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SUMMARY

The reduced effectiveness of COVID-19 vaccines due to the emergence of variants of concern 

(VOCs) necessitated the use of vaccine boosters to bolster protection against disease. However, 

it remains unclear how boosting expands protective breadth when primary vaccine platforms are 

distinct and how boosters containing VOC spike(s) broaden humoral responses. Here, we report 

that boosters composed of recombinant spike antigens of ancestral (prototype) and Beta VOCs 

elicit a robust, pan-VOC, and multi-functional humoral response in non-human primates largely 

independent of the primary vaccine series platform. Interestingly, Beta-spike-containing boosters 

stimulate immunoglobulin A (IgA) with a greater breadth of recognition in protein-primed 

recipients when administered with adjuvant system 03 (AS03). Our results highlight the utility of 

a component-based booster strategy for severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) for broad humoral recognition, independent of primary vaccine series. This is of high 

global health importance given the heterogeneity of primary vaccination platforms distributed.
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Graphical Abstract

In brief

Cost-effective vaccine-boosting strategies to restore waned antibody responses and expand 

humoral breadth are of paramount global health interest as SARS-CoV-2 continues to evolve. 

Deng et al. demonstrate that subunit-based boosters can be used independent of primary series 

immunizations and that Beta-spike-containing formulations enhance IgA breadth, even to XBB 

lineages.

INTRODUCTION

The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants 

of concern (VOCs) has reduced protective immunity provided by previous vaccination 

or infection. Much of this is owed to mutations in the spike antigen by these variants, 

particularly within the receptor-binding domain (RBD). The spike RBD attaches to 

angiotensin-converting enzyme 2 (ACE2) and is the target for the majority of neutralizing 

antibodies.1–6 VOCs such as Beta (also known as B.1.351) or the more recently emerged 

Omicron (also known as B.1.529) and its associated sublineages contain mutations within 

the RBD that reduce or completely abrogate neutralizing antibody recognition directed 

against the original SARS-CoV-2 or previously circulating VOCs.7–10 However, protection 

against severe disease post-vaccination or recovery has not mimicked the precipitous fall in 
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neutralizing antibody titers,11–15 pointing toward humoral responses outside of neutralizing 

antibodies and/or T cell responses as critical mediators of protection.

Fc-gamma (Fcγ) effector functions leveraged by non-neutralizing antibodies have been 

linked to attenuated disease states of COVID-19. Primary vaccines such as mRNA-, 

component-, and adenovirus-based platforms induce spike-reactive, Fcγ receptor (FcγR)-

binding antibodies that mediate innate immune cell phagocytosis, natural killer cell 

degranulation, cytokine release, and complement deposition.16–22 Fcγ effector functions are 

expanded upon by boosters targeting ancestral spike antigens, with some notable decreases 

in elicited neutralization titers against VOCs such as Beta and Omicron. To that end, 

boosting strategies that incorporate a VOC’s spike antigen into the formulation have been 

proposed and are currently in use.12,23–27 However little information is available on how 

boosting with divergent VOC impacts the functional breadth of non-neutralizing responses 

established by distinct vaccination platforms. Moreover, it is unclear if the addition of 

adjuvant system 03 (AS03) impacts these non-neutralizing functions post-boost.28–30

In our study, we systematically compared the booster-induced antibody profiles in two 

groups of macaques; one group was primed with a two-dose mRNA vaccine and boosted 

with a prefusion protein vaccine, and the other group received a two-dose prefusion protein 

vaccine as the primary series and was subsequently boosted with prefusion protein vaccine. 

For each study group, we analyzed the antibody responses induced by vaccines boosted by 

different vaccine formulations, with and without AS03, and targeted to prototype, Beta, or 

a bivalent vaccine (prototype + Beta). Previously we reported a significant increase in cross-

neutralization antibody titers across all VOCs tested in macaques boosted with prefusion 

protein booster vaccines and higher functional-to-binding antibody ratios.31 Here, we report 

that Beta-containing formulations, either by themselves or as part of a bivalent formulation, 

with AS03 significantly restore and expand antibody responses against all major SARS-

CoV-2 VOCs, including Omicron. This recognition was linked to FcγR-binding antibodies, 

which were expanded by the boost, independent of the initial vaccine series platform. 

Moreover, Beta-spike-containing vaccinations induced a strong immunoglobulin A (IgA) 

response, critical to mucosal immunity against respiratory pathogens, particularly in 

macaques that received a protein-based primary vaccine series. Collectively, our results 

demonstrate that a Beta-spike-containing, component-based vaccine booster strategy can be 

employed to expand humoral breadth independent of the initial vaccine series type. We 

propose that humoral breadth can be expanded through the use of spike antigens containing 

mutations that exhibit antibody-recognition escape.

RESULTS

Subunit boosters improve antibody profiles in macaques primed with either mRNA or 
subunit vaccines

We compared the functional role of vaccine-induced antibodies against the prefusion spike 

of SARS-CoV-2 virus in macaques divided into two different cohorts (Figure 1A). To 

characterize the antibody response after a primary mRNA series with a subunit (protein) 

booster and after a full subunit vaccine series, we performed comprehensive antibody 

profiling across all macaques against the full-length ancestral antigen and VOCs including 
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Alpha, Beta, Delta, and Omicron (Figure S1). Univariate comparison demonstrated that the 

booster elicited elevated levels of ancestral prefusion spike-specific IgG1-, FcγIIA-, and 

FcγIIIA-binding antibodies compared to the peak immunogenicity after a primary mRNA 

vaccine series and pre-boost time points. This was exclusively observed in AS03-containing 

vaccines (Figure 1B, top row; statistically significant differences from no-AS03 boosters 

are shown with an asterisk). In the cohort that received a protein primary series with 

AS03, prefusion spike-specific IgG1-, FcγIIA-, and FcγIIIA-binding antibodies showed a 

significantly higher response in the high-dose, bivalent-vaccine-boosted group that contained 

AS03. Other boosters showed different degrees of ancestral spike responsiveness, with some 

achieving significance relative to the no-AS03 booster (Figure 1B, bottom row). All groups 

showed a restoration of waned responses independent of the primary vaccine platform.

To determine whether the differences in FcγR binding translate to functional differences, 

we next compared several Fc-mediated effector activities of vaccine-induced antibodies. 

These included antibody-dependent neutrophil phagocytosis (ADNP), antibody-dependent 

cellular phagocytosis (ADCP), antibody-dependent complement deposition (ADCD), and 

antibody-dependent natural killer cell degranulation, as measured by CD107a expression, 

a degranulation marker (ADNK CD107a) (Figure 1C). We found that a subunit booster 

results in an upregulation of functional activity across both cohorts, but there was no clear 

trend for which formulation gave the broadest functional protection. For the mRNA-primed 

group, only boosting with the prototype resulted in a significant increase in ADNK activity 

compared with the no-AS03 boosted group (Figure 1C, top row). For the protein-primed 

group, a Beta and a bivalent booster yielded higher ADCP, and a high-dose bivalent 

gave higher ADNK compared with the no-AS03 reference group (Figure 1C, bottom 

row). Ultimately, restorative effects were observed across all functional assays after the 

booster (Figure 1C). In all cases, boosting with a component-based vaccine restored waned 

functionality and, in many cases, increased functionality compared to peak immunogenicity 

after the primary series.

Subunit boosters with AS03 enhance antibody profiles against the SARS-CoV-2 spike of 
VOCs and across some subdomains of the ancestral spike

To better understand the changes in the expansion of post-booster antibody responses against 

other VOCs, we analyzed IgG1 responses for each cohort for all SARS-CoV-2 spike VOCs, 

including Omicron. Boosting exponentially expanded IgG1 recognition of the full-length 

spikes of Alpha (Figures 2A and 2B, top left, B.1.1.7), Beta (Figures 2A and 2B, top right, 

B.1.351), Delta (Figures 2A and 2B, bottom left, B.1.617.2), and Omicron BA.1 (Figures 

2A and 2B, bottom right, B.1.1.529) for both mRNA-primed and protein-primed cohorts. 

Interestingly, antibody responses after the subunit booster in the absence of AS03 displayed 

little expansion to spikes of all VOCs (purple line, shaded colored regions represent the 

standard error of the mean). However, in the presence of AS03, all protein boosters exhibited 

pan-VOC spike reactivity (Figures 2A and 2B; pre-boost values were set to 1 to calculate 

fold expansion for each booster for each VOC). For the protein-primed cohort, the bivalent 

booster demonstrated a dose-dependent effect on spike-specific IgG1 expansion, with the 

highest dose eliciting the highest titers for each VOC spike tested (Figure 2B, compare blue 
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and yellow lines). Similar patterns were also observed in the fold expansion of IgG1 titers 

against the RBD of the VOC (Figure S2).

To assay which spike subdomains were expanding within each group, we analyzed 

recognition of the spike N-terminal domain (NTD), RBD, and S2 domains before and after 

the boost. Fold expansions were measured relative to the no-AS03 group. For both the 

mRNA and protein primary series, NTD-specific IgG1 showed little expansion post-boost 

(Figures 2C and 2D, bottom left). Interestingly, expansion toward the wild-type (WT) RBD 

was highly heterogeneous for both cohorts (Figures 2C and 2D, top right). However, in each 

group, the bivalent booster yielded the highest expansion (blue line); this increase was lost in 

lower doses in the protein-primed cohort (Figures 2B and 2D, gold line; the mRNA-primed 

cohort did not receive a 5 μg dose). In both cohorts, the most consistent expansion was 

toward S2, which is the more conserved subdomain of spike across betacoronaviruses 

(Figures 2C and 2D, bottom right). Expansion of S2-binding antibodies accounted for the 

majority of spike expansion of the domains tested across boosting types. Overall, correlates 

differed in each group after the boost, further highlighting that initial priming platforms 

can influence overall humoral architecture. Notably, a higher dose of the bivalent booster 

showed a tighter correlative humoral response than the lower dose, further supporting a 

dose-dependent phenotype (Figure S3).

Subunit booster vaccines increase humoral breadth against VOC independent of primary 
series

We then examined the breadth of the boosted antibody responses afforded by the protein 

boosters compared with those at the pre-boost time point. We plotted the responses as radar 

plots to visually demonstrate the effect of the boosters relative to the pre-boost time points. 

All data shown are the fold increase of the mean antibody or the functional feature relative to 

the corresponding groups’ pre-boost mean values. We found that protein boosters containing 

AS03 provided expanded humoral profiles in terms of antibody titers (IgA, IgG1, IgG3, 

IgM) and FcγR-binding titers (FcγRIIA and FcγRIIIA) against the ancestral, Beta, Delta, 

and Omicron spikes in the mRNA-primed cohort (Figure 3A). The Beta booster with AS03 

showed the lowest breadth in fold expansions relative to pre-boost of antibody-dependent 

functional score (ADCP, ADCP, ADNK, ADNP) boosting among the AS03-containing 

boosters in the mRNA-primed cohort. Spike-specific, post-booster antibody responses in the 

mRNA-primed cohort (Figure S4A) also shared the same pattern, that protein boosters with 

AS03 tend to elicit higher antibody titers and FcγR binding, but this did not necessarily 

translate to functionality differences.

Subunit boosters with AS03, monovalent or bivalent, exhibited a robust expansion of 

antibody binding compared with the no-AS03 booster (Figure 3B). Additionally, boosters 

with AS03 also induced a stronger boosting effect in terms of most antibody titers and 

FcγR-binding titers. Interestingly, the no-AS03 Beta booster induced higher post-booster 

IgM titers against Beta and Delta spikes than protein boosters with AS03 (Figure S4B). 

Despite having relatively high natural killer cell-produced interferon γ (IFN-γ) against 

Delta and ADCP against Omicron spikes, the no-AS03 protein booster did not show broader 

antibody responses compared with the protein booster with AS03 (Figure S4B). By focusing 
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on the bivalent groups in the protein-primed cohort at the post-booster time point (Figure 

S4B), we found that the higher-dose group elicited broader responses in terms of antibody 

titers and FcγR-binding titers, while the lower-dose group induced broader and stronger 

functional activities.

Protein-based boosters expand the breadth of IgA binding

Notably, protein-based boosters with AS03 elicited consistently higher IgA responses 

(Figures S1 and S4) compared with the other vaccine formulations tested. At the VOC level, 

a consistent restoration of waned spike-reactive IgA was observed in the mRNA prime series 

(Figure 4A). For all VOCs, IgA responses post-boost either fully restored waned IgA titers 

or expanded breadth. This was particularly evident for WT and Delta spike IgA responses. 

Reactivity was not observed at any time for tetanus antigen, which serves as a specificity 

control. Interestingly, for the protein-primed cohort, IgA expansions were disproportionately 

observed in Beta-containing formulations. This was true for Beta + AS03 (Figure 4B, green 

line) as well as the high-dose bivalent vaccine recipients (Figure 4B, blue line). Boosts with 

prototype (Figure 4B, pink) and lower-dose bivalent (Figure 4B, gold) showed only a rescue 

of waned responses. Tetanus antigen again was used as an antigen specificity control and 

showed no responses at any time point for any group.

To assay for binding breadth of recently emerged variants, we tested IgG1 and IgA 

for binding against BA.2, BA.5, BM1.1, BQ1.1, CH1.1, XBB1.5, and XBB1.16. All 

of these variants are Omicron-lineage descendants that have caused surges in various 

regions, particularly in 2022–2023.32–36 Against all variants tested, IgG1 and IgA showed 

increased binding post-boost. This was especially noticeable for formulations containing 

AS03. Interestingly, IgA responses showed a higher degree of boosting than IgG1 for 

these variants and were again most strongly induced in formulations containing Beta spike, 

particularly in a bivalent form (Figure S5). This phenomenon was also primary series 

platform independent.

These findings further support a model in which boosting with protein-based formulations 

not only restores waned responses but can expand humoral breadth regardless of the 

primary platform immunization strategy. Notably, Beta-containing formulations demonstrate 

an ability to restore and expand IgA responses against VOCs in protein-primed non-human 

primates (NHPs). This is particularly important because IgA predominantly acts in mucosal 

regions.

DISCUSSION

Several studies have shown a waning of immunity against SARS-CoV-2 virus after a 

primary two-dose series, regardless of platform.37 The waning of effects can be linked 

to decreased concentrations in serum antibody levels, a lower initial response, underlying 

health conditions, or a combination of any of the aforementioned. Additionally, as SARS-

CoV-2 has adapted to its new human host, mutations exhibiting selective sweeps have been 

observed, with many of these mutations showing various degrees of antibody-recognition 

escape. This is particularly notable for the Omicron VOC lineage, which contains numerous 

mutations that reduce or eliminate neutralizing antibody recognition in vaccinated or 
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recovered patients. To that end, COVID-19 boosters have been deployed to restore antibody 

levels and expand recognition of spike antigens. It can be reasonably assumed that SARS-

CoV-2 will continue to accumulate mutations that reduce humoral recognition, requiring 

periodic boosters in the future.7,38

Deployment of the COVID-19 vaccines has been affected by their production pipeline and 

storage conditions. For example, initial shipments of BNT162b2 and mRNA-1273 vaccines 

required ultracold storage, creating an obstacle to equitable distribution.39 Component-/

protein-based vaccines benefit from their ease of scalability and production into good 

manufacturing practices and/or good clinical laboratory practices. Transport and distribution 

of protein-based vaccines is also more convenient since cold-chain storage is at 4°C–8°C. 

This can be of particular importance to resource-limited regions. Therefore, their utility as a 

booster platform that could restore and expand humoral function should be considered.

In this study, we systematically evaluated the humoral immune responses against SARS-

CoV-2 VOCs elicited by a subunit booster in two study groups of macaques: one group was 

primed with a two-dose mRNA vaccine and the other with a two-dose subunit vaccine. 

In each study group, macaques were further separated into different groups receiving 

one-dose subunit boosters with different formulations. From the booster-induced antibody 

profiles against several VOCs of SARS-CoV-2, we observed that a subunit booster can 

induce high IgG1 titers and Fc-binding titers in all macaques at a comparable level or 

exceeding that of the peak immunogenicity after two-dose prime vaccines when used with 

AS03. Specifically, we observed that Beta-containing protein boosters, when administered 

with AS03, elicited robust recognition of all SARS-CoV-2 VOC spikes, restored waned 

functionality, and expanded antibody isotype recognition of divergent spikes. Our results 

are consistent with other reports of increased neutralization capacity of monovalent or 

bivalent Beta-spike-containing boosted NHPs, particularly against Omicron lineages.40,41 

We have shown that these boosted humoral responses are not exclusive to neutralizing 

antibodies. Of particular interest was the highly expanded IgA responses we observed in 

Beta-spike-containing formulations.

Interestingly, the greatest fold expansion in IgG1 titer was against the S2 subdomain of the 

spike, which is a conserved region among all variants and a target for future SARS-CoV-2 

vaccine designs.42 A consistent increase in IgA titers was observed in the subunit-boosted 

NHPs. Beta-variant-containing formulations gave cross-VOC increases in IgA recognition in 

the protein-primed cohort, consistent with the higher neutralization titers for these vaccines 

demonstrated in both NHP studies and several clinical trials.24,31,43 In humans, IgA has 

been shown to play a potent role in mucosal immunity through direct neutralization and 

opsonophagocytosis.44 This is notable given that the breadth of the cross-neutralization 

in the aforementioned NHP studies was also improved for the Beta-containing compared 

with prototype boosters. Collectively, this suggests that Beta-containing formulations may 

afford higher mucosal protection through the generation of broadly reactive, high-titer 

IgA responses that can leverage neutralizing and non-neutralizing functions at the site of 

infection. Importantly, these responses are not diminished in the presence of an ancestral-

lineage spike.
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In conclusion, our results suggest that variant-containing booster vaccines can bolster both 

neutralizing and non-neutralizing functions. Moreover, boosters containing the Beta spike, 

either by itself or in combination with other spikes, can restore waned functions and expand 

protective breadth. These results were largely independent of primary vaccination platforms, 

which is critical given the diversity of primary vaccination series platforms administered 

globally.

Limitations of the study

The present study was designed to deeply profile the humoral responses of NHPs boosted 

with various protein-based formulations. As the COVID-19 pandemic progressed, new 

variants continuously emerged, particularly Omicron-based lineages. We could not profile 

responses against all Omicron lineages due to the diversity within the lineage. Moreover, 

we could not perform live-virus neutralizations against the VOCs due to sample volume 

limitations.

The identification that IgA was disproportionately expanded in Beta-containing formulations 

was of high interest given its role in mucosal defenses. However, the IgA responses 

characterized in this study were from sera and not nasal washes or bronchiolar lavage fluid, 

per the allowed protocol design. This could also complicate our functional antibody assays, 

as IgA is known to have neutralizing and non-neutralizing roles, and these roles may be 

compartment specific.44–46 Further studies into compartment-based IgA responses, and how 

they correlate with serum-containing IgA, are thus imperative.

Another limitation of this study was our inability to correlate antibody profiles with T 

cell responses. Other groups have shown that a Beta spike subunit booster elicited a 

polyfunctional, TH-1 CD4+ response to Omicron peptides, in addition to stimulating a 

higher Omicron-specific neutralizing antibody response.24 To that end, a comprehensive 

systems-immunology-based approach to characterize immune responses to boosting 

strategies would be highly informative.

In our study, vaccines were administered with and without AS03; however, study design 

did not permit us to have an AS03 group alone. How AS03 was potentiating effects 

is thus very difficult to characterize. Additionally, our study is limited by the number 

of macaques within each treatment arm. Therefore, small effects between antigens (for 

example, prototype vs. Beta spike) were not likely to be captured in this study. It should 

be noted that all vaccine boosters contained the same concentration of AS03. Therefore, 

the observed changes between prototype alone or a lower-dose bivalent compared with 

higher-dose Beta-spike-containing formulations cannot be explained solely by AS03. How 

AS03 or other adjuvants specifically leverage certain antibody functions is an emerging 

field. Numerous groups have shown that adjuvants can modify neutralization breadth and 

Fc-effector functions, particularly with subunit-based vaccines.47–52 Fully capturing how 

small changes within the antigen itself (e.g., prototype vs. Beta spike) interplay with a 

specific adjuvant would be paradigm shifting for next-generation vaccination platforms and 

strategies.
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Lastly, strict comparisons between the two major arms in this study (mRNA vaccine primed 

and subunit protein primed) cannot be done due to the different species used. Other groups 

have shown that humoral profiles between rhesus macaques and cynomolgus macaques can 

have distinctions,53 although their responses to SARS-CoV-2 appear similar.54 We therefore 

only showed fold expansions post-boost within each of the major arms and did not conduct 

cross-species analyses.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Information related to this manuscript including datasets, protocols, and 

procuring of reagents and resources should be directed to the lead contact, Ryan McNamara 

(rpmcnamara@mgh.harvard.edu).

Materials availability—All materials and reagents used in this study are commercially 

available and can be found in the key resources table. No new unique reagents were 

generated in this study.

Data and code availability

• Systems serology raw datasets have been deposited on GitHub on 

RagonSystemSerology: CR20230925.

• All original code used for analysis in this manuscript can be found in the 

systemsseRology on GitHub (LoosC/systemsseRology). All other codes used are 

open source and available upon request to the lead contact. This manuscript does 

not report original code unique to this study.

• Any additional information required for analysis of the data reported in this 

manuscript is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals and study design—Animal experiments were conducted in compliance with 

all pertinent US National Institutes of Health regulations according to approved animal 

protocols from the Institutional Animal Care and Use Committee (IACUC) at the research 

facilities. The NHP study was performed at the University of Louisiana at Lafayette New 

Iberia Research. Macaques between the ages of two and eight years-old were randomized 

based on sex, age, and weight (Figure 1A) and divided into two study groups, mRNA Prime 

and Protein Prime. In the mRNA Prime study group, 16 Cynomolgus macaques received 

two doses of mRNA vaccine primers on Day 0 and Day 21, respectively, and subsequently 

a subunit booster on Day 205. Blood samples were collected at peak immunogenicity after 

the first two doses, Day 210, as well as Day 224. The group of 16 animals was further 

divided into groups of four, with each group receiving one of the four different booster 

schemes. Group 1 received 5 μg of soluble prefusion-stabilized Beta spike timer (PANGO 

lineage B.1.351), group 2 received 5 μg prefusion-stabilized Prototype spike timer with 

AS03, group 3 received 5 μg Beta prefusion-stabilized spike timer with AS03, and group 

4 received a bivalent 5 μg prefusion-stabilized spike timer (Prototype + Beta) with AS03. 
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In the Protein Prime study group, 24 Rhesus macaques received two doses of Prototype 

prefusion-stabilized spike timer with AS03 vaccine as the primer on Day 0 and Day 21, 

respectively, and subsequently a subunit booster on Day 202. Blood samples were collected 

at peak immunogenicity after the first two doses, Day 196, as well as Day 216.

METHOD DETAILS

Vaccines—Vaccine candidates were SARS-CoV-2 prefusion spike antigens based on the 

ancestral (Prototype) or Beta variant sequences with AS03 adjuvant (referred to as AS03 

throughout the text and figures) and formulated as monovalent or bivalent vaccines as 

described previously.31,47

Messenger RNA incorporating coding sequences containing either the wild type (WT) 

sequence, stabilized pre-fusion mutant (2P),55 furin cleavage site mutant (GSAS),56,57 

double mutant (2P, GSAS)), triple mutant (2P/GSAS/ALAYT), hexamutant (6P) and 

hexamutant with furin cleavage mutant (6P/GSAS) of the full-length SARS-CoV-2 spike 

glycoprotein were synthesized by in vitro transcription employing RNA polymerase with 

a plasmid DNA template encoding the desired gene using unmodified nucleotides. The 

resulting purified precursor mRNA was reacted further via enzymatic addition of a 5′ 
cap structure (Cap 1) and a 3′ poly(A) tail of approximately 200 nucleotides in length 

as determined by gel electrophoresis. The vaccine sequence is based on the Wuhan Hu-1 

strain (GenBank accession MN908947). Preparation of mRNA/lipid nanoparticle (LNP) 

formulations was described previously.58 Briefly, an ethanolic solution of a mixture of lipids 

(ionizable lipid, phosphatidylethanolamine, cholesterol, and polyethylene glycol-lipid) at a 

fixed lipid and mRNA ratio were combined with an aqueous buffered solution of target 

mRNA at an acidic pH under controlled conditions to yield a suspensionn of uniform LNPs. 

Upon ultrafiltration and diafiltration into a suitable diluent system, the resulting nanoparticle 

suspensions were diluted to final concentration, filtered, and stored frozen at −80°C until 

use.

Ig Subclassing/Isotyping and FcγR binding—Antigen-specific antibody isotype titer 

and Fc-gamma receptor (FcγR)-binding was determined by a multiplex Luminex assay, 

as previously described.59 Carboxylated magplex microspheres (Luminex) were covalently 

linked to antigens using NHS-ester linkages by the addition of Sulfo-NHS and EDC 

(Thermo Fisher). Immune complexes were formed by adding the diluted serum to antigen-

coupled microspheres, and plates were incubated overnight at 4°C, shaking at 700 rpm. 

The following day, plates were washed with 0.1% BSA and 0.02% Tween 20. After the 

wash, the immune complexes were then shaken and incubated with isotype-specific mouse 

anti-rhesus antibodies (NHPRR and Life Diagnostics) at room temperature for 2 h. For 

the detection of antibody isotype titer, PE-coupled goat anti-mouse detection antibodies 

(Invitrogen) were added to the plates. For the detection of FcγR-binding, Avi-tagged rhesus 

FcγRs (Duke Human Vaccine Institute) were biotinylated using BirA500 kit (Avidity) per 

manufacturer’s instructions and tagged with streptavidin-PE. The PE-tagged FcγR was 

added to the immune complex. Fluorescence was acquired using an iQue (Intellicyt), and 

the data represent the median fluorescence intensity (MFI). The Luminex assay was run 
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in duplicate, and the data reported represents the average of the duplicates. Materials and 

resources can be found on the key resources table.

Antibody-dependent cellular phagocytosis (ADCP)—THP-1 cells (ATCC) were 

maintained in RPMI-1640 (Sigma Aldrich) supplemented with 10% fetal bovine serum 

(FBS), 5% penicillin/streptomycin (Corning, 50 μg/mL), 5% L-glutamine (Corning, 4 mM), 

5% HEPES buffer (pH 7.2) (Corning, 50 mM) and 0.5% 2-Mercaptoethanol (Gibco, 275 

μM) at 37°C, 5% CO2. ADCP was performed as previously described.60 Briefly, D614G, 

B.1.351 or Omicron spike (Sino Biological) were biotinylated and coupled to yellow-green 

NeutrAvidin FluoSpheres (Invitrogen). Immune complexes were formed by mixing antigen-

coupled beads with serum diluted 1:100 in PBS. Immune complexes were incubated for 

2 h at 37°C and washed in PBS. THP-1 cells were added to immune complexes at a 

concentration of 1.25×105 cells/mL and incubated overnight at 37°C, 5% CO2. The ability 

of antibodies to drive bead uptake by THP-1 cells was assessed by flow cytometry using a 

BD LSR II cytometer. PhagoScores were calculated as follows: (% bead+ cells x GeoMean 

of cells)/10000. Samples were run in duplicate, and the data represent the average of the 

duplicates.

Antibody-dependent neutrophil phagocytosis (ADNP)—ADNP was performed as 

previously.61 Peripheral whole blood was collected by the Ragon Institute from healthy 

volunteers. Volunteers provided signed consent, were over 18 years old, and were 

deidentified. The study was approved by the MGH Institutional Review Board. Red blood 

cells were lysed by ammonium chloride potassium (ACK) lysis. White blood cells were 

washed with PBS and maintained in RPMI-1640 (Sigma Aldrich) media supplemented with 

10% fetal bovine serum (FBS) (Sigma Aldrich), 5% penicillin/streptomycin (Corning, 50 

μg/mL), 5% L-glutamine (Corning, 4 mM), 5% HEPES buffer (pH 7.2) (Corning, 50 mM)) 

and 37°C, 5% CO2 for the duration of the assay. Yellow-green NeutrAvidin FluoSpheres 

were coupled to antigen as described for ADCP. Immune complexes were formed by 

mixing serum diluted 1:50 in PBS with coupled beads and incubating for 2 h at 37°C. 

Immune complexes were washed and white blood cells were added at a concentration of 

2.5×105 cells/mL. Cells were incubated with immune complexes for 1 h at 37°C. PacBlue 

anti-CD66b (BioLegend, clone: UCH71) was used to stain for neutrophils. Phagocytosis 

was measured by flow cytometry using an iQue (Intellicyt). Phagocytosis by neutrophils 

(CD66b+) was calculated as described for ADCP. The experiment was performed with two 

donors and the reported value is the average of the two donors.

Antibody-dependent complement deposition (ADCD)—ADCD was performed as 

previously described.62 Red NeutrAvidin FluoSpheres were coupled to antigen as described 

for ADCP. Immune complexes were formed by mixing serum diluted 1:10 in PBS with 

coupled beads and incubating for 2 h at 37°C. Immune complexes were washed and 

lyophilized guinea pig complement (Cedarlane) diluted in gelatin veronal buffer with 

calcium and magnesium (Sigma Aldrich) was added to immune complexes and incubated 

for 20 min at 37°C. C3 deposition was measured by anti-guinea pig C3 FITC (MpBio). 

Fluorescence was acquired using a BD LSR II cytometer. C3 deposition is reported as the 
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median fluorescence intensity of FITC. The experiment was performed in duplicate, and the 

reported value is the average of the two replicates.

Antibody-dependent natural killer cell (NK) activation (ADNKA)—ADNKA was 

performed as described previously.63 ELISA plates were coated with 2 μg/mL of antigen 

and incubated for 2 h at 37°C. Plates were washed with PBS and blocked overnight with 

5% bovine serum albumin (BSA) at 4°C. Buffy coats were collected by Massachusetts 

General Hospital from healthy donors who were over 18 years old and provided signed 

consent. Samples were deidentified before use. NK cells were isolated from buffy coats 

using RosetteSep (STEMCELL Technologies) and then separated using a ficoll gradient. 

NK cells were rested overnight at 37°C, 5% CO2 in R10 (RPMI-1640 (Sigma Aldrich) 

media supplemented with 10% fetal bovine serum (FBS) (Sigma Aldrich), 5% penicillin/

streptomycin (Corning, 50 μg/mL), 5% L-glutamine (Corning, 4 mM), 5% HEPES buffer 

(pH 7.2) (Corning, 50 mM)) supplemented with 2 ng/mL IL-15. The following day, plates 

were washed, and samples were diluted 1:25 in PBS were added to the plates. Plates 

were incubated for 2 h at 37°C, washed, and NK cells were added at a concentration 

of 2.5×105 cells/mL in R10 media supplemented with anti-CD107a–phycoerythrin (PE)–

Cy5 (BD Biosciences, lot # 0149826, 1:1000 dilution), brefeldin A (10 mg/mL) (Sigma-

Aldrich), and GolgiStop (BD Biosciences). Plates were incubated for 5 h at 37°C. Following 

the incubation, cells were stained for surface markers with anti-CD3 Pacific Blue (BD 

Biosciences, clone G10F5)), anti-CD16 allophycocyanin (APC)-Cy5 (BD Biosciences, 

clone 3G8), and anti-CD56 PE-Cy7 (BD Biosciences, clone B159) for 15 min at room 

temperature. Cells were fixed with PermA (Life Technologies) and permeabilized with 

PermB (Life Technologies) and stained with anti-MIP-1β PE (BD Biosciences) and anti-

IFN-γ FITC, and for 15 min at room temperature. Fluorescence was analyzed by flow 

cytometry using a BD LSR II. NK cells were gated as CD56+/CD16+/CD3-and activity 

was determined as the percent of NK cells positive for CD107a or MIP-1b. The assay was 

performed with two donors and the data reported represents the average of the two donors.

QUANTIFICATION AND STATISTICAL ANALYSIS

All figures were plotted using Python version 3.8.8, with package matplotlib 3.3.3, or 

with R studio version 4.0.4. For statistical groupings, an initial Mann-Whitney U test, a 

non-parametric testing method, was performed using multiple corrections to assess statistical 

significance when necessary. For correlation plots, a Spearman’s Rank correlation was 

performed between paired samples. To show differences in antibody binding and functional 

activity in one heatmap, all data was z-scored and plotted using R studio as elsewhere 

described.20

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Subunit-based boosters with AS03 restore waned humoral responses to VOC 

spikes

• Expansion of antibody binding breadth is independent of the primary series 

platform

• Beta-containing boosters stimulate high IgA to VOC spikes including XBB 

lineages
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Figure 1. 
A subunit booster improves antibody profiles in both macaques primed with two-dose 

mRNA vaccines and macaques primed with two-dose subunit vaccines

(A) Schematic representation of the cohorts: in the mRNA-primed cohort, 16 macaques 

were evenly split into four groups, each group was primed with mRNA vaccines in different 

modalities on days 0 and 21 and boosted with a subunit booster on day 210, and blood 

samples were collected 2 weeks after the second primary series on day 35 and on days 205 

and 224. In the protein-primed cohort, 24 macaques were split into five groups, each group 

was primed with subunit vaccines in different modalities on days 0 and 21 and boosted with 

a subunit booster on day 202, and blood samples were collected 2 weeks after the second 

primary series vaccination on day 35 and on days 196 and 216.
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(B) The dot plots show the SARS-CoV-2 ancestral spike-specific IgG1 titer and the ability 

of the spike-specific antibodies to bind to the low-affinity Fcγ receptors (FcγRIIA and 

FcγRIIIA) across the macaques primed with mRNA vaccines and boosted with a subunit 

booster in mRNA prime (top) at different time points: peak (day 35), pre-boost (day 205), 

and post-boost (day 224), and the macaques primed with subunit vaccines and boosted with 

a subunit booster in protein prime (bottom) at different time points: peak (day 35), pre-boost 

(day 205), and post-boost (day 224). Each dot represents a different macaque. Each bar 

represents the median of each group.

(C) The dot plots show antibody-dependent cellular phagocytosis (ADCP), antibody-

dependent neutrophil phagocytosis (ADNP), antibody-dependent complement deposition 

(ADCD), and antibody-dependent natural killer (NK) cell activity (ADNK), as measured 

by CD107a degranulation, against SARS-CoV-2 ancestral spike in macaques primed with 

mRNA vaccines and boosted with a subunit booster in mRNA prime (top) at different time 

points: peak (day 35), pre-boost (day 205), and post-boost (day 224), and the macaques 

primed with subunit vaccines and boosted with a subunit booster in protein prime (bottom) 

at different time points: peak (day 35), pre-boost (day 196), and post-boost (day 216). *p < 

0.05 against the no-AS03 post-boost group, ns, not significant.
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Figure 2. 
Protein boosters with AS03 expand IgG1 recognition of spikes in a VOC-independent 

manner

(A) Fold expansions of antibodies against the Alpha, Beta, Delta, and Omicron VOCs for the 

boosted mRNA-primed cohort. Pre-boost time points were standardized to 1 across boosting 

strategies (color legend shown in the bottom right), and post-boost increases were plotted 

relative to their pre-boost values. The median fold increases (solid, colored line) and the 

standard error of the mean (SEM; shaded region of the same color) are shown.

(B) Same as (A) but for the protein-primed cohort. Note that this cohort has two bivalent 

groups distinguished by the amount of protein in the dose (blue, 5 μg; gold, 2.5 μg).
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(C) Subdomain expansion in the mRNA-primed cohort was plotted similarly to (A). Fold 

expansion against full-length ancestral spike, RBD, NTD, and S2 was quantified with each 

pre-boost point standardized to 1 across boosting strategies. All values are shown relative to 

the no-AS03 group.

(D) Same as (C) but for the protein-primed cohort.
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Figure 3. 
Boosters with AS03 induce a broader response between the post-booster and the pre-booster 

time points

(A) Median ranked percentiles of fold changes (post-boost relative to pre-boost) in antibody 

titers (IgA, IgG1, IgG3, IgM), FcγR-binding titers (FcγRIIA and FcγRIIIA), and antibody-

dependent functional scores (ADCP, ADCP, ADNK, ADNP) against the ancestral, Beta, 

Delta, and Omicron antigens for the mRNA-primed cohort.

(B) Median ranked percentiles of fold changes (post-boost relative to pre-boost) in antibody 

titers (IgA, IgG1, IgG3, IgM), FcγR-binding titers (FcγRIIA and FcγRIIIA), and antibody-

dependent functional scores (ADCP, ADCP, ADNK, ADNP) against the ancestral, Beta, 

Delta, and Omicron antigens for the protein-primed cohort.
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Figure 4. 
IgA toward SARS-CoV-2 spikes is expanded by Beta-containing component boosters in 

protein-primed NHPs

(A) Mean IgA binding to indicated SARS-CoV-2 VOCs in mRNA-primed NHPs. Shown 

are the values after the primary series, pre-boost, and post-boost against the indicated VOC 

spike or tetanus as a negative control. Shown on the y axis is the IgA mean fluorescent 

intensity (MFI) of binding to the antigen, and on the right is the color scheme.

(B) Same as (A) but for NHPs who received a protein primary vaccines series. Statistical 

significance (Mann-Whitney U test) of peak responses after primary series and post-boost 
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was determined to show expansions of IgA binding breadth. *p < 0.05, **p < 0.01, and ***p 

< 0.001.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE DENTIFIER

Antibodies

Mouse anti-human CD66β (clone G10F5), Pacific Blue BioLegend AB_2563294

Mouse anti-human CD3 (clone UCHT1), Alexa Fluor 700 BD Biosciences AB_396952

Mouse anti-human CD107α (clone H4A3), PE-Cy5 BD Biosciences AB_396136

Mouse anti-human IFNγ (clone B27), FITC BD Biosciences AB_398580

Mouse anti-human MIP-1β (clone D21–1351), PE BD Biosciences AB_393549

Mouse anti-human CD56 (clone B159), PE-Cy7 BD Biosciences AB_396853

Mouse anti-human CD14 (clone MφP9), APC-Cy7 BD Biosciences AB_396889

Mouse anti-human CD16 (clone 3G8), APC-Cy7 BD Biosciences AB_396864

Anti-guinea pig complement C3 goat IgG fraction, FITC MP Biomedicals Cat# 0855385; RRID:AB_2334913

Mouse anti-IgG1-PE SouthernBiotech Cat# 9054–09; RRID:AB_2796628

Mouse anti-IgG3-PE SouthernBiotech Cat# 9210–09; RRID:AB_2796701

Mouse anti-IgA-PE SouthernBiotech Cat# 9130–09; RRID:AB_2796656

Anti-rhesus IgG1 NHPRR AB_2819310

Anti-rhesus IgG3 NHPRR PR-1130

Anti-rhesus IgA NHPRR AB_2819303

Chemicals, peptides, and recombinant proteins

SARS-CoV-2 WT Spike Sino Biological 40589-V08H4

SARS-CoV-2 WT S1 Sino Biological 40591-V08H

SARS-CoV-2 WT RBD Sino Biological 40592-V08H

SARS-CoV-2 WT S2 Sino Biological 40590-V08B

SARS-CoV-2 WT NTD Sino Biological 40591-V49H

SARS-CoV-2 D614G Spike Sino Biological 40589-V08B4

SARS-CoV-2 Alpha Spike Sino Biological 40589-V08H12

SARS-CoV-2 Alpha RBD Sino Biological 40592-V08H82

SARS-CoV-2 Beta Spike Sino Biological 40589-V08B7

SARS-CoV-2 Beta RBD Sino Biological 40592-V08H59

SARS-CoV-2 Gamma Spike Sino Biological 40589-V08B10

SARS-CoV-2 Gamma RBD Sino Biological 40592-V08H86

SARS-CoV-2 Delta Spike Sino Biological 40589-V08B16

SARS-CoV-2 Delta RBD Sino Biological 40592-V08H115

SARS-CoV-2 Omicron BA.1 Spike Sino Biological 40589-V08H26

SARS-CoV-2 Omicron BA.2 Spike Sino Biological 40589-V08H28

SARS-CoV-2 Omicron BA.5 Spike Sino Biological 40592-V08H32

SARS-CoV-2 Omicron BM.1.1 Spike Sino Biological 40589-V08H43

SARS-CoV-2 Omicron BQ.1.1 Spike Sino Biological 40589-V08H41

SARS-CoV-2 CH.1.1 Spike Sino Biological 40589-V08H46

SARS-CoV-2 XBB.1.5 Spike Sino Biological 40589-V08H45

SARS-CoV-2 XBB.1.16 Spike Sino Biological 40589-V08H49

NHP FcγRIIA Duke Human Vaccine Institute Custom Order
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REAGENT or RESOURCE SOURCE DENTIFIER

NHP FcγRIIIA Duke Human Vaccine Institute Custom Order

Streptavidin-PE Agilent Technologies PB32-10

Ebola Virus Glyoprotein IBT Bioservices 0501–015

Influenza HA Sino Biological 11687-V08H

Brefeldin A Sigma B7651

Guinea Pig Complement Cedarlane CL4051

Protein Transport Inhibitor BD Biosciences 554724

LC-LC-Sulfo-NHS Biotin ThermoFisher A35358

Brefeldin A Sigma Aldrich B7651

GolgiStop BD Biosciences 554724

Streptavidin-R-Phycoerythrin Prozyme PJ31S

Critical commercial assays

RosetteSep NK cell enrichment kit Stem Cell Technologies 5025

Experimental models: Cell lines

THP-1 monocytes ATCC CVCL_0006

Deposited Data

RagonSystemSerology: CR20230925 GitHub N/A

Experimental models: Organisms/strains

Cynomolgus macaques (Mauritius) New Iberia Research Center N/A

Rhesus macaques New Iberia Research Center N/A

Software and algorithms

GraphPad Prism 8 GraphPad Software, Inc. Ragon License

R Studio V. 4.0.4 R Project for Statistical Computing Open Source

Flow Jo BD Bioscience Ragon License

Python V 3.8.8 MathWorks Open Source

Matplotlib V 3.3.3 Mathworks with Python Open Source

Other

FluoSpheres® NeutrAvidin®-Labeled Microspheres, 1.0 μm, 
yellow-green fluorescent (505/515), 1% solids

Life Technologies F-8776

FluoSpheres® NeutrAvidin®-Labeled Microspheres, 1.0 μm, red 
fluorescent (580/605), 1% solids

Life Technologies F8775

MagPlex microspheres Luminex corporation MC12001-01
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