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Abstract

SARS-CoV-2 variants have continuously emerged even as highly effective vaccines have been widely
deployed. Reduced neutralization observed against variants of concern (VOC) raises the question as to
whether other antiviral antibody activities are similarly compromised, or if they might compensate for lost
neutralization activity. In this study, the breadth and potency of antibody recognition and effector function
was surveyed in both healthy individuals as well as immunologically vulnerable subjects following either
natural infection or receipt of an mRNA vaccine. Considering pregnant women as a model cohort with
higher risk of severe illness and death, we observed similar binding and functional breadth for healthy and
immunologically vulnerable populations. In contrast, considerably greater functional antibody breadth and
potency across VOC was associated with vaccination than prior infection. However, greater antibody
functional activity targeting the endemic coronavirus OC43 was noted among convalescent individuals,
illustrating a dichotomy in recognition between close and distant human coronavirus strains that was
associated with exposure history. Probing the full-length spike and receptor binding domain (RBD)
revealed that antibody-mediated Fc effector functions were better maintained against full-length spike as
compared to RBD. This analysis of antibody functions in healthy and vulnerable populations across a
panel of SARS-CoV-2 VOC and extending through endemic alphacoronavirus strains suggests the
differential potential for antibody effector functions to contribute to protecting vaccinated and convalescent
subjects as the pandemic progresses and novel variants continue to evolve.
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60 One Sentence Summary

61 As compared to natural infection with SARS-CoV-2, vaccination drives superior functional antibody
62 breadth raising hopes for candidate universal CoV vaccines.
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63 Introduction

64 Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), the virus causing the COVID-

65 19 pandemic, has continued to evolve despite the widespread use of multiple highly effective vaccines 1-3.

66  Notable SARS-CoV-2 variants have arisen and expanded across the globe, including Alpha (B.1.1.7),

67 Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and most recently Omicron (B.1.1.529). While

68 vaccination is a critical intervention in combatting the pandemic, many studies of both infection and

69  vaccination have shown reduced neutralizing potency toward variants of concern (VOC) 44,

70 Fortunately, studies have also shown that both infection and vaccination lead to measurable

71 levels of antibodies and T cell responses against VOC %23, Because binding antibodies can elicit potent

72 antibody Fc domain-dependent effector functions that contribute to protection even in the absence of

73 neutralization 24-27, they may help to compensate for compromised neutralization potency. These

74  activities, including antibody dependent cellular phagocytosis (ADCP), cellular cytotoxicity (ADCC), and

75 complement deposition (ADCD), rely on interactions with soluble and cell-expressed antibody Fc

76 receptors on diverse innate immune cells that can drive direct lysis of virions or infected cells, as well as

77  trigger inflammatory cascades to amplify host defense 13.28-31, Fc effector functions have correlated with

78  protection in animal models of SARS-CoV-2 and in humans in other disease settings 27:32-35, The potential

79 clinical relevance of antibody-mediated Fc effector functions is suggested by observations that vaccines

80  appear to remain highly effective in preventing serious disease despite reduced levels of neutralizing

81 antibodies.

82 Importantly, studies have shown that Fc effector activities are elicited following vaccination and

83 infection2528.36 and antibodies with the capacity to elicit multiple effector functions appear to recognize

84  diverse epitopes on the spike (S) protein2537. SARS-CoV-2 variants generally accrue most mutations in

85 the receptor binding domain (RBD) and the N terminal domain (NTD), where the most common epitopes

86  for neutralizing Abs are found3#4°. The emergence of the Omicron variant, with far more mutations than

87 other VOC, including in other regions of the spike protein, has led to reductions in neutralization potency

88  against this variant®#142, These observations have raised interest in determining whether and which other

89 antibody activities may help confer protection from severe disease from sequence distant strains, and

90 how well these responses are induced by infection or vaccination.

91 To this end, immunity resulting from vaccination and natural infection are known to exhibit a

92 number of distinctions with respect to antibody responses’®4344, Within groups, individuals also show

93  considerable variability in response magnitudes and characteristics 4547. Lastly, populations at increased

94 risk for severe disease, such as pregnant women“8, may also exhibit further distinctions in humoral

95 response attributes*®. How these distinct axes of variability associate with the magnitude and breadth of

96 antibody effector functions across VOC is not known, but has important implications for continued

97 protection of diverse individuals and in the face of further viral diversification. The breadth of Fc effector

98 functions across VOC in vulnerable and healthy subjects, following natural infection or vaccination, can

99 provide new insight into the potential contributions of mechanisms beyond neutralization to protection
100  from SARS-CoV-2 disease.

101 Results

102 Distinct Ig isotype responses induced by infection and vaccination across SARS-CoV-2 VOC,

103 independent of immunological vulnerability

104 To study antibody Fc mediated effector functions across SARS-CoV-2 VOC, serum samples from
105 individuals who either received two doses of an approved mRNA vaccine (n=87), were previously infected
106  when the Wuhan strain was predominant (n=57), or were SARS-CoV-2 naive (n=38) (Table 1) were first
107  evaluated for the magnitude and characteristics of antibody responses to various CoV strains and

108 subdomains (Supplemental Table 1). As a model of a uniquely vulnerable population, a subset of

109 samples from vaccinated (n=50) and convalescent (n=38) individuals were collected from pregnant

110 women, who are at greater risk of hospitalization for covid-1948. To define similarities and differences in
111 antibody profiles among seropositive individuals, dimensionality reduction was performed on biophysical
112 antibody features using Uniform Manifold Approximation and Projection (UMAP) %0. Subjects were

113 distributed across the profile landscape into three distinct clusters, which were almost perfectly
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114 segregated by whether their responses were elicited by vaccination or infection (Figure 1A). In contrast,
115 maijor differences between pregnant and non-pregnant individuals were not observed, motivating

116 combined analysis of subjects at different risk levels for subsequent analysis.

117 IgM, IgA, and IgG responses to both the complete spike extracellular domain or the receptor

118 binding domain (RBD) from the ancestral Wuhan strain as well as Alpha, Beta, Gamma, Delta, and

119 Omicron differed among convalescent and vaccinated subjects and naive controls (Figure 1B). Despite
120 collection at a somewhat later timepoint following antigen exposure, IgM responses were elevated among
121 individuals in the natural infection cohort. In contrast, vaccinated subjects had higher levels of IgG

122 antibodies to both spike and RBD across diverse strains. Medians and ranges in IgA response

123 magnitudes were generally similar between groups, though responses to RBD from some strains

124  appeared bimodal among convalescent individuals with a dichotomy of high and low responders.

125 Distinctions between the two clusters of convalescent subjects in the UMAP analysis can be explained by
126 the bimodal distribution.

127 To begin to support generalization of observations about relative responses across diverse VOC,
128 correlations were calculated between Wuhan and other VOC for each antibody isotype in each subject
129 group. As can be seen for Omicron, the most sequence distinct variant tested (Figure 1C), responses
130 were generally more strongly correlated for IgG than IgA, for RBD than spike, and for vaccinated subjects
131 than convalescent subjects (Figure 1D). For IgG responses, strong correlations were observed between
132 variants, providing evidence that subjects with high levels of antibody binding to WT are also likely to

133 have high levels of antibodies that bind to future variants. Likewise, these results suggest that individuals
134 who generate lower levels of antibody to contemporaneously circulating strains will have lower levels of
135 antibodies that cross-react to future variants.

136
137 Breadth of Antibody responses varies by antigen exposure history and isotype

138 Because the breadth of the antibody binding responses across VOC may relate to infection risk for future
139 variants, antibody binding breadth was assessed for each subject. Breadth-potency curves and breadth
140  scores, defined as the geometric mean response across variants, were calculated for IgM, IgA, and IgG
141 (Figure 2A-C) for the panel of VOC across the full spike extracellular domain or only the RBD. Each

142 isotype showed a distinct breadth profile. IgM breadth was greater in convalescent than vaccinated

143 subjects (Figure 2A). IgA breadth was similar (Figure 2B), and IgG breadth was considerably greater
144  among vaccinated individuals (Figure 2C). Differences in breadth were somewhat more pronounced for
145 RBD than for spike.

146
147 Vaccination induces breadth in IgG subclasses and FcyR binding-propensity across SARS-CoV-2 VOC

148 The robust breadth of the overall IgG response led us to further explore potential differences in subclass
149 and FcyR -binding capacity among antibodies to VOC, as both are known to mediate differences in

150 antibody effector functions3%51.52, Breadth-potency curves and breadth scores for each IgG subclass
151 against the spike and RBD antigens were calculated (Figure 3A). Each IgG subclass response was
152 broader and more potent across VOC in seropositive subjects than in naive controls, and breadth and
153 potency was also universally greater in vaccinated than convalescent subjects. However, the relative
154 magnitude of these differences varied among subclasses. Differences between seropositive subject

155 groups were most pronounced for IgG1, 1IgG2, and IgG3, whereas IgG4 responses, though distinct from
156 controls, were low in both groups of seropositive subjects. Compared to IgG1 and IgG3, 1IgG2 responses
157 in convalescent subjects were more similar to naive subjects than to those observed in vaccinated

158 individuals. Collectively, these profiles show the greatest magnitude in antibody breadth for the most
159 cytotoxic IgG subclasses (IgG1 and IgG3), intermediate breadth for moderately cytotoxic IgG2, and low
160 breadth and potency for the relatively inert IgG4 subclass. Again, differences in the breadth among

161 subclasses between vaccinated and convalescent subjects tended to be greater in RBD than whole

162 spike.
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163 To further explore potential differences in the antiviral activity of SARS-CoV-2-specifc antibody

164 responses, their ability to bind to recombinant FcyR tetramers was assessed. Again breadth-potency
165 curves, and breadth scores were calculated (Figure 3B), and were universally elevated among

166  seropositive subjects relative to naive controls, and in vaccinated subjects relative to convalescent

167 subjects. In general, the magnitude of differences in breadth and potency between vaccinated and

168 convalescent subjects were greater in FcyR binding than in measures of individual IgG subclasses, or
169 total IgG. These differences were again somewhat greater for RBD than whole spike, and exhibited

170  differences of up to almost two orders of magnitude in median breadth score, suggesting that antibodies
171 elicited by vaccination may be highly functional against SARS-CoV-2 variants.

172
173 Greater breadth of antibody effector functions across SARS-CoV-2 VOCs

174 While the neutralization potency of antibodies raised from immunization or infection with ancestral
175  strains is known to be reduced toward new VOC?354, whether similar losses in the extent of antibody

176  effector functions are observed is less well studied'36:55. For each subject, phagocytosis, ADCC, and
177 complement deposition activities were assessed using full length spike and RBD antigens for a panel of
178  VOC across three different serum concentrations (Figure 4). With the exception of complement

179 deposition against Wuhan strain whole spike protein, functional antibody responses were equal or greater
180 invaccinated than convalescent subjects for both Wuhan and diverse VOC. Among effector functions
181 tested, complement deposition was the activity most strongly impacted by strain differences, for example,
182 showing high activity in convalescent subjects only for Wuhan and alpha strains. It was also the most

183 sensitive to serum concentration. Whereas phagocytosis and ADCC activity across VOC were reasonably
184 well conserved at high and intermediate serum concentrations, and often remained detectable at the

185 lowest serum concentration in vaccinated subjects, decreases in activity were at intermediate

186 concentrations were more pronounced in complement deposition activity. Functional responses to RBD
187 were somewhat more sensitive to decreasing serum concentration than were those to spike. This

188 difference was most apparent in ADCC and complement deposition activities observed against beta and
189  gamma strain RBD in vaccinated subjects. Overall, breadth scores for each effector function showed the
190  dramatically improved breath of functional antibody responses across SARS-CoV-19 variants among

191 vaccinated as compared to convalescent subjects toward both spike and RBD (Figure 5A), and suggest
192 that viral variation has a greater effect on neutralization than on Fc-dependent effector functions.

193
194  Functional dichotomy observed across more distant Coronaviruses

195 While breadth of effector function across SARS-CoV-2 variants that have arisen during the

196 pandemic is important as new VOC arise, we also wanted to explore whether Fc effector functions may
197 be elicited towards more distant coronaviruses, including pathogenic coronaviruses, such as SARS-CoV-
198 1 and MERS, which share 80% and 40% sequence identity to SARS-CoV-2%57, as well as against

199 endemic coronaviruses including beta CoV OC43 and HKU1, and alpha CoV NL63, and 229E that

200 historically account for 10-15% of respiratory infections in children and adults each year 5. We observed
201 a striking dichotomy between vaccinated and convalescent subjects in terms of the phagocytosis, ADCC,
202 and complement deposition activities across coronavirus strains. While robust SARS-CoV-1-specific

203 effector function was observed for whole S and the S1 domain in vaccinated subjects, cross-reactive

204  functional antibodies to these targets were not observed among convalescent subjects (Figure 5B). In
205 contrast, robust activity toward whole S and the S2 domain of the endemic coronavirus OC43 was

206  detected among convalescent subjects (Figure 5C). Some phagocytic activity was seen against HKU1 in
207  convalescent subjects, although to a lesser extent than OC43. Vaccinated individuals showed some

208 phagocytic activity toward these targets, but no evidence of ADCC or complement deposition. Intriguingly,
209 despite their lower S and S2-specific phagocytic activity, vaccinated subjects exhibited greater phagocytic
210  activity directed to stabilized OC43 spike (S2P), suggesting that not only sequence but conformational
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211 state are key factors in defining antibody cross-reactivity profiles among even distantly related

212 coronaviruses. Neither subject group exhibited functional responses to MERS S or its S1 domain, or to
213 other alphacoronaviruses 229E and NL63. In sum, both natural infection and vaccination appear to

214 induce antibodies with better maintained effector function breadth than neutralization breadth. However,
215 the dichotomy in functional breadth between VOC, emergent, and endemic CoV observed between

216  vaccinated and convalescent subjects, coupled with distinctions in antibody isotypes and preferences in
217 recognition of different conformational states and subdomains point to distinctions in responses that may
218 relate to site and persistence of antigen exposure, conformation of antigen, or other factors that could be
219 used to improve functional breadth in pursuit of “universal” CoV vaccines.

220
221 Discussion

222 The continued emergence of SARS-CoV-2 variants has raised concern that vaccines based on
223 the Wuhan strain will exhibit reduced efficacy over time in the face of viral evolution'4. This fear is further
224  exacerbated in vulnerable populations among which vaccine effectiveness is already reduced?°0.

225 Whereas many studies have shown that vaccination results in reduced neutralization of variants as

226  compared to the Wuhan strain3%-54, vaccines remain protective from severe disease®’, suggesting that
227 either a threshold effect exists or that contributions from other mechanisms may be at play. This latter
228 possibility is well-supported by studies providing evidence that Fc effector functions are more resistant to
229  changes from VOC pointing to a potential component of protection from severe disease'8%,

230 The continually evolving viral landscape of SARS-CoV-2 strains shows the importance of needing
231 to further understand how effector functions may provide protection from severe disease when vaccine
232 neutralization is reduced. To this end, and relative to the more considerably reduced neutralization

233 potencies expected, we report well-maintained antibody effector functions across diverse VOC. Broad
234  effector function was observed for both vaccinated and convalescent subjects, and for both whole spike
235 and RBD, although the former was somewhat broader than the latter. This data suggests that for VOC
236  against which neutralization activity may be insufficient, Fc-mediated effector functions have the potential
237 to compensate for decreased neutralization and contribute to protection.

238 This study shows that the breadth of antibody recognition across SARS-CoV-2 VOC varies by
239 isotype and by antigen exposure history. Whereas vaccinated subjects showed considerably greater

240 FcyR-binding IgG antibodies of diverse subclasses, convalescent subjects exhibited greater IgM breadth.
241 IgA breadth was comparable between populations. The distinctions among isotypes may reflect

242 differences in exposure route, duration, and costimulatory factors. As mucosal vaccine continue to

243 advance toward the clinic, these possibilities can be tested. Our data also suggests that the differences
244  observed in the breadth of recognition of VOC and emergent CoV as compared to endemic CoV between
245 vaccination and infection likely at least partially relate to distinctions in antigenic conformations between
246 native and proline-stabilized forms of spike. Additionally, binding antibody breadth does not appear to
247 simply scale with greater IgG response magnitude, as for each antigen tested, at least some

248 convalescent subjects exhibited responses of similar magnitude to vaccinated subjects, yet no

249 convalescent subject exhibited a similar breadth score. Instead of response magnitude, these differences
250 in breadth across VOC may relate to differences at the level of B cell responses between vaccinees and
251 convalescent individuals ©82. Considerable antibody breadth and potency across VOC was similarly

252 observed for diverse antibody effector functions, including phagocytosis mediated by monocytes, a

253 surrogate measure of ADCC, and complement deposition. Among these functions, complement

254  deposition was generally more sensitive to both antigenic variation and to serum concentration than the
255 other activities tested.

256 While the observation of greater breadth and potency induced by vaccination than natural

257 infection could be extended to SARS-CoV-1, neither exposure induced functional antibodies to MERS,
258 and depending on spike conformation, the opposite pattern was observed for the endemic CoV OC43.
259 These observations establish an intriguing dichotomy: breadth across CoV-2 strains was greater among
260 vaccine recipients, but breadth across more distant beta and alpha coronaviruses was greater among
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261 convalescent subjects. While the origin of this dichotomy cannot be defined from this study, the

262 observation that functional breadth toward stabilized and unstabilized spike differed between populations
263 suggests that it may be related to the conformational state of the spike antigen to which the immune

264  system was exposed. This data suggests differential antigenicity and immunogenicity of the stabilized
265 spike protein used in mRNA vaccines, and has important implications for efforts to develop pan-CoV
266  vaccines.

267 We initially set out to characterize functional breadth in a vulnerable population, but found only
268 limited differences in the binding and functional profiles of antibodies in pregnant women as compared to
269 healthy controls. While this observation has important implications for vulnerable populations, it is

270 important to note that even in the context of similarly functional antibodies, the effector capacity of

271 susceptible individuals may be compromised due to alterations in the cellular effectors and availability or
272 regulation of complement cascade factors. While the assays used herein have correlated with improved
273 protection in vivo in various settings®3-67, only three activities were evaluated. Similarly, only five major
274  VOC were evaluated and subjects were infected or vaccinated with the Wuhan strain. The breadth of
275 effector functions induced by strains other than Wuhan, or against future viral variants may exhibit

276  different or similar degrees of conservation as observed here. Other limitations include the use of

277 surrogate measure of effector function reliant on recombinant antigen and cell lines as opposed to

278 infected cells or virions and primary effectors.

279 Nonetheless, these observations of well-maintained functional antibody breadth following

280 vaccination and infection, even among vulnerable individuals, have important implications. They suggest
281 that antibodies elicited by either prior infection or vaccination with a given strain have the potential to
282 restrict replication of and disease caused by future variants. Similarly, given evidence that these activities
283  contribute to the efficacy of convalescent plasma® and monoclonal antibody therapy?+27:69.70 our

284  observations support the potential value of these interventions even in the face of continually diversifying
285 virus. Our observations of enhanced breadth of IgG dependent Fc effector functions provides additional
286  evidence of beneficial aspects of vaccine-induced immunity as compared to natural infection. Future

287 studies could define the impact hybrid immunity resulting from combinations of infection and vaccination,
288 or after combination of distinct vaccine regimens, and variant specific boosters may have on functional
289 breadth in healthy and immune vulnerable populations. Overall, this work provides insights into how

290 vaccines and prior natural infection may provide protection by antibody functional mechanisms. These
291 observations promote vaccination as able to drive superior functional antibody breadth, and set

292 expectations for cross-variant antibody effector function and may serve as a useful comparator in studies
293 of candidate vaccines aimed at improving breadth of protection and in evaluating population susceptibility
294 as exposure histories and infecting virus continue to evolve.

295
296 Methods
297 Human Subjects

298  Vaccinated subjects (n=87) received two doses of either mMRNA-1273 (n=2) or BNT162b2 (n=85)

299 vaccines. Vaccinated subjects were pregnant women in Israel (n=50), who were screened for lack of anti-
300 N SARS-CoV-2 antibody respones or non-pregnant subjects from the United States (n=37), among which
301 four subjects had prior history of SARS-CoV-2 infection. Convalescent subjects were pregnant women
302  from Belgium (n=38) or non-pregnant subjects from Dartmouth Hitchcock Medical Center in the United
303  States (n=19) with infection status defined by RT-PCR. Collection of these samples occurred when

304  Wuhan was the dominant strain in circulation, but viruses were not typed. Naive serum was obtained from
305 a commercial source prior to approval of vaccines and was screened for anti-N SARS-CoV-2 antibody
306 responses to exclude donors with previous infection. Characteristics for each cohort are described in

307 Table 1. Subjects provided informed written consent and studies were reviewed and approved by IRBs at
308 individual collection sites and Dartmouth.

309 Antigen and Fc Receptor Expression
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310 Antigens were purchased from commercial sources or transiently expressed in Expi293 or HEK293 cells
311 and purified via affinity chromatography following manufacturers protocols (Supplemental Table 1). Fc
312 receptors were expressed and purified as described previously™'.

313 Fc Array

314 Antigen-specific antibodies were characterized using the Fc array assay as described previously”2.

315 Briefly, antigens were covalently coupled to MagPlex microspheres (Luminex Corporation) using two-step
316 carbodiimide chemistry. Experimental controls included pooled human polyclonal serum IgG (IVIG), S309
317  anantibody from a SARS-CoV patient that cross-reacts SARS-CoV and SARS-CoV-2, and VRCO01, an
318 HIV specific antibody”374. Serum dilutions used in experiments were based on experience from previous
319  work and a small pilot experiment of test concentrations. Final dilutions used in assays varied from 1:250
320 to 1:5000 depending on detection reagent. Antigen-specific antibodies were detected by R-phycoerythrin-
321 conjugated secondary reagents specific to human immunoglobulin isotypes and subclasses and by Fc
322  receptor tetramers as described previously”76. Median fluorescent intensity data was acquired on a

323 FlexMap 3D array reader (Luminex Corporation). Samples were run in technical duplicates.

324  Phagocytosis

325 Characterization of the phagocytic activity of serum antibodies was performed as described previously”.
326 Briefly, 1 uM yellow-green fluorescent beads (Thermo Fisher, F8813) were covalently conjugated to spike
327 or RBD antigens. Beads were then incubated with serum samples for 4 hr with THP-1 cells (ATCC TIB-
328 202). Cells were fixed and analyzed by flow cytometry using a MACSQuant Analyzer (Miltenyi Biotec).
329 Scores were calculated as the percentage of cells that phagocytosed one or more fluorescent beads

330 multiplied by the MFI of this population. S309 and VRCO01 antibodies were included as positive and

331 negative controls, respectively. Additional control wells with no added antibody were used to determine
332 the level of antibody-independent phagocytosis. Serum samples were assayed at three different dilutions,
333 which were determined by an initial pilot experiment to determine the optimal dilution series for measuring
334  signal compared to background. All samples were run in three biological replicates.

335  Antibody Dependent Cellular Cytotoxicity (ADCC)

336  Asurrogate for antibody-mediated cellular cytotoxicity was measured using a CD16 reporter assay

337 system used previously (78). Jurkat Lucia NFAT (Invivogen, jktl-nfat-cd16) cells were cultured according to
338 manufacturer’s instructions. Cultured cells express CD16 (FcyRIlla) which when engaged on the cell

339 surface leads to luciferase secretion from the cell. First, high binding 96-well plates were coated overnight
340 at 4°C with 1 ug/mL of spike or RBD antigen. Following incubation, plates were washed (PBS + 0.1%

341 Tween20) and blocked (PBS + 2.5% BSA) at room temperature for 1 hr. Following plate washing,

342 100,000 cells per well and dilute serum samples were added to each well in cell culture media lacking
343 antibiotics in a 200 ul volume. Following 24 hr incubation, 25 uL of supernatant from each well was

344  transferred into a white 96 well plate which 75 uL of quantiluc substrate was immediately added.

345 Following 10 min incubation, plates were read on a SpectraMax plate reader (Molecular Devices). VRCO01
346  was used as a negative control; cell stimulation cocktail (Therm, 00-4970-93) and ionomycin andS309
347 served as positive controls. All samples were run in three biological replicates.

348 Antibody Dependent Complement Deposition (ADCD)

349  Antibody-dependent complement deposition (ADCD) experiments were performed essentially as

350 previously described 7°. Serum samples were first heat inactivated at 56°C for 30 min. Samples were
351 then incubated for 2 hr at room temperature with assay microspheres. The optimal dilutions for serum
352 was determined from a small pilot experiment testing a range of dilutions. Human complement serum
353 (Sigma, S1764) was diluted 1:100 in gel veronal buffer (Sigma-Aldrich, GVB++, G6514) and mixed with
354 samples at RT with shaking for 1 hr. After washing, samples were incubated with murine anti-C3b

355 (Cedarlane #CL7636AP) at RT for 1 hr followed by staining with anti-mouse IgG1-PE secondary Ab
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356 (Southern Biotech #1070-09) at RT for 30 min. A final wash was performed and samples were

357 resuspended into Luminex sheath fluid and MFI acquired on a FlexMap 3D reader. Assay controls with no
358 antibody, an irrelevant VRCO01 antibody, and with heat-inactivated complement were used a negative

359 controls. S309 was used as a positive control. All samples were run in three biological replicates.

360 Data Analysis and Statistical Quantification

361 Statistical analysis was performed in GraphPad Prism (version 9.7). Breadth-potency curves were defined
362 as the proportion of antigen-specificities exhibiting a signal above a given intensity. Curves were

363  generated using the LOWESS curve fit method in Prism for each respective subject group. Breadth

364 scores were calculated by taking the geometric mean across antigen specificities for each subject. The
365 sample size for each figure includes all subjects from their respective groups.
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Figure 1. IgM, IgA, and IgG Antibody responses to VOCs following mRNA vaccination or natural infection. A. Coronavirus-specific antibody response
features after dimensional reduction in pregnant (filled) and non-pregnant (open) individuals who were previously infected (blue) or vaccinated (green).
B. Median Fluorescent Intensity (MFI) of IgM (top), IgA (center), and IgG (bottom) responses to spike (left) and RBD (right) of SARS-CoV-2 VOCs as
defined by multiplex assay. Responses among SARS-CoV-2 naive subjects are shown in black. Bar indicates median response. C. Representative
scatterplots between IgG (left) and IgA (right) responses specific for Wuhan (y-axis) and Omicron (x-axis) in subjects following vaccination (top) or
infection (bottom). Diagonal line indicates x=y. D. Pearson correlation coefficient (Rp) for IgG (left) and IgA (right) responses across all pairs of variants in
vaccinated (green) and infected (blue) subjects.
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Figure 2. Variable Ab response isotype breadth across VOC. A-C. (Left) Breadth-potency curves representing the fraction of subjects with a response exceeding a given
level for IgM (A), IgA (B), and IgG (C) antibody responses. Population mean for naive (black), vaccinated (green), and convalescent (blue) subjects is shown with a thick
line and individual subjects are illustrated in thin lines. (Right) Breadth scores for each subject. Bar indicates mean. Statistical significance was defined by ANOVA
Kruskal-Wallis test with Dunn’s correction (****p<0.0001). Response to spike are shown at top, and to RBD at bottom.
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Figure 3: Vaccinated subjects exhibit potentiated IgG subclass and FcyR-binding responses across VOC. A. (Left) Breadth-potency curves representing the fraction of
subjects with a response exceeding a given level for IgG1, 1gG2, 1gG3, and IgG4 antibody responses. Population mean for naive (black), vaccinated (green), and
convalescent (blue) subjects is shown with a thick line and individual subjects are illustrated in thin lines. (Right) IgG subclass breadth scores for each subject. Bar
indicates mean. B. (Left) Breadth-potency curves representing the fraction of subjects with a response exceeding a given level for FcyRlla, FcyRIlb, FcyRllla, and FeyRllIb-
binding antibody responses. Population mean for naive (black), vaccinated (green), and infected (blue) subjects is shown with a thick line and individual subjects are
illustrated in thin lines. (Right) IgG subclass breadth scores for each subject. Bar indicates mean. Statistical significance was defined by ANOVA Kruskal-Wallis test with
Dunn’s correction (**p<0.01, ***p<0.001****p<0.0001). Response to spike are shown at left, and to RBD at right.
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Figure 4. mRNA vaccination results in superior breadth of SARS-CoV-2-specific Ab effector function. Ab effector function activities directed to spike (left) and RBD
(right) in vaccinated (top) and convalescent (bottom) subjects. Phagocytosis, ADCC, and Complement deposition activities were assessed at each of three serum
dilutions (1:50, 1:100, 1:250) for each indicated SARS-CoV-2 variant. Individual traces for each subject across dilutions are displayed. Bar indicated the median activity.
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Figure 5. Functional breadth across hCoV is imprinted by vaccination or infection history. A. Functional breadth in
vaccinated (green), convalescent (blue), and naive (black) subjects in phagocytosis (top), ADCC (center), and
complement deposition (bottom) as defined by the geometric mean of each activity directed to spike (left) and RBD
(right) across variants. Bar indicates mean. Statistical significance was defined by ANOVA Kruskal-Wallis test with
Dunn’s correction (****p<0.0001). B-C. Phagocytosis (top), ADCC (center), and complement deposition (bottom)
activities observed in vaccinated (green) and convalescent (blue) subjects across other emergent (B) and endemic
(C) CoV spike antigens consisting of unstabilized (S), stabilized (S2P) and S1 or S2 subdomains of spike from
indicated hCoV strains. Statistical differences were measured by Mann Whitney test (*p<0.05, **p<0.01,
**%*p<0.001, ****p<0.0001.
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Table 1. Cohort characteristics. NA indicates not applicable or available, and IQR indicates interquartile
range. Adapted from Crowley, et. Al, 2021.

Convalescent Pregnant Vaccinated Pregnant Naive
Characteristic Convalescent Vaccinated controls
n=19 n=38 n=37 n=50 n=38
Median age (IQR), 52 31 NA 32 39
years (45-62) (27-35) (29-35) (28-50)
21-30 (14, 38%)
31-40 (8, 22%)
0, - - -
Age range (n, %), years 41-50 (10, 27%)
51-60 (5, 14%)
Sex (n, %)
Female 10 (53%) 38 (100%) 17 (46%) 50 (100%) 22 (58%)
Male 9 (47%) 0 (0%) 20 (54%) 0 (0%) 16 (42%)
Median days since 37 (31-43) 49 (22-78) NA NA NA
PCR+ or symptom
onset (IQR)
Median d i
edian days sinte ——\a NA 8 (7-11) 20(12-29)  NA
second vaccine dose
(1QR)
Location us Belgium us Israel us
BiolVT
IRB DHMC CHU St. Pierre  JHMI Hadassah clinical
Medical Center ",
sites
Collection eriod March 2020 -  June 2020 - December 2020 - February October
P April 2020 December 2020 February 2021 2021 2020
Symptoms or positive  April 2020 — March 2020 —
test June 2020 November 2020 NA NA NA
Predominant strain Wuhan Wuhan NA NA NA
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(B.1.1.529)

40589-V08H26

Antigen Source Fc Detection Source

SARS-CoV-2S Acro Biosystems a- 1gG Southern Biotech 2048-09
SPN-C82E9

SARS-CoV-2 S1 Acro Biosystems a-lgG1 Southern Biotech 9054-09
SIN-C52H3

SARS CoV-2 S2-P Plasmid provided by a-lgG2 Southern Biotech 9070-09
Jason Mclellan

SARS CoV-2 S-6P Plasmid provided by a-lgG3 Southern Biotech 9210-09
Jason Mclellan

SARS CoV-2 RBD BEI Resources a-lgG4 Southern Biotech 9200-09
NR-52366

SARS CoV-2 S2 Immune Technology a-lgA Southern Biotech 2050-09
IT-002-034p

SARS-CoV-2 S Alpha Sino Biological a-lgM Southern Biotech 9020-09

(B.1.1.7) 40589-V08B6

SARS-CoV-2 S Beta Sino Biological FcyR2a Boesch, et. al, 2014

(B.1.351) 40589-V08B7

SARS-CoV-2 S Gamma Sino Biological FcyR2b Boesch, et. al, 2014

(P.1) 40589-V08B8

SARS-CoV-2 S Delta Sino Biological FcyR3a Boesch, et. al, 2014

(B.1.617.2) 40589-V08B12

SARS-CoV-2 S Omicron Sino Biological FcyR3b Boesch, et. al, 2014

SARS-CoV-2 RBD Alpha
(8.1.1.7)

Sino Biological
40592-V08H82

SARS-CoV-2 RBD Beta

Sino Biological

(B.1.351) 40592-VO8H4
SARS-CoV-2 RBD Gamma Sino Biological
(P.1) 40592-V08H86
SARS-CoV-2 RBD Delta Sino Biological
(B.1.617.2) 40592-V49H-B
SARS-CoV-2 RBD Omicron Sino Biological
(B.1.1.529) 40592-VO8H121
SARS-CoV S Sino Biological
40634-V08B
SARS-CoV S1 Sino Biological
40634-V08B
MERS S Sino Biological
40069-V08B-B
MERS S1 Sino Biological
40069-V08B1
0C43s Sino Biological
40607-V08B
0C43s-2pP Plasmid provided by

Jason McLellan
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0C43 s2 Sino Biological
40069-V08B
229ES Sino Biological
40605-V08B
229E S1 Sino Biological
40601-VO8H
HKU1 S Sino Biological
40606-V08B
HKU1 S1 Sino Biological
40602-VO8H
NL63 S Sino Biological
40606-V08B
NL63 S1 Sino Biological
40604-VO8H
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