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ChAdOx1 nCoV-19 (AZD1222) 
vaccine-induced Fc receptor binding tracks 
with differential susceptibility to COVID-19

Paulina Kaplonek1,18, Deniz Cizmeci    1,18, Gaurav Kwatra2,3,4,18, Alane Izu2,3,4, 
Jessica Shih-Lu Lee1, Harry L. Bertera    1, Stephanie Fischinger    1, 
Colin Mann    5, Fatima Amanat6, Wenjun Wang7, Anthonet L. Koen2,3, 
Lee Fairlie4,8, Clare L. Cutland    4, Khatija Ahmed9, Keertan Dheda    10,11, 
Shaun L. Barnabas12, Qasim Ebrahim Bhorat13, Carmen Briner14, 
Florian Krammer    6, Erica Ollman Saphire    5, Sarah C. Gilbert    15, 
Teresa Lambe16, Andrew J. Pollard    16, Marta Nunes2,3,4, Manfred Wuhrer    7, 
Douglas A. Lauffenburger17, Shabir A. Madhi    2,3,4,18   & Galit Alter    1,18 

Despite the success of COVID-19 vaccines, severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) variants of concern have emerged 
that can cause breakthrough infections. Although protection against 
severe disease has been largely preserved, the immunological mediators 
of protection in humans remain undefined. We performed a substudy on 
the ChAdOx1 nCoV-19 (AZD1222) vaccinees enrolled in a South African 
clinical trial. At peak immunogenicity, before infection, no differences were 
observed in immunoglobulin (Ig)G1-binding antibody titers; however, the 
vaccine induced different Fc-receptor-binding antibodies across groups. 
Vaccinees who resisted COVID-19 exclusively mounted FcγR3B-binding 
antibodies. In contrast, enhanced IgA and IgG3, linked to enriched FcγR2B 
binding, was observed in individuals who experienced breakthrough. 
Antibodies unable to bind to FcγR3B led to immune complex clearance and 
resulted in inflammatory cascades. Differential antibody binding to FcγR3B 
was linked to Fc-glycosylation differences in SARS-CoV-2-specific antibodies. 
These data potentially point to specific FcγR3B-mediated antibody 
functional profiles as critical markers of immunity against COVID-19.

The development of several SARS-CoV-2 vaccines has substantially 
helped reduce morbidity and mortality worldwide. However, break-
through infections among fully vaccinated people by variants of 
concern (VOCs) have risen globally1–6. Despite the increase in break-
through cases, vaccine-mediated protection against severe disease 
and death remains stable in the setting of detectable antibodies6–8. 
Breakthrough infections and COVID-19 are on the rise due to waning 
immunity9,10 and mutational escape from neutralizing antibodies 

induced by the ancestral vaccine strain11,12. However, although neu-
tralizing antibodies have been associated with protection against 
infection across several vaccine trials6,13,14, simple binding titers also 
appear to track robustly with protective immunity15–17. In addition, 
emerging analyses in animal models suggest that antibody Fc-effector 
functions, including opsonophagocytosis, correlate with protective 
immunity after natural infection18,19, convalescent plasma therapy20–22 
and monoclonal therapy23,24. Yet, whether particular Fc profiles are 
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serology approach to deeply profile the humoral immune response 
to the WT and beta VOCs of SARS-CoV-2 in a case–control substudy 
of the ChAdOx1 nCoV-19 vaccine clinical trial in South Africa, per-
formed between June and November 2020 (COV005). Volunteers 
aged 18–62 years (median age 31 years) were immunized with two 
doses of ChAdOX1 nCoV-19 administered 4 weeks apart. Participants 
were self-monitored for COVID-19 and nasal swabs were collected for 
nucleic acid amplification testing in individuals who experienced 
COVID-19 symptoms46. The SARS-CoV-2 infections were virologically 
confirmed, defined with a nucleic acid amplification test-positive 
swab, and only COVID-19-reported cases with confirmed beta VOC 
breakthrough >14 days post-boost were included in this analysis 
(n = 30). Fully vaccinated, demographically matched individuals with-
out any SARS-CoV-2 infection were used as controls (n = 140) for this 
analysis (Table 1), matched based on sex, age, body mass index (BMI) 
and race. Volunteers who were anti-nucleoprotein IgG seropositive 
at first vaccination were excluded from the study. Additional demo-
graphic factors were not identified as disease modifiers in the original 
clinical trial47. Given the goal of identifying correlates of modified 
COVID-19 disease, rather than transmission, asymptomatic serocon-
verters were not included in this analysis. Vaccine-induced humoral 
profiles across the groups were all profiled 2 weeks post-boost. 
Systems serology was applied to all samples in a blinded fashion,  
capturing WT SARS-CoV-2 RBD-, N-terminal domain (NTD)-, spike 
(S)-, S1- and S2- and beta variant S- and RBD-specific antibodies (IgG1, 
IgG3, IgM and IgA), and Fcγ-receptor-binding profiles (Fcγ2A, Fcγ2B, 
Fcγ3A and Fcγ3B).

linked to vaccine-mediated protection in humans remains undefined 
but could provide critical insights to guide boosting strategies and 
inform next-generation, variant-specific vaccine design.

The Oxford–AstraZeneca ChAdOx1 nCoV-19 (AZD1222) vac-
cine, one of the earliest vaccine platforms, demonstrated 66.7% 
(95% confidence interval 57.4–74.0) efficacy against symptomatic 
ancestral SARS-CoV-2 infection25. Despite the induction of robust 
vaccine-specific immunity, mutations arising in the spike protein in 
diverse regions of the world, in the face of waning immunity, have 
resulted in increasing breakthrough infections26. Nevertheless, rates 
of severe disease and death have not increased proportionally com-
pared with breakthrough infections and mild COVID-19, arguing that 
vaccine-induced immunity continues to provide robust protection 
against severe illness through alternative mechanisms27–29.

Beyond neutralization, antibodies leverage diverse antiviral 
functions through their ability to recruit innate immune effector 
functions via the antibody constant domain (Fc domain) interac-
tions with Fc receptors (FcRs) found on all innate immune cells30. 
FcRs are expressed in different combinations on different cell types, 
enabling antibodies to drive disparate functions31,32. Eight canoni-
cal FcRs have been described in humans33, which include FcRs for all 
immunoglobulins IgM, IgA, IgE and IgG. For IgG, five subtypes have 
been described, including one high-affinity receptor, the FcγR1, and 
four low-affinity IgG-binding FcRs, which largely tune IgG-mediated 
Fc-effector function, including the activating FcγR2a, the inhibitory 
FcγR2b, the activating FcγR3a and the glycosylphosphatidylinosi-
tol (GPI)-anchored FcγR3b receptors32. Although FcγR2a, FcγR2b 
and FcγR3a are expressed on several cell types, FcγR3B is exclusively 
expressed on neutrophils34,35. Fc-mediated effector functions have 
been linked to protection against several infectious diseases, includ-
ing influenza36, malaria37, human immunodeficiency virus (HIV)38, 
tuberculosis39, Ebola virus40 and COVID-19 in hamsters and nonhu-
man primates (NHPs)18,41. Likewise, the ChAdOx1 nCov-19 vaccine was 
shown to induce SARS-CoV-2-specific antibodies14 that could facilitate 
Fc-effector functions across VOCs42,43. Yet, although antibody titers and 
neutralization were associated with protective immunity against the 
first wave of the original variant of SARS-CoV-2 (refs. 44,45), vaccine 
correlates of immunity against emerging VOCs that evade neutraliza-
tion have yet to be precisely defined.

To define whether additional antibody functions track with dif-
ferential protection against COVID-19, we deeply profiled the humoral 
immune response in individuals enrolled in the ChAdOx1 nCoV-19 vac-
cine clinical trial in South Africa performed between June and November  
2020 (COV005), in which 92.9% of primary endpoint cases were 
caused by the beta (B.1.351) SARS-CoV-2 VOC, all of which were mild 
to moderate in severity26. SARS-CoV-2-specific antibody titers and their 
FcR-binding profiles were examined across the WT and beta (B.1.351) 
VOC spike and receptor-binding domain (RBD) variant antigens at peak 
immunogenicity (at least 2 weeks after the final immunization) across 
vaccinees who developed beta-variant-induced COVID-19 (n = 30), as 
well as a demographically matched set of vaccinated controls who 
remained free of COVID-19 (n = 140) (ref. 26). Although limited dif-
ferences in wild-type (WT) and beta-specific binding antibody titers 
were observed across vaccinees, substantial differences were noted 
in isotype and FcR-binding profiles across both WT and beta-specific 
humoral immune responses, linked to distinct inflammatory prop-
erties. These data suggest that divergent FcR-binding profiles, with 
specific capabilities of arming inflammatory cascades, represent new 
biomarkers that may contribute to immunity against VOC-induced 
COVID-19.

Results
Characteristics of vaccinated participants
To evaluate humoral correlates of immunity against COVID-19, 
beyond neutralization, in the present study we exploited a systems 

Table 1 | Characteristics of vaccinated participants

Overalla COVID-19+ COVID-19−

Enrolled, n 170 30 140

Male, n (%) 108 (63.5) 16 (55.3) 92 (65.3)

Median age, years (IQR) 31 (18–62) 31 (19–58) 31 (18–62)

  18 to <45, n (%) 137 (80.5) 25 (83) 112 (80)

  45 to <60, n % 32 (18.8) 5 (17) 27 (19.2)

>60, n (%) 1 (0.5) 0 (0) 1 (0.7)

BMI, n (%)

  Underweight 21 (12.3) 4 (13.3) 17 (12.1)

  Normal 89 (52.3) 16 (53.3) 73 (52.1)

  Overweight 38 (2,239) 10 (33.4) 28 (20)

  Obese 22 (12.9) 0 (0) 22 (15.7)

Health-care workers 15 (8) 3 (7.9) 12 (8)

Race, n (%)

  Black 134 (78.8) 27 (90) 107 (76.4)

  White 22 (12.9) 3 (10) 19 (13.5)

  Mixed 11 (6.4) 0 (0) 11 (7.8)

  Other 3 (1.6) 0 (0) 3 (2.1)

COVID-19 comorbidities, n (%)

  Hypertension 4 (2.1) 0 (2.6) 3 (2.1)

 � Respiratory system 
disorders

8 (4.3) 0 (2.6) 8 (5.7)

  Diabetes 0 (0) 0 (2.6) 0 (0)

  Tobacco use 72 (42.3) 7 (23.3) 65 (46.4)

  Alcohol use 84 (49.4) 16 (53.3) 68 (48.5)
aOverall includes all COVID-19+ and COVID-19− participants’ demographic data.  
IQR, interquartile range.
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Vaccinees who developed COVID-19 exhibit functionally 
divergent antibody profiles
Although previous studies have found an association between 
antibody-binding titers and neutralization with protection across phase 
3 COVID-19 vaccine trials15,48, WT S IgG titers and neutralization were 
not different across vaccinees who did or did not develop beta-variant 
COVID-19 after ChAdOX1 nCoV-19 immunization (Fig. 1a–d). These data 
suggest that antibody binding alone cannot explain vulnerabilities in 
the vaccine-induced humoral immune response against the beta VOC.

To better understand other potential differences in the 
vaccine-induced humoral immune response that may explain dif-
ferences in protection against COVID-19 in the setting of beta VOC 
infection, we next compared the overall humoral immune response to 
the vaccine (WT) and the beta VOC S antigens26. SARS-CoV-2-specific 
humoral responses were detected across all vaccinees, marked by 
the selection of several antibody isotypes and subclasses, with the 
capability of binding to several IgG FcRs (Fig. 2a and Supplementary 
Fig. 1). Although each individual exhibited a unique overall isotype/
subclass/FcR-binding profile, some distinct differences in Fc profiles 
were noticeable across the cases and controls, including reduced 
SARS-CoV-2-specific antibody FcγR2B binding in blocks of vac-
cinees who did not develop COVID-19 and a uniformly lower-level, 
SARS-CoV-2-specific antibody FcγR3B binding in vaccinees who later 
developed COVID-19. The univariate analysis confirmed no differ-
ences in SARS-CoV-2-specific IgG1, IgG3 and IgM titers to the WT- and 
beta-S between beta VOC breakthrough cases and individuals who 
did not develop COVID-19 (Fig. 2b,c). Both WT- and beta-S-specific, 
FcγR2B-binding levels were higher in vaccinees who developed 
COVID-19, after correction for multiple comparisons. Conversely, WT 
S-specific FcγR3B-binding levels were significantly lower in individuals 
who ultimately developed COVID-19 (Fig. 2b,c). Similar Fc-profile dif-
ferences were observed for RBD-specific responses (Supplementary 
Fig. 2). Importantly, principal component analysis (PCA) demonstrated 
no variation in vaccine-induced Fc profiles based on sex, age, BMI and 
race (Fig. 2d and Supplementary Fig. 3). These data point to qualita-
tive differences at peak immunogenicity in isotype and FcR-binding 
profiles across vaccinees who developed COVID-19 after a primary 
beta VOC infection.

FcγR3B-binding profiles discriminate vaccinated individuals 
who resist or develop COVID-19
Given the highly coordinated nature of isotype/subclass and 
FcR-binding profiles, we next aimed to conservatively define the mini-
mal vaccine-induced Fc differences that most effectively distinguished 

vaccinees who ultimately developed COVID-19 compared with vaccinees 
who did not develop beta VOC COVID-19. Both WT and beta VOC-specific 
humoral data were integrated and a least absolute shrinkage and selec-
tion operator (LASSO) was first applied to conservatively reduce the 
overall features to the minimal number of vaccine measurements 
that could discriminate between the two groups. The data were then 
visualized using a partial least squares discriminant analysis (PLS-DA). 
Almost-complete separation was noted in vaccine profiles across 
vaccinees who ultimately developed COVID-19 compared with those 
who remained free of COVID-19 for the duration of the study (Fig. 3a).  
Two features were exclusively enriched among vaccinees who did not 
develop COVID-19, including both WT and beta VOC RBD-specific, 
FcγR3B-binding antibody levels (Fig. 3b). Moreover, using an ortho
gonal approach, a mixed linear-effects (MLE) model, adjusted for all 
potential demographic confounders (such as age, sex, BMI, race, health 
status, smoking and drinking), identified similar diverging humoral 
immune features enriched among vaccinees who resisted COVID-19 
compared with those who developed COVID-19. Specifically, higher 
levels of multiple FcγR3B-binding antibody features were selectively 
enriched among vaccinees who did not develop COVID-19. In contrast, 
higher levels of IgA and FcγR2A-binding antibodies were enriched 
among vaccinees who experienced beta VOC breakthrough COVID-19  
(Fig. 3c). Similarly, across the LASSO/PLS-DA, 11 antibody features 
were selectively enriched among vaccinees who developed COVID-19, 
including both WT and beta RBD-specific IgA, WT or beta-RBD-specific 
FcγR2A, IgG3, IgM, FcγR2B, IgG1 and IgA to WT or beta VOC S-specific 
binding antibodies (Fig. 3d). Moreover, a cocorrelate analysis was fur-
ther performed using the LASSO-selected features to fully dissect the 
relationship between the differentially enriched biomarkers. Impor-
tantly, all FcγR3B features were linked to each other (Fig. 3e), suggesting 
that vaccinees who did not develop COVID-19 for the duration of the 
study elicited a highly coordinated broad FcγR3B-binding response 
across both RBD and S. Conversely, three separate networks emerged 
linked to the markers enriched in vaccinees who developed COVID-19, 
including small networks of FcγR2B WT S, WT RBD and beta VOC RBD 
features, and a more extensive network of IgG1, FcR2A, FcγR3A WT 
and beta VOC features. Thus, despite equivalent S-specific antibody 
titers induced after vaccination across vaccinees who did or did not 
resist COVID-19, these data demonstrated that Fc profiles were highly 
divergent across the groups, marked by qualitatively distinct capabili-
ties of interacting with FcRs.

Given the presence of neutralizing antibody-escape mutations 
in the RBD of the beta VOC49, we next compared differences in S- and 
RBD-specific Fc-binding profiles across WT and beta VOC-S or -RBD 
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Fig. 1 | Equivalent WT and beta (B.1.351) IgG1 S-specific antibody levels and 
neutralization titers across vaccinees who either developed COVID-19 or 
were uninfected. a,b, Violin plots showing the univariate comparison of WT 
(a) and beta B.1.351 (b) SARS-CoV-2 S-specific IgG levels between vaccinees who 
resisted COVID-19 (n = 140) and individuals who developed COVID-19 (n = 30) 
over the study period. MFI, mean fluorescence intensity. c,d, SARS-CoV-2 WT (c) 

and beta B.1.351 (d) neutralization titers measured for vaccinees who resisted 
COVID-19 (n = 28) or developed beta VOC COVID-19 (n = 12). A Mann–Whitney 
U-test was used to define differences and the Benjamini–Hochberg method was 
used to adjust for multiple comparisons, with an adjusted P (Padj): ***P < 0.001; 
**P< 0.01; *P < 0.05.
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antigens. It is interesting that S-specific IgG1, IgG3, FcγR2A and FcγR3A 
responses were enhanced to the beta VOC for both cases and controls 
(Fig. 4a). Conversely, largely reduced S-targeting IgM and IgA levels 
were observed for the beta VOC compared with the WT across the 
groups. Similarly, IgG1, IgG3, IgM, IgA, FcγR2A and FcγR3A were lower 
to the beta RBD compared with the WT across both cases and controls. 
However, as observed in the univariate and multivariate analyses, 
SARS-CoV-2-specific FcγR2B and FcγR3B binding diverged across the 
two groups, marked by different directions of S- and RBD-specific 
responses across the WT and beta VOC. Specifically, beta S-specific 
FcγR2B binding was higher than to WT in individuals who ultimately 
developed COVID-19 but remained low in uninfected vaccinees. More
over, FcγR2B binding was detectable to the WT RBD in both groups, but 
not to the beta VOC RBD, arguing for a limited role of FcγR2B-recruiting, 
RBD-specific antibodies in the immunity against beta VOC infection and 
disease. In addition, FcγR3B binding to both the WT and the beta VOC 
S and RBD were globally lower in vaccinees who ultimately developed 
COVID-19 compared with those who did not, pointing to a critical 
role for both S- and RBD-specific FcγR3B-binding antibodies in beta 
VOC immunity (Fig. 4a). Moreover, correlational analysis of the WT- 
and VOC-induced humoral immune responses across vaccinees who 
did not develop COVID-19 pointed to a negative correlation between 
FcγR2B-binding antibodies and IgA and IgM responses (Fig. 4b), but 
more diffuse coordination of all FcR-binding profiles with isotype 
selection in individuals who were ultimately infected (Fig. 4c). Robust 
relationships, albeit not perfect, were observable between IgG titers 
and each FcR except for FcγR3B binding for individuals who developed 

COVID-19 (Supplementary Fig. 4). The fact that IgG titers were equiva-
lent across individuals who ultimately developed COVID-19 and ones 
who remained uninfected, but had FcγR3B binding that was signifi-
cantly lower, further emphasizes the disconnection between titers 
and particular FcγR-binding responses. Thus collectively, Fc-profile 
differences, specifically S-specific FcγR2B and S- and RBD-specific 
FcγR3B binding after vaccination, may represent biomarkers of pro-
tective humoral immunity against beta VOC-induced COVID-19 after 
ChAdOx1 nCoV-19 vaccination.

Antibody effector functions and cytokine production 
depends on FcγR2B/3B-binding profile
Given the substantial differences in FcγR-binding properties across 
vaccinees who did or did not ultimately develop COVID-19, specifi-
cally related to differential FcγR3B- and FcγR2B-binding profiles, we 
generated plasma pools of equal numbers of vaccine samples that dis-
played discrete binding profiles to FcγR3B or FcγR2B (FcγR2B+FcγR3B− 
57% versus 20% and FcγR2B−FcγR3B+ 10% versus 31%, for vaccinated 
COVID-19+ and vaccinated COVID-19−, respectively), for deeper 
antibody Fc-functional characterization (Fig. 5a). Two pools were 
formed including: (1) plasma samples that displayed the highest 
binding to FcγR2B (mean fluorescent intensity (MFI) > 104) but not 
FcγR3B (MFI < 104), found largely in vaccinees who ultimately devel-
oped COVID-19 (COVID-19+FcR2B+3B−) (pool of n = 5) and (2) plasma 
samples with the most robust binding to FcγR3B (MFI > 104) and 
lacking binding to FcγR2B (MFI < 104), vastly enriched in vaccinees 
who resisted COVID-19 for the study period (COVID-19−FcR2B−3B+) 
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Fig. 2 | Diverging antibody Fc profiles across ChAdOx1 nCoV-19 vaccinees who 
did or did not develop COVID-19. a, Heatmap summarizing the SARS-COV-2 WT 
and beta (B.1.351)-specific IgG1, IgG3, IgA1 and IgM titers, as well as the ability  
of SARS-CoV-2-specific antibodies to bind to the low-affinity Fcγ-receptors  
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did develop COVID-19 (n = 30). Each column represents a distinct feature that  
was analyzed in the plasma and each row a different plasma sample. Titers and  
FcR data were first log(transformed) and z-scores are shown for comparison.  
b,c, Violin plot showing univariate comparisons of WT (b) and beta (c) SARS-CoV-2 

S-specific Fc-antibody profiles between the groups. A Mann–Whitney U-test, with 
a correction for multiple comparison using the Benjamini–Hochberg method, 
was used to test for differences across the groups. d, A PCA applied to all samples 
and data, including vaccinees who did and did not develop COVID-19, to examine 
the impact of different demographic parameters on antibody profiles. In each 
panel, samples are colored based on sex, age, BMI and race, demonstrating 
limited effects of these demographic characteristics on shaping vaccine-induced 
humoral profiles. ***P < 0.001; **P < 0.01; *P < 0.05.
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Fig. 3 | FcγR3B-biased SARS-CoV-2-binding responses track with enhanced 
protection from beta VOC-induced disease. a, A LASSO used to reduce 
the feature dimensionality and ultimately select antibody features that 
discriminated between vaccinees who resisted COVID-19 and those who 
developed the disease over the study period. The PLS-DA was then used to 
visualize the separation between the samples based on the LASSO-selected 
features, where each dot represents an individual vaccinee. Violet dots represent 
vaccinees who resisted COVID-19 disease over the study period and orange dots 
the vaccinees who developed COVID-19 over the study period. b, Bar graph 
showing the ranking of the LASSO-selected features based on a VIP score.  
c, The LME model depicting the overall differences in antibody features between 
individuals who resisted COVID-19 (left side) and individuals who developed 
COVID-19 (right side). The models were corrected for sex, age, BMI, race, alcohol 
and smoking status. The x axis depicts the effect size between the groups and the 

y axis shows the statistical significance. The hatched line depicts the significance 
cut-off after multiple comparisons. d, Violin plots showing the univariate 
comparisons of LASSO-selected features between the vaccinees who resisted 
COVID-19 and those who developed disease over the study period. Statistical 
differences were defined using a Mann–Whitney U-test and a correction for 
multiple comparisons, using the Benjamini–Hochberg method, and all P values 
were adjusted (***P < 0.001; **P < 0.01; *P < 0.05). e, Network analysis showing the 
additional antibody features, which were correlated with the LASSO-selected 
features and are likely to be important in driving the separation. The network was 
built using a threshold of absolute Spearman’s ρ < 0.7 and Benjamini–Hochberg-
adjusted Padj < 0.01. Nodes were colored based on the type of measurement: 
antibody titers and FcR binding. The connecting lines denote all positive 
correlations (no negative correlations were observed).

(pool of n = 5) (Fig. 5a). Both pools mediated robust and equivalent 
antibody-mediated, S-specific neutrophil phagocytosis (Fig. 5b). 
Conversely, the FcγR3B+/FcγR2B− plasma pool demonstrated a trend 
toward elevated monocyte phagocytosis (antibody-dependent cel-
lular phagocytosis (ADCP)) and significantly higher complement fix-
ing activity (antibody-dependent complement deposition (ADCD))  
(Fig. 5c,d), pointing to conserved neutrophil uptake but functional dif-
ferences across additional Fc-effector functions. However, as FcγR3B is 
almost exclusively expressed on neutrophils32,34,50–52, we further defined 
whether equivalent antibody-dependent neutrophil phagocytosis 
(ADNP) activity was accompanied by differences in neutrophil activa-
tion, using a whole-blood assay that also includes FcγR2B-expression 
cells (dendritic cells and B cells53–55) that may influence neutrophil 
activation and function. Cytokine and chemokine release profiles 
were compared across the FcγR2B+3B− or FcγR2B−3B+ pools after neu-
trophil uptake of opsonized S-coated beads (Fig. 5e). Trends toward 
higher cytokine/chemokine release were observed in the presence of 
the COVID-19+FcγR2B+3B− pool of opsonized beads compared with the 
COVID-19−FcγR2B−3B+ plasma pool (Fig. 5e). Specifically, significantly 

higher proinflammatory interleukin (IL)-8, chemoattractant protein 1 
(MCP-1) responsible for neutrophil recruitment to the lungs, as well as 
RANTES—critical for homing and migration of effector T cells (CCL5)—
were observed in the setting of COVID-19+FcγR2B+3B− plasma profiles 
compared with profiles enriched in the controls56. These data point 
to equivalent neutrophil-mediated phagocytic clearance of immune 
complexes across FcγR2B+3B− and FcγR2B−3B+ groups, probably due 
to equivalent FcγR2A binding, but striking differences in inflammatory 
responses after uptake, resulting in elevated cytokines and chemokines 
in the absence of FcγR3B, may contribute to inflammatory cascades, 
cellular infiltration and activation of immunity in the lung that may 
lead to COVID-19.

Differential FcγR2B/3B binding and functions are linked to 
divergent Fc-fragment glycosylation patterns
IgG binding to FcRs is regulated by differences in Fc-subclass selection 
and Fc glycosylation32,57. Whereas IgG3 demonstrated a tendency toward 
higher levels in cases, we sought to determine whether Fc-glycosylation 
changes on the dominant circulating IgG, IgG1, could explain 
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differences of binding across FcRs. Thus, we generated plasma pools 
with FcγR2B+3B−-, FcγR2B−3B−-, FcγR2B+3B+- and FcγR2B−3B+-binding 
profiles (all pools of n = 5). Specifically, plasma samples that fell into 
one of these SARS-CoV-2 S-specific, antibody-binding profiles were 
pooled and S-specific antibodies were purified before masss spec-
trometry (MS) analysis of tryptic glycopeptides, and glycosylation on 
IgG1 Fc glycopeptides was analyzed. Four sugars are added in variable 
amounts to form the IgG Fc glycan, including galactose (agalactose: 
G0; single galactose: G1; digalactose: G2), fucose (F), sialic acid (single: 
S1; disialylated: S2) or a bisecting N-acetylglucosamine (GlcNAc; B)  
(refs. 58,59). A comparison of the overall representation of these 
major sugar classes across the plasma pools revealed differences 
across FcγR3B+- and FcγR3B−-binding antibodies (Fig. 6a). Specifi-
cally, FcγR3B+-binding antibodies harbored less galactose, less fucose, 
less sialic acid and more bisecting GlcNAc. In contrast, bulk antibody 
glycan profiles were distinct from S-specific antibody profiles, point-
ing to antigen-specific glycan differences and the importance of 
vaccine-specific glycosylation that may account for differential FcR 
binding and antibody functional activity (Fig. 6b).

Yet, given the potential for unique combinations of the carbohy-
drates that ultimately lead to the formation of the full N-linked glycan, 
we finally aimed to build a multivariate profile using Fc-glycan frequen-
cies to capture the specific Fc glycans that were differentially enriched 
across antibodies able to engage FcγR3B and/or FcγR2B (Fig. 6c). Using 
an unsupervised PCA, performed on all IgG1 glycopeptide Fc-glycan 
structures, diverging Fc-glycan profiles were observed across all four 
FcR-binding plasma pools. Specifically, principal component 1 (PC1) 
accounted for 62.5% of the variance in the glycan samples, splitting Fc 
profiles according to the ability of antibodies to engage FcγR3B binding 

(left) or not (right). Along the PC1 axis, an enrichment of glycopeptides 
without galactose, sialic acid or fucose was observed on IgG1 that 
bound preferentially to FcγR3B. Conversely, PC2 accounted for 25% of 
the Fc-glycopeptide variation across the samples, pointing to glycan 
profiles with higher levels of bisection of IgG1 that bound preferentially 
to FcγR2B (top). Thus, differences in vaccine-induced Fc glycosylation, 
particularly lower galactosylation and fucosylation, may play a role in 
shaping more functional antibodies able to recruit FcγR3B+ functions 
that may be key to limiting inflammatory activation of neutrophils on 
opsonophagocytic uptake of the virus.

Discussion
Despite the robust success of the ChAdOx1 nCoV-19 vaccine trial in the 
UK and Brazil against the WT and alpha variant of SARS-CoV-2 (ref. 60),  
protection against mild-to-moderate disease due to the beta VOC was 
not observed in South Africa, where most of the primary endpoint 
cases were due to the beta variant of SARS-CoV-2 (ref. 26). However, 
limited to no cases of severe disease or death were noted in the trial, 
pointing to persistent vaccine-mediated protection against the most 
vital endpoints, in the absence of transmission blockade27–29,61,62. With 
the global rise of VOCs that have begun to progressively break through 
vaccine-induced immunity more effectively, a more profound under-
standing of mediators of immunity, in addition to neutralization, is 
urgently needed. Moreover, NHP studies have pointed to complemen-
tary roles for both cellular and non-neutralizing functional humoral 
immunity in persistent protection against VOCs. For example, although 
T cell depletion was associated with a loss of viral control in only the 
upper respiratory tract and not the lung of NHPs, the transfer of sub-
neutralizing, polyclonal, highly functional antibodies led to control 
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Fig. 4 | WT and beta RBD and S-specific Fcγ2B and Fcγ3B differ across 
vaccinees who developed COVID-19 or resisted disease. a, Dot plots showing 
the univariate comparisons of S- and RBD-specific antibody levels to the WT 
or beta S (left) or RBD (left) across the vaccinees who resisted or developed 
COVID-19 over the study period. Differences were defined using a Wilcoxon’s 
rank-sum test, and all P values were corrected for multiple comparisons  
using the Benjamini–Hochberg method with: ***P < 0.001; **P < 0.01; *P < 0.05.  

b,c, Correlation matrices depicting the Spearman’s correlations between  
SARS-CoV-2 WT and beta B.1.351 S-specific antibody features in vaccinated 
individuals who resisted (b) or developed (c) COVID-19. Significance values were 
corrected for multiple comparisons using the Benjamini–Hochberg method 
and shown as: ***P < 0.001; **P < 0.01; *P < 0.05. The lower triangle shows P values, 
whereas the upper triangle shows Padj values.
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Fig. 5 | FcγR2B+3B−- and FcγR2B−3B+-binding IgG show different abilities 
to drive antibody-dependent effector functions as well as cytokine and 
chemokine production. a, The selection strategy of COVID-19+FcR2B+3B− and 
COVID-19−FcR2B−3B+ pools based on the ability of WT S-specific IgG to bind to 
FcγR2B and FcγR3B receptors. Subjects in the top quartile (marked with boxes) 
were selected and pooled (pool of n = 5). b, ADCD. c,d, ADCP (c) and ADNP (d) in 
COVID-19+FcR2B+3B− and COVID-19−FcR2B−3B+ pools (pool of n = 5). Bars show the 
mean value with s.d. Dots represents replicates (n = 4 and n = 6). Samples were 
run in technical duplicates and two (ADCD) to three (ADCP and ADNP) biological 
replicates. Unpaired Student’s t-test and Padj (

***P < 0.001; **P < 0.01; *P < 0.05) 

were used. e, Cytokine production by isolated human neutrophils stimulated 
with COVID-19+FcR2B+3B− and COVID-19−FcR2B−3B+ pools (pool of n = 5). Bars 
show the mean with s.d. Dots represent replicates (n = 4, technical duplicates 
of two biological replicates with different blood donors). Unpaired Student’s 
t-test and Padj (

***P < 0.001; **P < 0.01; *P < 0.05) were used. GM-CSF, granulocyte–
macrophage colony-stimulating factor; IFNγ, interferon-γ; MCP, monocyte 
chemoattractant protein; MIP, macrophage inflammatory protein; TGFα; 
transforming growth factor α; TNF-α, tumor necrosis factor α; VEGF, vascular 
endothelial growth factor.

of viral replication and accelerated clearance of the virus across both 
the upper and the lower respiratory tracts63,64. Similarly, in the pre-
sent study, we found that, although neutralization and binding titers 
at peak immunogenicity were unable to predict protection against 
beta VOC COVID-19 breakthroughs, the presence of ChAdOx1 nCoV-
19 vaccine-induced FcR-binding antibodies strongly diverged across 
vaccinees who ultimately developed COVID-19 compared with those 
who did not, pointing to unexpected humoral biomarkers of protection 
against beta-VOC-driven COVID-19.

Antibody effector functions have been implicated in protection 
against a wide array of pathogens36–40,65. In the present study, despite 
the presence of equivalent vaccine-induced, antibody-binding titers, 
we observed divergent vaccine-induced, FcR-binding antibody profiles, 
marked by enhanced and preferential FcγR3B binding in individuals 
who did not develop COVID-19, compared with elevated inflammatory 
isotypes/subclass/FcR antibody-binding profiles (IgA and IgG3) in vac-
cinees who ultimately developed COVID-19. These data suggest that the 
induction of highly functional isotype/subclass/FcR-binding profiles 
may not be sufficient to prevent COVID-19, in the absence of FcγR3B 
binding. A previous work highlighted the preferential enrichment of 
antibodies able to rapidly recruit neutrophil activation, degranulation 
and cytokine release, but not other Fc-effector functions, in individuals  
who experienced severe disease compared with adults with mild  
disease or children who experience largely asymptomatic infection66. In 
addition, the FcγR3B upregulation has been linked to severe COVID-19  
and might be used as a biomarker or therapeutic target67. Similarly, 
previous data have pointed to a critical role for neutrophils in natural 
protection against severe disease and death, where neutropenia was 
among the strongest risk factors for severe disease in patients with vari-
ous hematological malignancies67–69. Likewise, in the present study we 
observed that the presence of FcγR3B-binding antibodies was enriched 
in individuals who were protected against COVID-19 breakthrough, 
linked to neutrophil-mediated immune complex clearance in the 
absence of neutrophil activation and inflammatory cytokine release. 
These data suggest that FcγR3B+ binding may temper the release of 
inflammatory cytokines that may drive early immune activation and 

cellular recruitment, potentially contributing to the initiation of the 
cytokine storm associated with the symptoms of COVID-19 (ref. 70).

Binding to FcγR3B, a GPI-anchor protein that does not lead to cellu-
lar activation71, resulted in comparable phagocytosis, in the absence of 
cytokine production, compared with antibodies unable to bind FcγR3B. 
These data suggest that FcγR3B may lead to rapid and robust viral clear-
ance without inflammation. This muted immune-complex-mediated 
activation may be attributable to the fact that FcγR3B cannot signal. 
Instead, this receptor probably collaborates with other FcRs to help 
capture and clear antibody-opsonized material and thus may aid in 
clearance in the absence of cellular activation and the initiation of 
inflammatory cascades72. Conversely, previous studies suggested that 
IgA-mediated Fcα-receptor binding resulted in inflammatory activa-
tion of neutrophils73. Thus, the immune system may exploit distinct 
antibody isotype–FcR interactions to regulate neutrophil activity. 
Together these data suggest that viral clearance in the setting of a 
muted inflammatory response may be key to preventing the symptoms 
of COVID-19, whereas the generation of an inflammatory response may 
result in inflammatory cascades that may lead to dysregulated cellular 
recruitment, activation and disease associated with acute COVID-19. 
Importantly, IgA, IgG3 and FcγR2A can all activate neutrophils and were 
detected in all vaccinees, suggesting that antibody properties were not 
enhancing, but rather that, in the absence of FcγR3B, these antibody 
signals did not prevent COVID-19.

The ability of IgG to bind to FcRs is regulated by IgG subclass 
selection and Fc glycosylation57. Individuals who resisted COVID-19 
had similar IgG titers and did not exhibit enhanced expression of 
non-IgG1 subclasses, pointing to the potential for Fc-glycosylation 
differences controlling FcγR3B binding. Along these lines, it is known 
that fucose-deficient IgGs bind preferentially to FcγR3a (refs. 74,75), 
whereas high galactosylation appears to further increase FcγR3a bind-
ing76,77. Galactose and sialic acid content has been shown to alter FcγR2 
binding and activity78. However, the precise Fc glycans involved in bind-
ing preferentially to FcγR3B are not known. Instead, FcγR3A and FcγR3B 
are almost identical in their extracellular domains, marked by only 
four amino acid residue differences located in the antibody-binding 
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domains, with the most important at position 129 (Gly129 in FcγR3A and 
Asp129 in FcγR3B) (refs. 32,79). The amino acid difference at position 
129 leads to the presence of an additional N-linked glycan on FcγR3B 
that probably alters FcR binding to IgG subpopulations. FcγR3A has 
five N-glycans and FcγR3B has six; however, it is not fully clear if all sites 
are fully occupied80. Fc-glycan profiling of antibodies with the ability to 
interact with FcγR3B from controls compared with antibodies unable 
to interact with FcγR3B from controls clearly highlighted differences 
in Fc glycosylation across these groups. Thus, in line with previous 
studies that have noted striking differences in Fc glycosylation and 
natural COVID-19 outcomes81–84, the data presented in the present study 
provide additional mechanistic insights on how vaccines may exploit 
posttranslational humoral immune programming to drive enhanced 
control and clearance of the virus.

Whether some vaccinees are predisposed to generate particular  
antibody functional profiles that can interact with FcγR3B more 
effectively or whether some vaccinees simply failed to generate 

FcγR3B-binding antibodies remains unclear. In the present study, we 
observed equivalent vaccine-induced antibody titers and neutraliza-
tion, but diverging Fc-glycan profiles across the vaccinees, suggesting 
that the cases responded well to vaccination, but generated a distinct 
profile of antibodies. Emerging data point to a role for vaccination in 
shaping Fc glycosylation85 and FcR binding can be further tuned using 
distinct adjuvants86. In the present study, IgG1 glycopeptide analysis 
pointed to the importance of lower galactosylation, sialylation and 
fucosylation, as well as increased levels of bisecting GlcNAc, because 
the glycan profile enriched on S-specific antibodies can interact with 
FcγR3B. Due to sample limitations, resulting in very low recovery of 
all four IgG subclasses, as well as the inability to distinguish IgG3/
IgG4 glycopeptides by standard MS43, we were able to capture only 
IgG1 Fc-domain-specific glycosylation. Although systems serological  
analysis points to enhanced IgG3 responses among individuals  
who ultimately developed COVID-19, future studies, in which larger 
amounts of samples were collected outside of a regulated phase 2b 

c

3B
+ 2B

+

3B
+ 2B

–

3B
– 2B

+

3B
– 2B

–
16.0

16.5

17.0

17.5

18.0

18.5

19.0

Pe
rc

en
ta

ge
 to

ta
l g

ly
ca

ns G0 total

3B
+ 2B

+

3B
+ 2B

–

3B
– 2B

+

3B
– 2B

–
93.0

93.5

94.0

94.5

95.0

Pe
rc

en
ta

ge
 to

ta
l g

ly
ca

ns F total

3B
+ 2B

+

3B
+ 2B

–

3B
– 2B

+

3B
– 2B

–
39.0

39.5

40.0

40.5

41.0

41.5

42.0

Pe
rc

en
ta

ge
 to

ta
l g

ly
ca

ns G1 total

3B
+ 2B

+

3B
+ 2B

–

3B
– 2B

+

3B
– 2B

–
16

17

18

19

20

Pe
rc

en
ta

ge
 to

ta
l g

ly
ca

ns S total

3B
+ 2B

+

3B
+ 2B

–

3B
– 2B

+

3B
– 2B

–
39

40

41

42

43

44

45

Pe
rc

en
ta

ge
 to

ta
l g

ly
ca

ns G2 total

3B
+ 2B

+

3B
+ 2B

–

3B
– 2B

+

3B
– 2B

–
11.0

11.2

11.4

11.6

11.8

12.0

Pe
rc

en
ta

ge
 to

ta
l g

ly
ca

ns B total

0–1–2

IgG1

a

G0 total G1 total G2 total
b

F total S total B total

3B
+ 2B

+

3B
+ 2B

–

3B
– 2B

+

3B
– 2B

–

3B
+ 2B

+

3B
+ 2B

–

3B
– 2B

+

3B
– 2B

–

3B
+ 2B

+

3B
+ 2B

–

3B
– 2B

+

3B
– 2B

–

3B
+ 2B

+

3B
+ 2B

–

3B
– 2B

+

3B
– 2B

–

3B
+ 2B

+

3B
+ 2B

–

3B
– 2B

+

3B
– 2B

–

3B
+ 2B

+

3B
+ 2B

–

3B
– 2B

+

3B
– 2B

–

30

28

26

24

22

20

Pe
rc

en
ta

ge
 to

ta
l g

ly
ca

ns

38

39

40

41

42

43

Pe
rc

en
ta

ge
 to

ta
l g

ly
ca

ns

30

18

16

14

18

20

16

14

95

96

94

93 12

35

40

45

Pe
rc

en
ta

ge
 to

ta
l g

ly
ca

ns

Pe
rc

en
ta

ge
 to

ta
l g

ly
ca

ns

Pe
rc

en
ta

ge
 to

ta
l g

ly
ca

ns

Pe
rc

en
ta

ge
 to

ta
l g

ly
ca

ns

1 2 3

0

–1

–2

1

2

PC1 (62.5%)

0–0.2

IgG1_G1F

IgG1_G1S1F

IgG1_G0F

IgG1_G0F.B

IgG1_G1F.B

IgG1_G2F.B

IgG1_G2S1F.B

IgG1_G2S2F

IgG1_G2S1F

IgG1_G1.B

IgG1_G2S

3B+2B+

3B+2B–

3B–2B+

3B+2B–

Fcγ2B+3B+ Fcγ2B+3B–

Fcγ2B–3B+ Fcγ2B–3B–

Fcγ3B+ Fcγ3B–

Fc
γ2

B+
Fc

γ2
B–

IgG1_G2F

IgG1_G1

IgG1_G2

0.2

PC1 (62.5%)

PC
2 

(2
5%

)

0

–0.25

0.25

PC
2 

(2
5%

)

Fig. 6 | The capacity of SARS-CoV-2 S-specific IgG1 to bind to Fcγ2B and Fcγ3B 
receptors is regulated by the Fc-fragment glycosylation pattern. a,b, The 
overall representation (the percentage of total glycans) of major sugar classes, 
including galactose (agalactose: G0; single galactose: G1; digalactose: G2; fucose 
(F), sialic acid (S) and a bisecting GlcNAc (B)) across SARS-CoV-2 S-specific low 
and high FcγR2- and FcγR3B-binding IgG1 (FcγR2B+3B+, FcγR2B+3B, FcγR2B−3B) 

(a) and total antigen unspecific+, FcγR2B−3B− groups (b) measured by LC–MS. 
Each bar shows the average of two replicates for FcγR2B+3B+, FcγR2B+3B−, 
FcγR2B−3B+ and FcγR2B−3B samples (pool of n = 5 per sample). c, PCA applied to 
all samples and data to examine the impact of various glycoforms on FcγR2B and 
FcγR3B binding for IgG1.

http://www.nature.com/natureimmunology


Nature Immunology | Volume 24 | July 2023 | 1161–1172 1169

Article https://doi.org/10.1038/s41590-023-01513-1

study, may identify associated unique IgG-subclass-specific, antibody 
glycan profiles that may shape IgG1 activity, the dominant antibody 
subclass in the blood and the lung87. As mentioned above, although 
fucosylation was known to shape binding to FcγR3A (ref. 88), reduced 
galactosylation and sialylation are typical profiles enriched in inflam-
matory responses89 and may represent antibodies that are poised for 
rapid neutrophil-mediated clearance. Thus, learning to control Fc 
glycosylation via next-generation vaccine strategies may represent 
a unique opportunity to shape Fc-effector function to any pathogen. 
Moreover, specifically understanding how to induce FcγR3B-binding 
antibodies that can drive less inflammatory opsonophagocytosis 
may represent a unique approach to promoting viral clearance in the 
absence of inflammation and disease.

There are some limitations to our study. First, both natural infec-
tion and vaccination have been shown to drive distinct IgG Fc profiles90. 
Thus, specific vaccine platforms (for example, adenoviruses, mes-
senger RNA, adjuvanted nanoparticles) are likely to drive distinct Fc 
subclass/isotype/glycosylation. Whether additional vaccine platforms 
are able to tune FcR-binding profiles and whether Fc-binding profiles 
decay differentially across platforms remain incompletely under-
stood, but could provide key insights to guide boosting strategies. 
Second, it remains unclear whether these same biomarkers will track 
with protection across additional ChAdOx1 nCoV-19 trials globally, 
the same biomarkers will predict differential breakthrough across 
distinct vaccine platforms or the same biomarkers will predict vulner-
ability across newly emerging VOCs. Third, the cases and controls were 
matched based on standard demographic characteristics, such as sex 
(males versus females), age (20–60 years old), BMI categories (normal, 
obese, overweight and underweight) and race (black, mixed, others and 
white). Yet, Fc-glycan profiles also shift with HIV infection89, and are 
probably shaped by additional comorbidities (nutrition, coinfections, 
diabetes and so on). Thus, understanding additional differences across 
the populations may provide granular clues for the future posttrans-
lational control of IgG glycosylation. Fourth, breakthrough infections 
can be caused by more frequent or greater exposures to SARS-CoV-2, 
which are difficult to account for in the setting of a phase 2b/3 trial, 
but could provide further insights into the mechanisms by which anti-
bodies provide protection at different forces of infection. Therefore, 
future studies that can capture more information on risk of exposure 
and additional lifestyle factors could help refine the identification of 
mechanistic correlates of immunity, which could be used to improve 
vaccine design. Fifth, cytokine release by neutrophils was measured in 
the absence of complement (due to heat inactivation). Thus, although 
we do not think that complement affects the interpretation of our data, 
future studies examining the interaction of simultaneous FcR binding 
and complement activation would be of great interest. Sixth, data 
presented in the manuscript do not include the validation sample sets. 
Due to sample limitation (as a part of a phase 2b/3 trial), most experi-
ments were performed as technical replicates. However, the functional 
validation by biochemical and molecular assays was implemented to 
further understand and confirm the unique signatures observed in 
the initial screening.

Given the importance of neutrophils as first responders in the 
setting of several respiratory infections91,92, the significance of the 
data presented in the present study points to a potentially impor-
tant role for vaccine-induced, antibody-mediated innate immune 
activation as a key predictor of rapid viral clearance in the absence of 
inflammation as a surrogate of protection against COVID-19. Further 
evaluation of the biomarkers identified in the present study, as well 
as deeper evaluation of innate immune changes across populations 
(elderly and immunocompromised individuals and so on), may further 
uncover mechanisms that may be key to protection against COVID-19,  
and may help improve and optimize vaccine platforms that are  
ultimately aimed at inducing robust and durable protection against 
current and emerging VOCs.
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