
limited, restricting the insights that could be drawn from our B-cell phe-
notyping data. We were also underpowered to dissect the influence of dis-
tinct STM diagnoses and treatment regimens upon vaccine

Fig. 5 | Elevated inflammatory biomarkers and DN3 B cells in STM patients
correlate with impaired SARS-CoV-2 neutralizing capacity and RBD IgG.
A Schematic of N-linked glycans present on IgG Fc Asparagine 297. B Repre-
sentative FACS plots depicting identification of IgD-CD27- double negative (DN)
memory B cells. Stacked bar graphs depicting C relative abundance of IgG glyco-
forms, D relative frequencies of DN B cell populations, and E median cytokine
concentrations. F Volcano plot of IgG glycoforms, DN B cells, and cytokine bio-
markers. Relative abundance ofGTotal G0,HTotal G2, IRelative frequency of DN3
B cells and concentration of J IL-6,K IL-18, and L IL-10 in controls or STM patients
one month post two BNT162b2 doses. Spearman correlations for each respective

inflammatory biomarker with RBD-specific IgG and % ACE2 binding inhibition.
M Heatmap of Spearman correlation coefficients describing the association of the
indicated inflammatory biomarkers with ancestral SARS-CoV-2 IgG levels and
functional antibody responses. Dendrogram generated via one minus Spearman
rank correlation hierarchical clustering method. Statistical significance adjusted for
multiple comparisons via Holm-Šídák method. Box plots represent the median and
IQR. Unpaired, nonparametric rank order comparisons between STM and control
vaccinees within each vaccinee regimen determined via Mann-Whitney U-tests.
P < 0.0001 (****); P < 0.001 (***); P < 0.01 (**); P < 0.05 (*); non-significant (ns).
MFI: median fluorescence intensity.

https://doi.org/10.1038/s41541-025-01268-w Article

npj Vaccines |          (2025) 10:217 10

www.nature.com/npjvaccines


immunogenicity. Furthermore, this study was not designed to compare the
longitudinal dynamics of humoral responses in STMand control vaccinees.
However, identification of more rapid waning of SARS-CoV-2 antibody
responses in immunocompromised patients compared to healthy
individuals4 highlights the importance of assessing the stability of antibody
responses in COVID-19-vaccinated STMpatients in future studies. Finally,
the STM and control cohorts were age-matched to mitigate confounding
variables such as age-associated comorbidities and general age-related
immunosenescence. However, it is possible that other comorbidities and
risk factors may be more prevalent among the STM patients compared to
controls, potentially influencing their response to vaccination.

Overall, our study provides a detailed characterization of the influence
of STM-associated inflammation upon COVID-19 vaccine-induced
humoral immunity in infection-naïve BNT162b2 and AZD1222 vaccinees.
Our data demonstrate the robust induction of Fc functional antibodies in
vaccinees with STM and highlight the potential of targeting optimized Fc
effector functions via precision vaccination strategies for immunocom-
promised populations.

Methods
Ethics statement
Study protocols were approved by the University of Melbourne (#20734,
#21560, #21626, and #13344), ACT Health (#2023.LRE.00046 and
#2021.ETH.00062), Northern Sydney Local Health District (#2021/
ETH00630), Austin Health (#HREC/73256/Austin-2021), the Walter and
Eliza Hall Institute (#20/08), and Melbourne Health (#HREC/63096/MH-
2020, #HREC/68355/MH-2020, and RMH69108) Human Research Ethics
Committees. All participants provided written informed consent in accor-
dance with the Declaration of Helsinki.

Participant recruitment and sample collection
Participants were enrolled in Australia during the country’s ‘zero COVID-
19’ policy in 2021, prior to widespread community transmission of SARS-
CoV-2. COVID-19 vaccinee blood samples were collected pre-vaccination,
onemonth (median 30 days) post second BNT162b2 (Pfizer-BioNTech) or
AZD1222 (AstraZeneca) vaccination andonemonth (median 30 days) post
booster BNT162b2 or mRNA-1273 (Moderna) vaccination as previously
described64,65. Given the urgency with which high-risk populations such as
STM patients were vaccinated,the collection of pre-vaccination baseline
samples was not possible formost of the STM cohort as vaccination needed
tobeprioritizedprior to study approval and recruitment.Using the available
pre-vaccination samples, Mann-Whitney U-tests were performed between
the control and STM cohorts to confirm that both groups had comparable
baseline SARS-CoV-2 reactivity prior to COVID-19 vaccination (Supple-
mentary Fig. 13). To compensate for the expected reduction in vaccinees at
later timepoints, we implemented a cross-sectional study design and
included, at the post dose three timepoint, additional vaccinees for whom
samples from earlier timepoints were not collected, ensuring that appro-
priate age-matching was maintained. For the subset of vaccinees for whom
matched samples were available across multiple timepoints, paired analyses
were performed to confirm trendsmirrored those observed in the unpaired
analysis (Supplementary Fig. 14 & Supplementary Fig. 15). Participant
demographics and clinical characteristics are described in Supplementary
Table 1. Whole blood was collected into sodium heparin or EDTA
anticoagulant-coated vacutainers and subjected to Ficoll-Paque (Cytiva,
Uppsala, Sweden; 17144002) separation. Plasma and PBMCs were isolated
and stored at −80 °C or in liquid nitrogen, respectively. PBMCs were
available only for a subset of patients and controls andwere used to support
analysis of vaccine-specific humoral responses and characterization of the
influence of systemic inflammation upon SARS-CoV-2 antibody responses.

Surrogate SARS-CoV-2 neutralization assay
A customised Luminex multiplex assay was used to assess plasma SARS-
CoV-2 neutralizing antibody responses as previously described18,42,44,66.
Briefly, plasma (1:2000 final dilution) was incubated overnight on a shaker

at 4 °C with ancestral and variant SARS-CoV-2 RBD (Sino Biological)-
coupled magnetic carboxylated beads (Bio-Rad). Beads were then washed
and incubatedwith 12.5 µgmL−1 AviTag biotinylatedACE2 (gift fromDale
Godfrey, Nicholas Gherardin, and Samuel Redmond, The Peter Doherty
Institute for Infection and Immunity, University ofMelbourne) on a shaker
for 1 h at RT, 650 rpm. Beads were washed and incubated with 4 µgmL−1

Streptavidin, R-Phycoerythrin Conjugate (SAPE) (Thermo Fisher Scien-
tific) on a shaker for 1 h at RT, thenwashed again, and the relative inhibition
of ACE2-RBD binding was assessed via xMAP INTELLIFLEX. Assays were
repeated in duplicate. A nominal cutoff of 20% (depicted by dotted line in
figures) was set as previously described66. Percentage reduction in neu-
tralizing capacity between control and STM vaccinees was calculated as
percentage of the median control response by which the median STM
response was lower.

SARS-CoV-2 multiplex bead-based assay
A customised Luminex multiplex assay was used to assess plasma SARS-
CoV-2 antibody responses as previously described18,44. Briefly, a panel of
SARS-CoV-2 antigens comprising ancestral SARS-CoV-2 S2 (ACROBio-
systems), ancestral and variant spike trimer, S1, and RBD (Sino Biological)
were coupled tomagnetic carboxylated beads (Bio-Rad). Plasmawas diluted
to the concentration appropriate for each analyte (Supplementary Table 2)
and incubated with antigen-coupled beads overnight on a shaker at 4 °C,
650 rpm. Beads were washed and then incubated on a shaker for 2 h at RT
with 1.3 µgmL−1 mouse anti-human IgA, IgG, IgG1, IgG2, IgG3, or IgG4 or
soluble FcγRorC1q (SupplementaryTable 2). Beadswerewashedagain and
incubated further with 1 µgmL−1 SAPE (Thermo Fisher Scientific) on a
shaker for 2 h at RT before a final wash. Plates were acquired via xMAP
INTELLIFLEX and median fluorescence intensity (MFI) of each isotype/
subclass detector or soluble FcγR/C1q binding was assessed. Background
subtraction was performed, removing background of blank (buffer only)
wells and non-specific binding to Simian Immunodeficiency Virus (SIV)-
coupled BSA-blocked beads. Assays were performed in duplicate as two
independent experiments. For each antigen-detector feature, a positivity
threshold (depicted by dotted line infigures)was set as themean response of
pre-vaccination plasma plus two standard deviations. For simplicity of
visualization, where responses againstmultiple SARS-CoV-2 spike antigens
derived from the same viral variant were plotted on a single axis and were
determined to have positivity thresholds within 50MFI, a representative
dotted line depicting the average threshold is shown.

Production of FcγR ectodomain dimers
Plasmids for the ectodomain dimers of human FcγRIIb, FcγRIIa-H131,
FcγRIIa-R131, FcγRIIIa-V158, and FcγRIIIa-F158 were generated as pre-
viously described67 and kindly provided byMarkHogarth andBruceWines.
Proteinswere expressed inHEK293F cells (Invitrogen) cultured in Freestyle
medium following transfection of plasmids using Lipofectamine Transfec-
tion Reagent (Thermo Fisher Scientific), according to the manufacturer’s
instructions. Supernatants were harvested 6-7 days post transfection by
centrifugation at 4000 rpm for 30min followed by filtration of the super-
natant using 0.22 μMSteritopfilter units (MerckMillipore) andpurification
via affinity chromatography using Ni-NTA agarose beads (QIAGEN).
Proteins were then biotinylated via AviTag using BirA ligase (Avidity)
followed by size exclusion chromatography.

Flow cytometric B cell phenotyping and detection of RBD-
specific memory B cells
Surface staining of B cells within cryopreserved human PBMCs was
performed as previously described3,53,68. SARS-CoV-2 RBD-specific B
cells were identified via APC- and PE-conjugated probes, as previously
described68. Cellswerewashed,fixedwith 1% formaldehyde, and acquired
on a BD LSR Fortessa. Antibody clones and fluorochrome details are
described in Supplementary Table 3. Gating strategies for RBD-specific
memory B cells and DN B cells are outlined in Supplementary Fig. 2 and
Fig. 5B, respectively.
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Bead-based THP-1 ADCP assay
ADCP was measured using a previously described bead-based ADCP
assay18,28,38. Briefly, SARS-CoV-2 ancestral spike trimer (SinoBiological) was
biotinylated and coupled to 1 μM fluorescent NeutrAvidin Fluospheres
(Invitrogen) overnight at 4 °C. Washed antigen-coated beads were incu-
bated with plasma (1:1600 final dilution) for 2 h at 37 °C in a 96-well U-
bottom plate before addition of THP-1 monocytes (100,000 per well) fol-
lowed by a 16-hour incubation under cell culture conditions. Cells were
fixed and acquired by flow cytometry on a BD LSR Fortessa with a high-
throughput sampler attachment (HTS). The data were analyzed using
FlowJo 10.9.0, and a phagocytic scorewas calculated as previously described
using the formula: (% bead-positive cells ×mean fluorescent intensity).
Assayswere repeated induplicate.Apositivity threshold (depictedbydotted
line in figures) was set as the mean response of pre-vaccination plasma plus
two standard deviations.

Luciferase-based ADCC assay
ADCC was examined in a subset of vaccinees (n = 60; n = 15 per cohort)
using apreviouslydescribed luciferase-basedADCCassay28,38.NKcells from
a healthy donor were enriched and purified using the EasySep Human NK
Cell Enrichment Kit (STEMCELL Technologies Inc). NK cells (20,000 per
well) andRamos S-Luc cells (5000perwell)were added to96-wellV-bottom
cell culture plates and incubated with fourfold sample dilutions (1:100,
1:400, and 1:1600 final dilutions) for 4 h at 37 °C. Samples were tested in
duplicate, and “no antibody” and “target cell only” controls were included.
Following incubation, cells were washed and developed with britelite plus
luciferase reagent (Revvity). Luminescence was read using a FLUOstar
Omegamicroplate reader (BMGLabtech). The relative light unitsmeasured
was used to calculate % ADCC with the formula: (“no antibody” − “anti-
body sample”)/(“target cell only”) × 100. A positivity threshold (depicted by
dotted line in figures) was set as the mean response of pre-vaccination
plasma plus two standard deviations.

Antigen-specific IgG glycan profiling
Glycosylation of RBD-specific IgG was analyzed via mass spectrometry
following isolation of antigen-specific IgG as previously described69.
Briefly, Nunc MaxiSorp flat-bottom 96-well plates (Thermo Fisher Sci-
entific) were coated overnight at 4 °C with 1 µg mL−1 RBD. Plates were
washed prior to addition of plasma diluted 1:10 with PBS-Tween 20.
Plates were then incubated for 1 h at 37 °C, 400 rpm, washed again in
PBS-Tween 20, PBS, andfinally 50 mMammoniumacetate. RBD-specific
antibodies were then eluted with 100 mM formic acid and dried for 4 h
under vacuum. The dried samples were redissolved in a mixture of
acetonitrile and 100 mMammoniumacetate (15:85) and acidified trypsin
(10 ng mL−1 in 1 mMacetic acid) and the platewas incubated overnight at
37 °C, 300 rpm. Tryptic peptides were analyzed via Reverse Phase Liquid
Chromatography-Mass Spectrometry (LC-MS/MS). The LC system was
equipped with an Acclaim Pepmap nano-trap column (Dionex-C18,
100 Å, 75 μm× 2 cm) and an Acclaim Pepmap RSLC analytical column
(Dionex-C18, 100 Å, 75 μm× 50 cm). The eluents were 0.1% (v/v) formic
acid in water and acetonitrile with 0.1% (v/v) formic acid. Tryptic pep-
tides were injected into the trap column and a gradient elution was per-
formed (45 min, 2-85%). The IgG1 relevant EEQYNSTYR glycopeptides
had a retention time of 18 min in these conditions. MS was performed on
a Fusion Lumos Tribrid Mass Spectrometer (Thermo Fisher Scientific).
The positive mode nano-spray voltage was set to 1.9 kV. MS2 was per-
formed with Higher-energy collisional dissociation (HCD) set to an
energy of 35%, with dynamic exclusion. A targeted inclusion list was
provided forG0,G1,G2,G0F,G1F, andG2F. Rawdatafileswere analyzed
with MSFragger in FragPipe (MSFragger version: 4.1)70, and the results
were analyzed in Skyline (Ver 23.1.0.455). The following IgG1 glycans
were observed across all samples: G0, G1, G2, G0F, G1F, G2F, G0FB,
G1FB, G2S1F. Intensities were recorded as the sum of the area of the first
three isotope signals of each glycopeptide. The % afucosylation was
determined by Eq. 1, where G0, G1, G2, G0F, G1F, G2F, G0FB, G1FB,

G2S1F refer to the intensity of the relevant glycopeptide.

%Afucosylation

¼ G0þ G1þ G2
G0þ G1þ G2þ G0F þ G1F þ G2F þ G0FBþ G1FBþ G2S1F

ð1Þ
The average number of galactose units per glycan (y) was determined

using Eq. 2.

y ¼ ðG1þ G1Fþ G1FBÞ þ 2ðG2þ G2Fþ G2S1FÞ
G0þ G1þ G2þ G0Fþ G1Fþ G2Fþ G0FBþ G1FBþ G2S1F

ð2Þ

IgG purification and IgG N-linked glycan profiling
IgG antibodies were purified from plasma and glycan species profiled as
previously described3. Briefly, total IgGwas isolatedusing theMelonGel IgG
Purification Kit (Thermo Fisher Scientific) according to the manufacturer’s
protocol. Purified IgG samples were then centrifuged through 100 kDa
AmiconUltraCentrifugal Filters (MerckMillipore) at 14,000 g for 15min to
remove excess serum proteins and buffer exchange antibodies into PBS.
Purity was confirmed via SDS–polyacrylamide gel electrophoresis (Bio-Rad
Laboratories) and IgG concentrations were measured using a NanoDrop
spectrophotometer (Bio-Rad Laboratories). IgG N-linked glycosylation
patterns were measured according to the ProfilerPro glycan profiling Lab-
Chip GXII Touch protocol on the LabChip GXII Touch HTMicrochip-CE
platform (PerkinElmer) using the LabChip GX Touch software
(v.1.9.1010.0). Microchip capillary electrophoresis laser-induced fluores-
cence analysis of digested and labeled N-linked glycans was performed. The
relative prevalence of major N-linked glycan profiles of IgG was analyzed
using the LabChip GX Reviewer (PerkinElmer) v.5.4.2222.0. Peaks were
assigned based on themigration of known standards and glycan digests. The
peak area and relative prevalence of each glycan pattern were calculated.

Cytokine analysis
Donor plasmawas diluted 1:2 tomeasure cytokines using the LEGENDplex
Human Inflammation Panel 1 kit (BioLegend) according to the manu-
facturer’s instructions. Cytokines and chemokines including IL-1β, IFNα2,
IFN-γ, TNF,MCP-1 (CCL2), IL-6, IL-8 (CXCL8), IL-10, IL-12p70, IL-17A,
IL-18, IL-23 and IL-33 were measured. Samples were acquired on a
FACSCanto II cytometer (BDBiosciences) and analyzedwith theQOGNIT
LEGENDplex online software (https://legendplex.qognit.com).

Antibody breadth and polyfunctionality analysis
Breadth of neutralizing or Fc responses was calculated as the number of
variants (out of the seven tested) for which the response was above the
calculated positivity threshold (20% inhibition or mean pre-vaccination
response plus two standard deviations, respectively). The polyfunctionality
index for each cohort was calculated as a weighted proportion of antibody
functions (out of ACE2 inhibition, FcγRIIaH binding, FcγRIIIaV binding,
and C1q binding) for which responses were detectable above the positivity
threshold, calculated as (0/4)×(%n0)+(1/4)×(%n1)+(2/4)×(%n2)+(3/
4)×(%n3)+(4/4)×(%n4), where %nx is the percentage of vaccinees positive
for x number of functions, as developed by Larsen et al.71. The result is a
value between 0 and 100.

Statistical analysis
Prism GraphPad version 10.4.1 (GraphPad Software) was used to develop
graphs and perform the statistical analyses described in the Figure legends.
Breadth-potency scores were calculated as the geometric mean response
across all seven tested variant antigens for each subject. Breadth–potency
curves represent the proportion of individuals exhibiting a geometric mean
antibody or Fc functional response across VoCs above a givenMFI. Curves
for each respective subject group were generated using the Akima spline
method in Prism.
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Data availability
All data supporting the findings of this study are available within the paper
and its Supplementary Information. Raw data files are available from the
lead contact upon reasonable request.
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