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SUMMARY

In addition to neutralization, Fc effector function contributes to vaccine-mediated protection against severe 

SARS-CoV-2 infection. However, differential coordination and cross-reactivity of Fc effector functions across 

vaccines is not clearly defined. A secondary analysis of three vaccines with BNT162b2, Ad26.CoV2.S 

(NCT04838795), and ChAdOx1 nCoV-19 (NCT04444674) reveals that BNT162b2 elicits the highest levels of 

binding, neutralization, and Fc effector function with antibody-dependent cellular cytotoxicity (ADCC), 

phagocytosis (ADCP), and complement deposition (ADCD) significantly differing by vaccine modality. 

Ad26.CoV2.S showed low ADCD activity before a homologous boost, which significantly increased this func

tion. BNT162b2 vaccination triggered higher levels of cross-reactive neutralization, ADCC and ADCP than the 

adenoviral vaccines, while ChAdOx1 nCoV-19 exhibited higher ADCD cross-reactivity. Coordination between 

functions all varied by modality, with vaccination eliciting neutralization and binding correlations with ADCC 

for BNT162b2, but with ADCD following Ad26.CoV2.S vaccination. This supports the optimization of Fc 

effector functions for improved polyfunctional vaccine design.

INTRODUCTION

The emergence of variants of concern (VOC) during the SARS- 

CoV-2 pandemic resulted in significant evasion of neutralizing 

antibody responses.1–6 Despite this, and the fact that neutraliza

tion is a known correlate of vaccine elicited protection,7–11 vac

cines still prevent severe disease.12–14 This can be attributed, in 

part, to the persistence of T cell induced immunity15 and humoral 

factors beyond neutralization despite continued viral evolution. 

Binding antibodies correlate with protection from severe disease 

even when neutralizing titers are reduced.10,16 Moreover, while 

unable to protect through blocking mechanisms, non-neutral

izing binding antibodies can elicit protective cytotoxic functions 

that are mediated by the engagement of antibody fragment crys

tallizable (Fc) regions with complement proteins or Fc receptors 

on the surface of effector cells.

Fc effector functions including antibody-dependent cellular 

phagocytosis (ADCP) or engulfment, antibody-dependent 

cellular cytotoxicity (ADCC) or lysis of target cells and comple

ment deposition (ADCD) are largely retained against VOCs.17–19

These functions are associated with reduced COVID-19 disease 

severity and mortality and are more durable compared to neutral

ization following infection.20–23 Fc effector function is also 

required for monoclonal antibodies to optimally protect from 

infection.11,24–28 Furthermore, vaccine elicited Fc effector func

tions contribute to protection from SARS-CoV-2 infection in ani

mal models.29–36

During the COVID-19 pandemic, several vaccines including 

ChAdOx1 nCoV-19, BNT162b2,37,38 and Ad26.COV2.S39 were 

deployed worldwide to prevent infection with protection against 

D614G SARS-CoV-2 infection ranging between 57 and 

95%.40–43 ChAdOx1 nCoV-19 is a chimpanzee adenovirus 

vectored vaccine, Ad26.COV2.S, a human adenovirus type 26 

vectored vaccine and BNT162b2 an mRNA vaccine which all 

encode a full-length, membrane-bound SARS-CoV-2 spike pro

tein in a prefusion conformation.39,44–46 Despite utilizing different 
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platforms, all three vaccines elicited potent and durable Fc 

effector functions.17,47–50 However, several studies have shown 

subtle differences in Fc effector and isotype elicitation across 

vaccines, even between BNT162b2 and mRNA-1273, for which 

neutralizing titers were similar.51 These data further suggested 

that these platforms elicit antibodies preferentially targeting 

different sites; with RBD-specific antibody depletion resulting 

in a loss of ADCP activity for BNT162b2 vaccinees but not 

mRNA-1273–immunized individuals.52 In addition, similar to 

neutralization capacity, ADCC activity was significantly lower 

in the whole inactivated virus vaccine BBIBP-CorV and 

ChAdOx1-nCoV-19 vaccination compared to BNT162b2.53

While several studies have attributed these differences to modal

ity and dosing schedule, impact on co-ordination and Fc effector 

breadth across VOCs have not been investigated.

In this study, we show that different vaccine modalities and 

doses trigger unique Fc effector function levels, breadth, and co

ordination. Both Fc effector function and breadth was highest in 

BNT162b2 for neutralization, ADCC, and ADCP, while ChAdOx1 

nCoV-19 showed the greatest degree of cross reactivity for 

ADCD against VOCs. BNT162b2 antibody binding and neutrali

zation was coordinated with ADCC, while in Ad26.CoV2.S vacci

nees these correlated with ADCD. These data suggest that mode 

of delivery of vaccination and dosage influence Fc effector re

sponses. This has important implications in the design of future 

vaccines that can be modified to elicit a potent Fc effector 

response.

RESULTS

The BNT162b2 vaccine elicits higher binding antibody 

titers and neutralization activity compared to Ad26. 

CoV2.S and ChAdOx1 nCoV-19 vaccines

To assess the differences in humoral responses elicited by 

mRNA or adenoviral vector based SARS-CoV-2 vaccines, we 

assayed plasma from individuals vaccinated with either two 

doses of BNT162b2 (n = 13), a single dose of Ad26.CoV2.S 

(n = 13) or two doses of ChAdOx1 nCoV-19 vaccine (n = 23) as 

primary immunizations as per the vaccine dose recommenda

tions, by the South African government during that period 

(Figure 1; Table S1).

Using ELISA, we compared the capacity of vaccine-elicited 

plasma IgG antibodies to bind ancestral (D614G) spike protein. 

In line with previous studies,54–57 one dose of Ad26.CoV2.S eli

cited significantly lower D614G-binding antibody levels (geomet

ric mean titer (GMT) 1.4) compared to two doses of BNT162b2 

(GMT 2.9) and ChAdOx1 nCoV-19 (GMT 2.0) two months post 

vaccination (Figure 2A). This is likely because the primary vacci

nation schedule for Ad26.CoV2.S includes only a single dose, 

unlike the two-dose regimens of BNT162b2 and ChAdOx1 

nCoV-19. Following the third homologous dose of BNT162b2 

vaccine, binding antibody titers significantly increased (p value = 

0.02) (Figure 2B). Spike-specific IgG induced by one dose of 

the Ad26.CoV2.S vaccine was most significantly boosted, 

compared to all other vaccines, by an additional homologous 

dose. In contrast, a second ChAdOx-1 nCoV-19 dose did not 

significantly increase binding antibody titers (Figure 2B). 

Furthermore, four months following the second dose, ChAdOx- 

1 nCoV-19- elicited IgG binding antibodies waned significantly 

(Figure 2B).

Two months following BNT162b2 primary vaccination, 

neutralization titers against the ancestral (D614G) variant, as 

measured using a lentiviral pseudovirus assay, were 19 and 

28-fold higher compared to Ad26.CoV2.S and ChAdOx1 

nCoV-19 vaccinees (Figure 2C), in line with previous studies.55–59

Despite significantly higher binding antibodies following 

ChAdOx-1 nCoV-19 compared to Ad26.CoV2.S vaccination 

(Figure 2A), neutralization was comparable between these mo

dalities (GMT 143 compared to 99) (Figure 2C). For all vaccines, 

neutralizing antibody titers increased following additional homol

ogous doses with the greatest fold increase (6.2) following a sec

ond dose of Ad26.CoV2.S (Figure 2D). Similar to binding anti

bodies, neutralizing titers elicited by ChAdOx-1 nCoV-19 

significantly waned over 6 months to titers that were1.4 times 

lower than those following the first dose (Figure 2D). Overall, 

these data confirm the mRNA BNT162b2 vaccine elicits signifi

cantly better binding and neutralizing antibody titers than the 

adenoviral platforms tested.

Fc effector functions vary significantly by SARS-CoV-2 

vaccine modality and are boosted in response to 

additional vaccine doses

As Fc effector functions are associated with vaccine elicited pro

tection in animal models,17,35,49,52 we investigated how these 

varied by vaccine modality. Two months after primary vaccina

tion, all Fc effector functions were highest in BNT162b2 vacci

nees compared to Ad26.CoV2.S and ChAdOx1 nCoV-19 vacci

nees (Figures 3A–3C). The ADCC response was similar in 

Ad26.CoV2.S (Median RLU 1718) and BNT162b2 vaccinees 

(Median RLU 2218) with significantly lower function elicited 

by ChAdOx-1 nCoV-19 (Median RLU 932) compared to 

BNT162b2 (Figure 3A). This was in contrast to ADCP where 

Ad26.CoV2.S and ChAdOx-1 nCoV-19 elicited antibodies 

showed similar activity (Median ADCP score 19.6 and 18.4 

respectively), and both were significantly lower than BNT162b2 

(Median ADCP score 34.9) (Figure 3B). BNT162b2 induced 

significantly higher ADCD activity than all adenoviral vaccines 

(Figure 3C), with Ad26.CoV2.S vaccination showing low activity 

following one dose. In addition, each of these functions showed 

distinct patterns between the modalities, which did not match 

overall SARS-CoV-2 spike binding titers. This illustrates that 

measurements of binding antibody titer alone does not always 

mirror Fc effector activity.

We next explored the effect of an additional homologous dose 

on Fc effector function for each vaccine. All Fc effector functions 

were significantly enhanced 2– to 3-fold by a third dose of 

BNT162b2 (Figures 3D–3F). ADCC and ADCP was preserved, 

with ADCD activity increased 31-fold following a second Ad26. 

CoV2.S dose (Figure 3F). This ADCD was similar to activity eli

cited after two doses of BNT162b2 and ChAdOx-1 nCoV-19, 

indicating that two doses of this vaccine are required to elicit 

detectable ADCD. ChAdOx-1 nCoV-19 vaccinees also showed 

significantly boosted levels of ADCC responses following an 

additional homologous dose, with non-significant increases in 

ADCP and ADCD (Figures 3D–3F). However, overall the ADCC 

and ADCD activity waned substantially after 6 months while 
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ADCP was mostly preserved. Interestingly, a few participants 

showed some increases in ADCP activity (Figures 3D and 3E), 

despite no detectable nucleocapsid titers that would indicate 

infection. Overall, these data show that vaccine modalities and 

doses elicit distinct Fc effector responses and that ADCP, 

ADCC, and ADCD elicitation following a specific vaccine is 

uniquely modulated.

Neutralization and Fc effector function cross-reactivity 

differ by vaccine

The ability of a vaccine to trigger antibody responses against 

SARS-CoV-2 VOCs is critical in the context of ongoing evolution 

of the virus. We compared the capacity of antibodies triggered 

by the three vaccine platforms to mediate neutralization, 

ADCC, ADCP, and ADCD against VOCs including Beta, Delta, 

and BA.1 2 months following vaccination (Figures 4A–4H).

Neutralization was most significantly compromised against 

BA.1 across all vaccine platforms, as reported previously,60–62

with the highest neutralization activity detected against D614G, 

the closest variant match to the immunogens (Figures 4A and 

Figure S1A). BNT162b2 triggered substantially higher overall 

cross-reactive neutralization breadth than the Ad26.CoV2.S 

(12.7-fold) and ChAdOx1 nCoV-19 (6.5-fold) vaccines (Figures 

4A and 4B), with the highest median neutralization titers against 

all VOCs observed for BNT162b2 (Figure S1A). BNT162b2-trig

gered ADCC activity was less sensitive to mutations in Beta 

and Delta compared ADCC triggered by other vaccines 

(Figure 4C), while all three vaccines elicited antibodies with 

Figure 1. Dosing and sampling strategy of individuals vaccinated with BNT162b2, Ad26.COV2.S and ChAdOx1 nCoV-19 

(A) BNT162b2 participants (orange, n = 13) were vaccinated using a two-dose strategy with first dose at day 0, second dose after 42 days, and boosted with an 

additional third dose after 5.5 months. Participants who received the BNT162b2 vaccine were sampled after receiving a full primary vaccination i.e., 2 doses, and 

1 month post boost (PB). The post full primary vaccination blood samples were taken 2 months after the initial dose, which translated to a month following their 

second dose. Although the primary vaccination sampling period was a month less than the other vaccine groups, these samples were regarded as peak 

immunogenicity because they were taken following the full 2 dose primary vaccination strategy recommended for BNT162b2. 

(B) Ad26.CoV2.S (blue, n = 13) was administered as one primary dose received at month 0 and individuals were subsequently boosted 7.5 months after the initial 

dose. The participants were sampled 2 months after the first dose and 1 month after the second dose. 

(C) ChAdOx1 nCoV-19 trial participants (purple, n = 23) were vaccinated with a two-dose primary strategy at month 0 and then 1 month thereafter. The individuals 

were sampled 1 month post first dose, 2 weeks after the second dose regarded as a full primary vaccination sample. and 6 months after they received the first 

dose defined as a second dose follow-up (2nd dose FU). Samples highlighted with gray shading were used to compare the vaccine modalities throughout the 

study, including samples from after a full primary dose for each vaccine, approximately 2 months post 2nd dose for BNT162b2, 2 months post 1st dose for Ad26. 

COV.2.S, and 2 months post the initial dose for ChAdOx1 nCoV-19. Additional characteristics of the different vaccine trial participants have been included in 

Table S1.
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similarly compromised ADCC against BA.1 with only significant 

losses following BNT162b2 and Ad26.CoV2.S vaccination rela

tive to D614G (Figures 4C and Figure S1B). However, compared 

to neutralization, ADCC breadth was more comparable across 

vaccines less than 3-fold reduced in the adenoviral vaccines 

relative to BNT162b2 but between 6 and 12-fold reduced 

in neutralization breadth. Unlike ADCC and neutralization, 

BNT162b2-elicited ADCP breadth was similar across all variants 

tested indicating the resilience of this function in the face of 

VOCs (Figure 4E) but did show significant decreases in ADCP 

score against Beta and Delta, similar to Ad26.CoV2.S with 

ChAdOx nCoV-19 showing only comprised activity against 

BA.1 (Figure S1C). This further reflects slightly different targeting 

elicited by different vaccine platforms. Similar to ADCC and 

neutralization, Ad26.CoV2.S and ChAdOx nCoV-19 vaccines 

showed similar levels of ADCP breadth (Figures 4E and 4F). 

BNT162b2 vaccinees showed comparable levels of ADCD activ

ity compared to ChAdOx nCoV-19 against all variants except 

Beta (4-fold lower) (Figure 4G). Further, BNT162b2 and 

ChAdOx1 nCoV-19 vaccinees had higher ADCD against all var

iants tested (ranging between 6 and 95-fold) compared to 

Ad26.CoV2.S, translating to the lowest ADCD cross reactivity 

following Ad26.CoV2.S vaccination (9.5-fold lower than 

BNT162b2) and the lowest ADCD level across all variants tested 

(Figures 4G, 4H, and S1D). These data show that BNT162b2 

vaccination triggers polyfunctional antibodies with more cross- 

reactive neutralization, ADCC and ADCP responses than the 

two adenoviral vaccines tested. Overall, the type of vaccine influ

ences not only levels but cross reactivity of both neutralization 

and Fc effector function.

Different vaccine modalities induce distinct 

correlations between antibody functions

A well-coordinated Fc effector response is associated with control 

and vaccine efficacy against several viruses including SARS- 

CoV-2 and HIV.63–69 We therefore examined the association 

between D614G-specific Fc effector function, binding and 

neutralization across vaccine platforms 2 months following pri

mary vaccine dosage. BNT162b2-elicited plasma showed signif

icant positive correlations between neutralization, ADCC and 

binding (r > 0.7) (Table S2), with weak but negative correlations be

tween these factors and ADCD (r < − 0.3) (Figure 5A; Table S2). In 

contrast, vaccination with one dose of Ad26.CoV2.S elicited sig

nificant and strong correlations between neutralization, binding 

and ADCD (r > 0.7) (Figure 5B) Thus, despite ADCD being of low 

magnitude compared to other vaccine modalities, this activity is 

well coordinated with both the binding and neutralizing capacity 

of these antibodies. ChAdOx1 nCoV-19 vaccination showed a 

A B

C D

Figure 2. Binding and neutralizing antibody 

responses across vaccine modalities 

Binding antibody titers against ancestral D614G 

tested by ELISA (A) approximately 2 months 

following the first vaccine dose and (B) longitu

dinally over time (1 month post boost (PB) and 

6 months 2nd dose follow-up (2nd dose FU). 

Neutralization of ancestral (D614G) pseudovirus 

(C) approximately 2 months following the first 

dose and (D) over time (1 month post boost (PB) 

and 6 months 2nd dose follow-up (2nd dose FU). 

BNT162b2 vaccinees are shown in orange, 

Ad26.CoV2.S in blue and ChAdOx1 nCoV-19 in 

purple. Ad26.CoV2.S vaccinees with nucleo

capsid ELISA confirmed breakthrough infections 

2 months before they acquired a booster dose, 

were excluded from further analysis in Figures 2B 

and 2D, to prevent the influence of hybrid immu

nity. Horizontal lines indicate geometric mean 

binding or neutralization titers (GMT), with 

change in vaccine elicited neutralization before 

and after boost represented as a fold change 

between post boost and pre-boost GMT. Pal

ivizumab (black), the negative control is included, 

with a dotted line on the y axis indicating the 

positivity cut-off for binding. The detection limit of 

ID50 of 20, shown as a dotted line, marks the limit 

of detection for neutralization. The HIV-specific 

antibody VRC01 was routinely included as a 

negative control for neutralization assays. Sta

tistical analyses were performed using the 

Kruskal-Wallis test with Dunn’s multiple com

parisons correction across vaccine platforms. 

Matched comparisons within BNT162b2 and 

Ad26.CoV2.S vaccine groups over time was 

analyzed using a Wilcoxon T test while ChAdOx1 nCoV-19 analysis was done using Friedman’s test with Dunns’s multiple comparisons correction where 

*p < 0.05,**p < 0.01 ***p < 0.001 and ****p < 0.0001.
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poorly coordinated vaccine response with no significant associa

tions between any antibody functions (Figure 5C). Despite not be

ing significant, ChAdOx1 nCoV-19 vaccination induced a negative 

correlation between ADCD and neutralization similar to BNT162b2 

(Figures 5A and 5C; Table S2) and a positive correlation between 

binding and ADCD (spearman r = 0.5) similar to Ad26.CoV2.S. 

Overall, Ad26.CoV2.S showed the most positive correlations be

tween antibody functions, despite lower levels of antibody re

sponses compared to BNT162b2.

DISCUSSION

Neutralization and Fc effector functions have been associated 

with SARS-CoV-2 vaccine protection.18,30,32,35,70–72 Further

more, various studies have shown the magnitude and cross- 

reactivity of vaccine-elicited neutralization activity varies by vac

cine platform.54–57 However, it is unclear how these different 

vaccine modalities affect the elicitation of Fc effector functions. 

We demonstrate that different vaccines elicit significantly 

different Fc effector function levels with BNT162b2 triggering 

the highest and broadest ADCC, ADCD, and ADCD responses. 

Against VOCs, each platform triggered unique Fc effector 

response profiles, showing the resilience of some functions 

(particularly ADCP and ADCC) over others against viral mutation. 

Additional dosages of homologous vaccines boosted binding, 

neutralization and Fc effector function with one dose of Ad26. 

CoV-2 being insufficient to elicit measurable levels of ADCD. 

Despite eliciting lower Fc effector levels, Ad26.CoV2.S showed 

A B C

D E F

Figure 3. BNT162b vaccination triggers Fc effector responses with enhanced magnitude compared to Ad26.CoV2.S and ChAdOx1 nCoV-19 

Fc effector functions against ancestral D614G were measured approximately 2 months following vaccination with BNT162b2 (orange), Ad26.CoV2.S (blue) or 

ChAdOx1 nCoV-19 (purple). 

(A) Antibody-mediated cellular cytotoxicity (ADCC) potential against the ancestral D614G variant is represented as relative light units (RLUs) triggered through 

activation of FcγRIIIa receptor on CD16 Jurkat cells, (B) Antibody dependent cellular phagocytosis (ADCP) is shown as the percentage of THP-1 cells that take up 

spike-coated beads multiplied by their geometric mean fluorescence intensity (MFI) (C) Antibody dependent complement deposition (ADCD) is illustrated as the 

Median Fluorescence Intensity (MFI) of the C3 protein deposited on spike coated beads. The horizontal lines represent the medians. 

(D) ADCC, (E) ADCP and (F) ADCD against ancestral D614G were also measured over time, 1 month post boost (PB) and/or 6 months post first dose (2nd dose 

follow-up FU). Median ADCC, ADCP and ADCD per vaccine, are shown below the graphs with fold changes relative to the first dose. Negative controls, pal

ivizumab (black) and a SARS-CoV-2 naive sera (referred to as the ‘‘flu pool’’, green) — are included, with a dotted line on the y axis showing the positivity cut-off for 

each assay. The statistical analysis between vaccine groups per function, was performed using a Kruskal-Wallis test with Dunn’s multiple comparisons test, while 

over time comparisons within a BNT162b2 and Ad26.CoV2.S were done using a Wilcoxon test and a Friedman’s test with Dunn’s multiple comparisons was used 

to determine statistical significance over time for the ChAdOx1 nCoV-19 vaccinees. *p < 0.05,**p < 0.01 ***p < 0.001.

iScience 28, 113084, August 15, 2025 5 

iScience
Article

ll
OPEN ACCESS



the most coordinated humoral response of all the platform, while 

BNT162b2 elicited an ADCC centric co-ordination. Therefore, 

vaccine modalities elicit quantitatively different responses and 

degree of co-ordination. Ultimately, varying number of doses 

and type of vaccine platform (even with identical immunogen 

sequence) can tune Fc effector responses in addition to neutral

ization and binding.

Previous studies have similarly reported mRNA vaccines 

trigger higher antibody titers, Fc receptor binding profiles and ul

timately higher Fc effector functions than vectored vaccines, 

levels which are influenced by intervals post primary vaccination 

and doses.73,74 Here, we observed varied levels of Fc effector 

functions across vaccine platforms in addition to binding and 

neutralizing responses. In line with previous studies,54–57 the 

mRNA-based BNT162b2 vaccine elicited significantly more 

potent binding and neutralization responses than the adenoviral 

vaccines Ad26.CoV2.S and ChAdOx1 nCoV-19. This has been 

widely attributed to the mechanism of immunogen delivery 

with mRNA vaccines able to induce stronger antigenic stimula

tion than vector based platforms, in part because they are easily 

recognized by cell surface, endosomal, and innate immune re

ceptors.75 This observation extended to Fc effector function 

where BNT162b2 elicited the highest levels of ADCC, ADCD, 

and ADCP. While ADCC significantly correlated with IgG titer in 

BNT162b2 vaccinees, none of the other functions were corre

lated, suggesting that higher antibody titer alone did not explain 

elevated Fc effector function.

The association of mRNA vaccines with higher humoral im

mune responses suggests that antigen exposure levels are a 

crucial factor in vaccine-induced immunity. Our data support 

A

B

C

D

E

F

G

H

Figure 4. Vaccines elicit unique patterns of neutralization and Fc effector cross-reactivity against VOCs 

(A) Spider plots demonstrating vaccine elicited neutralization of D614G, Beta, Delta, BA.1 pseudovirus shown as a geometric mean titers (GMT) following 2 doses 

of BNT162b2 (orange), a single dose of Ad26.CoV2.S (blue), and two doses of ChAdOx1 nCoV-19 (purple). 

(B) Neutralization cross-reactivity scores calculated as a cumulative area under the curve or spiderplot (AUC) are shown. 

(C) Antibody-mediated cellular cytotoxicity (ADCC) potential against the ancestral D614G, Beta, Delta, and BA.1 variants is represented as a geometric mean 

(GM) relative light units (RLUs), (D) overall ADCC cross-reactivity as AUC generated from C. 

(E) Antibody dependent cellular phagocytosis (ADCP) represented as a GM ADCP score and (F) overall ADCP cross-reactivity as AUC generated from E. 

(G) Antibody dependent complement deposition (ADCD) against D614G, Beta, Delta, and BA.1 is illustrated as GMT of the median Fluorescence Intensity (MFI) of 

the C3 protein deposited on beads and (H) overall ADCD cross-reactivity as AUC generated from G. Fold changes in cross-reactivity are indicated relative to 

BNT162b2 vaccination. Scale bars have been added underneath the spider plots (A, C, E, and G) for each antibody function to indicate the intensity of cross- 

reactivity. The level of cross-reactivity shown as a geometric mean for each variant, increases from the inner dotted grid lines to the outer grid lines of the spider 

plots for each antibody function. The level of cross-reactivity shown as a geometric mean for each variant, increases from the inner dotted grid lines to the outer 

grid lines of the spider plots for each antibody function. The cross-reactivity score shown in Figure (B, D, F, and H) is a single cumulative measure showing the total 

area under curve (AUC) for each vaccine group as a single measure of breadth or cross-reactivity per function. Figure S1 containing additional information on 

cross-reactivity of neutralization and Fc effector functions against multiple SARS-CoV-2 variants has been included in support of Figure 4.

6 iScience 28, 113084, August 15, 2025 

iScience
Article

ll
OPEN ACCESS



this association even with vectored vaccines, with ADCD poorly 

induced following one dose of Ad26.CoV2.S, but reaching levels 

comparable to those seen after two doses of BNT162b2 and 

ChAdOx1 nCoV-19 after boosting. This illustrates the need for 

a two dose Ad26.CoV2.S regimen to elicit ADCD, in contrast to 

ADCP and ADCC which were robustly elicited by one dose. 

This suggests that different Fc effector functions may require 

different thresholds of antigen presentation to elicit potent 

responses.

Modulators of Fc effector function are known to be differen

tially altered by vaccination. Factors including isotype and Fc 

glycosylation,76,77 not examined here, likely play a significant 

role in the differential imprinting of Fc effector function across 

vaccine modalities. For example, afucosylation of Fc portions 

which result in potent ADCC activity78 has been shown to 

transiently increase in previously uninfected BNT162b2 vacci

nees,79,80 plausibly contributing to observed differences in Fc 

functionality between vaccine groups. However, a recent 

study suggested that this was comparable for both mRNA 

and adenoviral vectored vaccines,77 all of which result in 

host membrane embedding of the antigen, which is thought 

to be a major determinant of afucosylation.81 Intriguingly, 

others have found that decreasing galactosylation appeared 

more frequent following Ad26.CoV2.S compared to either 

BNT162b2 or ChAdOx1 nCoV-19.77 As increased galactosyla

tion elevates the potential of IgG to activate the classical com

plement pathway via increased binding to C1q, this may also 

have contributed to the poor ADCD activity elicited by Ad26. 

CoV.2.S in our study. Isotype and IgG subclass elicitation 

has not been shown to be significantly different between vac

cine platforms,82,83 with the exception of increased levels of 

IgG4 noted post a third boost of BNT162b2 likely as a result 

of high and continuous antigenic stimulation in this plat

form.76,84 While previously reported to result in lower Fc 

effector functions,76 our study revealed no such effect, with 

significant boosting following a third dose. Since our mRNA 

cohort consisted of significantly older participants (average 

70 years) it is possible that boosting of these functions differs 

in this age group.

The differences in Fc effector against VOCs shown in this 

study suggest that different vaccine modalities elicit anti

bodies that target spike in varied ways. Indeed, we previously 

showed in individuals previously infected with D614G, that 

loss of activity against Beta was not equivalent for all func

tions, with ADCD most affected.17 RBD, is a major target for 

complement binding in both vaccinated and convalescent in

dividuals85 and RBD depletion greatly decreased antibody- 

dependent neutrophil phagocytosis (ADNP) activity in contrast 

to ADCP, which remained unaffected in convalescent sera.83

Additionally, RBD specific mAbs have limited ability to 

cross-link FcyRIIa,11 contributing to poor ADCP activity. 

Although we have shown that immunogen sequence imprints 

level and breadth of Fc effector function following infection,17

the vaccines studied here utilized the same spike sequence. 

However, the immunogens have different stabilization, with 

Ad26.CoV2.S and BNT162b2 stabilized with two proline muta

tions to lock the spike into a prefusion conformation while the 

spike in ChAdOx1-nCoV-19 was not stabilized.39,44–46,72 This 

may contributed to differences in activity between these 

platforms.

We have previously shown than Fc effector functions are 

substantially better preserved against VOC compared to 

neutralization.83,86,87 Here we extend this to show that 

ADCP is more resilient to mutations in the spike than ADCC. 

We previously observed a similar trend in infection, where 

ADCP was more cross-reactive against Omicron infection 

than ADCC activity,88 highlighting the robustness of this Fc 

effector function in both vaccination and infection. This sug

gests that ADCP elicitation may be a useful goal of vaccine 

design.

In addition to differences in magnitude, each vaccine mo

dality drives a unique co-ordination of humoral responses. 

Figure 5. Vaccine platforms induce differential coordination of binding, neutralization and Fc effector functions 

(A–C) Edge bundling plots showing Spearman’s correlations between neutralization, binding and Fc effector functions against D614G, approximately 2 months 

post primary vaccination schedule with two doses of BNT162b2 (A), one dose of Ad26.CoV2.S (B) and two doses of ChAdOx1 nCoV-19 (C). Red lines represent 

positive correlations while blue lines show negative correlations with intensity of the color indicating the strength of the correlation. Statistically significant 

correlations are indicated with asterisks, *p < 0.05, **p < 0.01, ***p < 0.001 and a comprehensive Table S2 has been included to indicate p-values and confidence 

intervals for all the correlations in support of Figure 5.
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Neutralization and binding antibody titers elicited by BNT162b2 

significantly correlated with ADCC, while Ad26.CoV2.S triggered 

neutralization and binding responses strongly correlated with 

ADCD. This highlights that ADCC may be a crucial mechanism 

for mRNA vaccine-induced immunity11,49 while ADCD is impor

tant for adenoviral vaccine efficacy,50 and suggests that these 

vaccines may induce immunity along unique pathways. The 

lack of correlation between ADCD and binding IgG titers post 

BNT162b2 vaccination (Figure 5) may be due to higher IgM spe

cific antibody levels elicited by this vaccine platform. IgM is able 

to mediate potent ADCD activity and has been associated with 

enhanced ADCD activity following mRNA vaccination.74 The 

strength of the correlation within the Ad26.CoV2.S vaccination, 

despite the low levels of ADCD, likely further illustrates the critical 

impact a two dose regimen has on improving vaccine elicited im

munity. In contrast, ChAdOx1 nCoV-19 vaccinees showed a 

poorly coordinated antibody response, suggesting that may 

depend on other forms of immunity such as T cell responses to 

elicit protection.49,89,90 Overall, the polyfunctional co-ordination 

between antibody functions is influenced by the type of vaccine 

administered.

Limitations of the study

This study is limited as the comparisons between the three vac

cine cohorts were based on different timings and dosing. How

ever, our study compared modalities post primary vaccination, 

as was initially rolled out to South African participants with the 

time point as commonly close to peak immunogenicity as 

possible. For this reason, and owing to only ChAdOx1 nCoV- 

19 vaccine samples having a durability time point, no conclu

sions can be drawn about durability or long-term immunity of 

these platforms. In addition, since BNT162b2 was first rolled 

out to individuals 60 years and above in South Africa, the 

BNT162b2 cohort in our study had significantly older partici

pants (70 median years) than Ad26.CoV2.S (41 years) and 

ChAdOx1 nCoV-19 (35 years), which could have influenced dif

ferences in antibody responses observed in the three cohorts, 

as age typically reduces vaccine elicited antibody functionality.49

While we acknowledge our sample sizes were small, these are 

well characterized samples. Additionally, while we only included 

individuals with no detectable nucleocapsid IgG antibodies as a 

proxy for lack of infection, it has been shown that only 40% of in

dividuals vaccinated with mRNA-1273 prior to breakthrough in

fections compared to 93% unvaccinated individuals develop 

anti-nucleocapsid IgG responses.91 It is therefore possible that 

we underestimated the occurrence of breakthrough infections 

in these vaccinated participants.92 Further, the role of various 

modulators of Fc effector functions such as glycosylation and 

antibody isotypes which may have contributed to the differential 

Fc effector activity across vaccine groups, have not been inves

tigated in our study.

This study highlights that the levels cross-reactivity and im

mune co-ordination of Fc effector functions differ by SARS- 

CoV-2 vaccine modality, and that similar to neutralization, 

mRNA-based regimens elicit more potent, cross-reactive Fc 

effector functions. Overall, designing future regimes with 

improved polyfunctionality requires fine-tuning of these 

mechanisms.
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79. Van Coillie, J., Pongracz, T., Rahmöller, J., Chen, H.J., Geyer, C.E., van 

Vught, L.A., Buhre, J.S., �Su�sti�c, T., van Osch, T.L.J., Steenhuis, M., 

et al. (2023). The BNT162b2 mRNA SARS-CoV-2 vaccine induces tran

sient afucosylated IgG1 in naive but not in antigen-experienced vaccinees. 

EBioMedicine 87, 104408. https://doi.org/10.1016/j.ebiom.2022.104408.

80. Farkash, I., Feferman, T., Cohen-Saban, N., Avraham, Y., Morgenstern, D., 

Mayuni, G., Barth, N., Lustig, Y., Miller, L., Shouval, D.S., et al. (2021). Anti- 

SARS-CoV-2 antibodies elicited by COVID-19 mRNA vaccine exhibit a 

unique glycosylation pattern. Cell Rep. 37, 110114. https://doi.org/10. 

1016/j.celrep.2021.110114.

81. Larsen, M.D., de Graaf, E.L., Sonneveld, M.E., Plomp, H.R., Nouta, J., 

Hoepel, W., Chen, H.J., Linty, F., Visser, R., Brinkhaus, M., et al. (2021). 

Afucosylated IgG characterizes enveloped viral responses and correlates 

with COVID-19 severity. Science 371, eabc8378. https://doi.org/10.1126/ 

science.abc8378.

82. Reinig, S., Kuo, C., Wu, C.C., Huang, S.Y., Yu, J.S., and Shih, S.R. (2024). 

Specific long-term changes in anti-SARS-CoV-2 IgG modifications and 

antibody functions in mRNA, adenovector, and protein subunit vaccines. 

J. Med. Virol. 96, e29793. https://doi.org/10.1002/jmv.29793.

83. Kaplonek, P., Cizmeci, D., Fischinger, S., Collier, A.R., Suscovich, T., 

Linde, C., Broge, T., Mann, C., Amanat, F., Dayal, D., et al. (2021). Subtle 

immunological differences in mRNA-1273 and BNT162b2 COVID-19 vac

cine induced Fc-functional profiles. Preprint at: bioRxiv. https://doi.org/ 

10.1101/2021.08.31.458247 

84. Buhre, J.S., Pongracz, T., Künsting, I., Lixenfeld, A.S., Wang, W., Nouta, 

J., Lehrian, S., Schmelter, F., Lunding, H.B., Dühring, L., et al. (2023). 

mRNA vaccines against SARS-CoV-2 induce comparably low long-term 

IgG Fc galactosylation and sialylation levels but increasing long-term 

IgG4 responses compared to an adenovirus-based vaccine. Front. Immu

nol. 13, 7835. https://doi.org/10.3389/fimmu.2022.1020844.

85. Klingler, J., Lambert, G.S., Itri, V., Liu, S., Bandres, J.C., Enyindah-Asonye, 

G., Liu, X., Simon, V., Gleason, C.R., Kleiner, G., et al. (2021). SARS-CoV-2 

mRNA vaccines induce a greater array of spike-specific antibody isotypes 

with more potent complement binding capacity than natural infection. 

Preprint at: medRxiv https://pesquisa.bvsalud.org/portal/resource/en;/ 

ppmedrxiv-21256972

86. Richardson, S.I., Madzorera, V.S., Spencer, H., Manamela, N.P., van der 

Mescht, M.A., Lambson, B.E., Oosthuysen, B., Ayres, F., Makhado, Z., 

Moyo-Gwete, T., et al. (2022). SARS-CoV-2 Omicron triggers cross-reac

tive neutralization and Fc effector functions in previously vaccinated, but 

not unvaccinated, individuals. Cell Host Microbe 30, 880–886.e4. 

https://doi.org/10.1016/j.chom.2022.03.029.

87. Geers, D., Shamier, M.C., Bogers, S., den Hartog, G., Gommers, L., 

Nieuwkoop, N.N., Schmitz, K.S., Rijsbergen, L.C., van Osch, J.A.T., Dij

khuizen, E., et al. (2021). SARS-CoV-2 variants of concern partially escape 

humoral but not T cell responses in COVID-19 convalescent donors and 

vaccine recipients. Sci. Immunol. 6, eabj1750. https://doi.org/10.1126/ 

sciimmunol.abj1750.

88. Richardson, S.I., Kgagudi, P., Manamela, N.P., Kaldine, H., Venter, E.M., 

Pillay, T., Lambson, B.E., van der Mescht, M.A., Hermanus, T., Balla, S. 

R., et al. (2023). Antibody-dependent cellular cytotoxicity against SARS- 

CoV-2 Omicron sub-lineages is reduced in convalescent sera regardless 

of infecting variant. Cell Rep. Med. 4, 100910. https://doi.org/10.1016/j. 

xcrm.2022.100910.

89. Ewer, K.J., Barrett, J.R., Belij-Rammerstorfer, S., Sharpe, H., Makinson, 

R., Morter, R., Flaxman, A., Wright, D., Bellamy, D., Bittaye, M., et al. 

(2021). T cell and antibody responses induced by a single dose of 

ChAdOx1 nCoV-19 (AZD1222) vaccine in a phase 1/2 clinical trial. Nat. 

Med. 27, 270–278. https://doi.org/10.1038/s41591-020-01194-5.

90. GeurtsvanKessel, C.H., Geers, D., Schmitz, K.S., Mykytyn, A.Z., Lamers, 

M.M., Bogers, S., Scherbeijn, S., Gommers, L., Sablerolles, R.S.G., 

Nieuwkoop, N.N., et al. (2022). Divergent SARS-CoV-2 Omicron– 

reactive T and B cell responses in COVID-19 vaccine recipients. Sci. Im

munol. 7, eabo2202. https://doi.org/10.1126/sciimmunol.abo2202.

91. Follmann, D., Janes, H.E., Buhule, O.D., Zhou, H., Girard, B., Marks, K., 

Kotloff, K., Desjardins, M., Corey, L., Neuzil, K.M., et al. (2022). Antinucleo

capsid antibodies after SARS-CoV-2 infection in the blinded phase of the 

randomized, placebo-controlled mRNA-1273 COVID-19 vaccine efficacy 

clinical trial. Ann. Intern. Med. 175, 1258–1265. https://doi.org/10.7326/ 

M22-1300.

92. Abdullahi, A., Frimpong, J., Cheng, M.T.K., Aliyu, S.H., Smith, C., Abimiku, 

A., Phillips, R.O., Owusu, M., and Gupta, R.K. (2023). Performance of 

SARS COV-2 IgG anti-N as an independent marker of exposure to 

SARS COV-2 in an unvaccinated west african population. Am. J. Trop. 

Med. Hyg. 109, 890–894. https://doi.org/10.4269/ajtmh.23-0179.

93. Takuva, S., Takalani, A., Seocharan, I., Yende-Zuma, N., Reddy, T., Engel

brecht, I., Faesen, M., Khuto, K., Whyte, C., Bailey, V., et al. (2021). Safety 

of the single-dose Ad26. CoV2. S vaccine among healthcare workers in the 

phase 3b Sisonke study in South Africa. Preprint at: medRxiv. https://doi. 

org/10.1101/2021.12.20.21267967 

94. Madhi, S.A., Baillie, V., Cutland, C.L., Voysey, M., Koen, A.L., Fairlie, L., 

Padayachee, S.D., Dheda, K., Barnabas, S.L., Bhorat, Q.E., et al. (2021). 

Safety and efficacy of the ChAdOx1 nCoV-19 (AZD1222) Covid-19 vaccine 

against the B. 1.351 variant in South Africa. Preprint at: medRxiv. https:// 

doi.org/10.1056/nejmoa2102214 

95. Ackerman, M.E., Moldt, B., Wyatt, R.T., Dugast, A.S., McAndrew, E., 

Tsoukas, S., Jost, S., Berger, C.T., Sciaranghella, G., Liu, Q., et al. 

(2011). A robust, high-throughput assay to determine the phagocytic activ

ity of clinical antibody samples. J. Immunol. Methods 366, 8–19. https:// 

doi.org/10.1016/j.jim.2010.12.016.

96. Fischinger, S., Fallon, J.K., Michell, A.R., Broge, T., Suscovich, T.J., 

Streeck, H., and Alter, G. (2019). A high-throughput, bead-based, anti

gen-specific assay to assess the ability of antibodies to induce comple

ment activation. J. Immunol. Methods 473, 112630. https://doi.org/10. 

1016/j.jim.2019.07.002.

12 iScience 28, 113084, August 15, 2025 

iScience
Article

ll
OPEN ACCESS

https://doi.org/10.1016/j.jim.2019.07.002
https://doi.org/10.1016/j.jim.2019.07.002
https://doi.org/10.1016/j.jim.2019.07.002
https://doi.org/10.1016/j.jim.2019.07.002
https://doi.org/10.1016/j.jim.2019.07.002
https://doi.org/10.1016/j.jim.2019.07.002
https://doi.org/10.1016/j.jim.2019.07.002
https://doi.org/10.1016/j.jim.2019.07.002
https://doi.org/10.1016/j.jim.2019.07.002
https://doi.org/10.1016/j.jim.2019.07.002
https://doi.org/10.1016/j.jim.2019.07.002
https://pesquisa.bvsalud.org/portal/resource/en;/ppmedrxiv-21256972
https://pesquisa.bvsalud.org/portal/resource/en;/ppmedrxiv-21256972
https://doi.org/10.1016/j.jim.2019.07.002
https://doi.org/10.1016/j.jim.2019.07.002
https://doi.org/10.1016/j.jim.2019.07.002
https://doi.org/10.1016/j.jim.2019.07.002
https://doi.org/10.1016/j.jim.2019.07.002
https://doi.org/10.1016/j.jim.2019.07.002
https://doi.org/10.1016/j.jim.2019.07.002
https://doi.org/10.1016/j.jim.2019.07.002
https://doi.org/10.1016/j.jim.2019.07.002
https://doi.org/10.1016/j.jim.2019.07.002
https://doi.org/10.1016/j.jim.2019.07.002
https://doi.org/10.1016/j.jim.2019.07.002
https://doi.org/10.1016/j.jim.2019.07.002
https://doi.org/10.1016/j.jim.2019.07.002
https://doi.org/10.1016/j.jim.2019.07.002
https://doi.org/10.1016/j.jim.2019.07.002
https://doi.org/10.1016/j.jim.2019.07.002
https://doi.org/10.1016/j.jim.2019.07.002


STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Palivizumab Medimmune Synagis; RRID: AB_2459638

CR3022 Genscript (https://www.genscript.com) N/A

AIRU946-A6 Richardson et al.88 N/A

Bacterial and virus strains

SARS-COV-2 pseudovirus for D614G, 

Beta, Delta and Omicron BA.1

Richardson et al.88; Richardson et al.17; 

Wibmer et al.3
N/A

Biological samples

Pooled SARS-CoV-2 negative sera samples National Institute for Communicable 

Diseases

https://www.nicd.ac.za

Pooled SARS-CoV-2 positive sera samples National Institute for Communicable 

Diseases

https://www.nicd.ac.za

Ad26.CoV2.S vaccinee sera samples Open label Sisonke phase 3b trial ClinicalTrials.gov number NCT04838795; 

Pan-African Clinical Trials registry 

number PACTR202102855526180

BNT162b2 vaccinee sera samples South African National Vaccine Program N/A

ChAdOx1 nCoV-19 vaccinee sera samples South African ChAdOx1 nCoV-19 trial ClinicalTrials.gov number NCT04444674; 

Pan-African Clinical Trials registry 

number PACTR202006922165132

Chemicals, peptides, and recombinant proteins

Original SARS-CoV-2 spike protein variant Dr Jason McKellan, Department 

of Molecular Biosciences at the 

University of Texas

N/A

Critical commercial assays

FITC conjugated neutravidin fluorospheres, 1μm Thermo Fisher scientific Cat #F8776

PEI Max 40 000 Polysciences Cat # 24765-1

QUANTI-Luc luciferase Davies Diagnostics Cat # rep-qlc2

500× cell stimulation cocktail Thermo Fisher scientific Cat # 00-4970-93

PE conjugated neutravidin fluorospheres, 1μm Thermo Fisher scientific Cat #F8775

Experimental models: Cell lines

Jurkat-LuciaTM NFAT-CD16 cells InvivoGen Cat # jktl-nfat-cd16

THP-1 monocyte cell line NIH HIV Reagent program Cat # ARP-9942

Human embryo kidney (HEK) 293T Dr. Nicole Doria-Rose, VRC, USA N/A

Human embryo kidney (HEK) 293T/ACE2.MF Dr. Michael Farzan, The Herbert Wertheim 

UF Scripps Institute for Biomedical 

Innovation and Technology, USA

N/A

Human embryo kidney (HEK) 293F Dr. Nicole Doria-Rose, VRC, USA N/A

Recombinant DNA

SARS-CoV-2 D614G Wibmer et al.3 N/A

Beta (L18F, D80A, D215G, Δ242–244, 

K417N, E484K, N501Y, D614G and A701V)

Wibmer et al.3 N/A

Delta (T19R, Δ156–157, R158G, L452R, 

T478K, D614G, P681R, D950N)

Richardson et al.17 N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human subjects

Health care workers (n = 16) that received one dose of Ad26.CoV2.S intramuscularly were recruited in South Africa between February 

and March 2021 as part of the open-label Sisonke phase 3b trial93 (ClinicalTrials.gov number NCT04838795; Pan-African Clinical Tri

als registry number PACTR202102855526180) that aimed to aid in rapid vaccination rollout in the country. As national guidelines rec

ommended a Ad26.CoV2.S two-dose regimen, trial participants transitioned into the national vaccination program where several 

elected to receive their second dose an average of seven months after initial dose. Samples were collected two months after the 

second dose and one month following the additional dose (Figure 1). BNT162b2 vaccinees (n = 13, all over 60 years old) received 

two doses as part of the South African national vaccine program and were not part of a clinical trial. The group of individuals included 

in this study is representative of the first age group to be allowed access to BNT162b2 in South Africa. The BNT162b2 was admin

istered as an intramuscular two-dose regimen where participants received their second dose a median of 42 days after the initial 

dose. A third booster dose was administered an average of 5.5 months following the second. Samples were collected after receiving 

a full primary vaccination i.e., 2 doses, and 1 month post boost (PB) (Figure 1). The post full primary vaccination blood samples were 

taken 2 months after the initial dose, which translated to a month following their second dose. Although the primary vaccination sam

pling period was a month less than the other vaccine groups, these samples were regarded as peak immunogenicity because they 

were taken following the full 2 dose primary vaccination strategy recommended for BNT162b2 (Figure 1). Ethics approval to sample 

both BNT162b2 and Ad26.CoV2.S vaccinees was obtained from the University of the Witwatersrand (M210465). The collection of 

plasma from South African ChAdOx1 nCoV-19 trial (ClinicalTrials.gov number NCT04444674; Pan-African Clinical Trials registry 

number PACTR202006922165132) participants (n = 15) was approved by the University of the Witwatersrand (M200501).40,94

ChAdOx1 nCoV-19 was administered as an intramuscular two-dose regimen where vaccinees received their second dose one month 

after the first dose. ChAdOx1 nCoV-19 vaccinees were sampled one month post initial dose and subsequently two weeks and then 

six months following a second dose (Figure 1). All participants were screened for nucleocapsid-specific antibodies by ELISA as a 

proxy for prior infection and only nucleocapsid antibody negative samples included in the study. Participants with breakthrough in

fections prior or after receiving their primary and booster dose were excluded in analysis for all assays. This includes Ad26.CoV2.S 

vaccinees with nucleocapsid ELISA confirmed breakthrough infections 2 months before they acquired a booster dose. Written 

informed consent was received from all the study participants.

Cell lines

Jurkat-LuciaTM NFAT-CD16 cells were cultured in IMDM media supplemented with 10% heat-inactivated fetal bovine serum (Gibco, 

Gaithersburg, MD) and 1% Penicillin Streptomycin (Gibco, Gaithersburg, MD) with 10 μg/mL of Blasticidin and 100 μg/mL of Zeocin 

added during alternating passages. THP-1 cells were obtained from the AIDS Reagent Program, Division of AIDS, NIAID, NIH. These 

cells were maintained at 37◦C, 5% CO2 in RPMI with added 10% heat-inactivated fetal bovine serum (Gibco, Gaithersburg, MD), 1% 

Penicillin Streptomycin (Gibco, Gaithersburg, MD) and 0.05 mM 2-mercaptoethanol. Human embryo kidney HEK293T cells were 

cultured at 37◦C, 5% CO2, in DMEM supplemented with 10% heat-inactivated fetal bovine serum (Gibco BRL Life Technologies) 

and 50 μg/mL gentamicin (Sigma). HEK293T/ACE2.MF cells were obtained from Dr Michael Farzan (Scripps) and maintained as 

for HEK293T cells but additionally supplemented with 3 μg/mL puromycin. HEK293F suspension cells were cultured in 293 Freestyle 

media (Gibco BRL Life Technologies) within a 125 rpm shaking incubator at 37◦C, 5% CO2 and 70% humidity. Jurkat-LuciaTM NFAT- 

CD16 and THP-1 cell lines were routinely evaluated for CD16 and CD32 FcR receptor expression using fluorescently labelled CD16/ 

CD32 specific antibodies, respectively. Additionally, all cell lines used in this study were tested for mycosplama contamination, 

routinely.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

BA.1 (A67V, Δ69–70, T95I, G142D, Δ143–145, 

Δ211, L212I, ins214EPE, G339D, S371L, S373P, 

S375F, K417N, N440K, G446S, S477N, T478K, 

E484A, Q493R, G496S, Q498R, N501Y, Y505H, 

T547K, D614G, H655Y, N679K, P681H, N764K, 

D796Y, N856K, Q954H, L981F, N969K)

Richardson et al.17 N/A

Software and algorithms

FlowJo 10 FlowJo, LLC https://www.flowjo.com

Biorender scientific image and illustration software Biorender https://www.biorender.com

GraphPad prism 9 GraphPad, San Diego, CA, USA https://www.graphpad.com
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METHOD DETAILS

SARS-CoV-2 antigens and pseudovirus

SARS-CoV-2 D614G, Beta (L18F, D80A, D215G, Δ242–244, K417N, E484K, N501Y, D614G and A701V), Delta (T19R, Δ156–157, 

R158G, L452R, T478K, D614G, P681R, D950N) and BA.1 (A67V, Δ69–70, T95I, G142D, Δ143–145, Δ211, L212I, ins214EPE, 

G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, Y505H, T547K, 

D614G, H655Y, N679K, P681H, N764K, D796Y, N856K, Q954H, L981F, N969K) full spike proteins used for ELISA and Fc effector 

function assays were expressed in HEK293F suspension cells by transfecting the cells with the relevant expression plasmid using 

PEIMAX (Polysciences). The cells were incubated for 6 days at 37◦C, 70% humidity and 10% CO2. Proteins were purified via nickel 

affinity chromatography and size-exclusion chromatography and stored at − 80◦C until use.

SARS-CoV-2 variants were also cloned into pCDNA3.1 and the resulting plasmids were used for transfections in the ADCC assay 

or pseudovirus production. For pseudovirus, HEK293T/17 were co-transfected with a lentiviral backbone (HIV-1 pNL4.luc encoding 

the firefly luciferase gene) and either of the produced spike plasmids using PEI-MAX (Polysciences) and incubated at 37◦C for 3 days. 

Following the 3 days incubation, culture supernatants containing SARS-CoV-2 pseudoviruses were harvested, filtered (0.45-μM filter) 

and stored at − 70◦C.

SARS-CoV-2 spike enzyme-linked immunosorbent assay (ELISA)

High binding 96 well plates (Sigma), were coated with 2 μg/mL of the spike protein (original, Beta, Delta and BA.1) and incubated at 

4◦C overnight. Plates were washed and further incubated in a blocking buffer containing 5% skimmed milk powder, 0.05% Tween 20 

and 1× PBS (Sigma) for up to 2 h. Vaccine plasma samples were diluted by 1:100 in blocking buffer, added to the plates and incu

bated for 1 hour. IgG specific secondary antibody was diluted to 1:3000 in blocking buffer and added to the plates for 1 h followed by 

TMB substrate (Thermofisher Scientific). To stop the reaction, 1 M H2SO4 was added and absorbance was measured at a 450 nm 

wavelength. CR3022 and AIRU946-A6 (In house SARS-CoV-2 control), monoclonal antibodies (mAbs) were used as positive controls 

and Palivizumab (RSV mAb; MedImmune, LLC) as a negative control.

Antibody-dependent cellular phagocytosis (ADCP) assay

The BirA biotin-protein ligase bulk lyophilized reaction kit was used to biotinylate avi-tagged SARS-CoV-2 spike proteins to ensure 

correct orientation of the antigen and coated on fluorescent neutravidin beads as previously described.95 Spike coated beads were 

incubated for two hours at 37◦C, 5% CO2 with a single 1 in 100 dilution of vaccine plasma or monoclonal antibodies at 10 μg/mL and 

titrated five-fold. Beads were washed and further incubated with THP-1 cells overnight, fixed with Paraformaldehyde (PFA) (Sigma) 

and interrogated on the FACSAria II (BD Biosciences). ADCP score was calculated as a proportion of THP-1 cells that internalized 

beads multiplied by the geometric mean fluorescence intensity of the population. A ‘‘no antibody’’ negative control was subtracted 

to remove background signal. Pooled plasma from 5 individuals who had PCR-confirmed SARS-CoV-2 infection with the original 

variant (D614G) and the CR3022 were used as positive controls, while plasma from 5 pre-pandemic controls and a Palivizumab 

were used as negative controls for this and all other Fc effector assays. The pooled SARS-CoV-2 positive and negative samples 

were only used to distinguish between positive and negative Fc functionality. The samples were acquired on the BD FACSAriaTM 

II Cell Sorter and analysed using FlowJo software.

Antibody-dependent cellular cytotoxicity (ADCC) assay

Plasma antibodies from the vaccine groups were screened for their capacity to cross-link and activate the FcγRIIIa (CD16) receptor 

on the surface of Jurkat cells and SARS-CoV-2 spike expressing cells as a proxy for ADCC. HEK293T cells were transfected with 5μg 

of SARS-CoV-2 ancestral variant spike (D614G), Beta, Delta or BA.1 spike plasmids using 1 mg/mL PEI-MAX 40,000 (Polysciences) 

and incubated for 2 days at 37◦C. To confirm spike expression from the HEK293T cells, differential binding of CR3022, 946-A6 and 

P2B-2F6 was detected by anti-IgG APC staining and measured by flow cytometry. Spike transfected cells (1 × 105 per well) were 

incubated with heat inactivated plasma (1:100 final dilution) or monoclonal antibodies (final concentration of 100 μg/mL) in RPMI 

1640 media supplemented with 10% FBS 1% Pen/Strep (Gibco, Gaithersburg, MD) for 1 h at 37◦C. Jurkat-LuciaTM NFAT-CD16 cells 

(Invivogen) were added at concentrations of 2 × 105 cells/well and incubated for 24 h at 37◦C, 5% CO2. Twenty μL of supernatant was 

transferred to a white 96-well plate with 50 μL of reconstituted QUANTI-Luc secreted luciferase and read immediately on a Victor 

3 luminometer with 1s integration time. Additionally, 1× cell stimulation cocktail (Thermofisher Scientific, Oslo, Norway) and 

2 μg/mL ionomycin in R10 were added as controls to induce the transgene and confirm sufficient expression of the Fc receptor. Rela

tive Light Units (RLUs) for D614G, Beta, Delta or Omicron BA.1 variants were normalized to each other and between runs using 

CR3022 and 946-A6.

Antibody-dependent complement deposition (ADCD) assay

ADCD was measured as previously described.96 Briefly, biotinylated spike protein was coated at a 1:1 ratio onto red fluorescent 1 μM 

neutravidin beads (Molecular Probes Inc.) for 2 h at 37◦C. Subsequently, 10 μL of the coated beads per well were incubated with a 

1:10 plasma sample dilution or 5-fold titration of mAb at a starting concentration of 100 μg/mL for 2 h at 37◦C. Guinea pig complement 

was then diluted 1 in 50 with gelatin/veronal buffer, 200 μl of this was added to the plate per well and incubated for 15 min at 37◦C. 
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Beads were washed in PBS, stained with anti-guinea pig C3-FITC antibody, fixed with 4% Paraformaldehyde (PFA) (Sigma-Aldrich) 

and their fluorescence measured on a FACS Aria II. The deposition of complement onto the beads is measured as a proportion of 

beads bound to an anti-C3 FITC antibody and represented as the median fluorescence intensity (MFI) of FITC with the no antibody 

or heat inactivated controls subtracted.

Pseudovirus based neutralization assay

To determine the neutralizing activity of plasma antibodies, the plasma samples were heat-inactivated and clarified by centrifugation. 

Subsequently, the heat-inactivated plasma samples were incubated with the SARS-CoV-2 pseudotyped viruses i.e., D614G, Beta, 

Delta and BA.1 for 1 h at 37◦C, 5% CO2. Thereafter, 1 × 104 HEK293T cells engineered to over-express ACE-2 were added and incu

bated at 37◦C, 5% CO2 for 72 h. Luciferase gene expression/activity was then measured as luminescence (RLUs). Neutralization was 

defined as a reduction in expression of the luciferase gene and the SARS-CoV-2 neutralization titers calculated as the reciprocal 

plasma dilution (ID50) causing 50% reduction of RLUs. CB6 and CA1 were used as positive controls, while VRC01, an HIV specific 

monoclonal, antibody was included as a negative control for the assay.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed in Prism (v9; GraphPad Software Inc, San Diego, CA, USA) and data from at least two inde

pendent experiments per assay were used for analyses. Non-parametric tests were used for all comparisons. The Kruskal Wallis test 

with multiple comparisons was used to compare unmatched and paired samples, respectively. p values less than 0.05 considered to 

be significant.

ADDITIONAL RESOURCES

• Information on Open-label Sisonke phase 3b trial93: (ClinicalTrials.gov number NCT04838795; Pan-African Clinical Trials reg

istry number PACTR202102855526180). https://doi.org/10.1101/2021.12.20.21267967.

• Information on South African ChAdOx1 nCoV-19 trial: (ClinicalTrials.gov number NCT04444674; Pan-African Clinical Trials reg

istry number PACTR202006922165132). https://clinicaltrials.gov/study/NCT04444674.
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