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Abstract  
 
Convalescent plasma has emerged as a promising COVID-19 treatment. However, the humoral 

factors that contribute to efficacy are poorly understood. This study functionally and phenotypically 

profiled plasma from eligible convalescent donors. In addition to viral neutralization, convalescent 

plasma contained antibodies capable of mediating such Fc-dependent functions as complement 

activation, phagocytosis and antibody-dependent cellular cytotoxicity against SARS-CoV-2. 

These activities expand the antiviral functions associated with convalescent plasma and together 

with neutralization efficacy, could be accurately and robustly from antibody phenotypes. These 

results suggest that high-throughput profiling could be used to screen donors and plasma may 

provide benefits beyond neutralization. 
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Since its emergence in 2019, SARS-CoV-2 has spread rapidly and infected over 25 million 1 

individuals worldwide. As the medical community has mobilized to identify effective therapies to 2 

combat the virus, treatment with convalescent plasma derived from individuals who have 3 

recovered from COVID-19 has emerged as a potential therapeutic intervention1,2. Preliminary 4 

evidence suggests that patients treated early with convalescent plasma show improved survival 5 

and reduced viral load1,3–5. Case reports also suggest that convalescent plasma may be an 6 

effective antiviral in patients with impaired immunity6,7.  However, antibody responses resulting 7 

from infection are highly variable in magnitude and character8–10. While the Expanded Access 8 

Program demonstrated efficacy of convalescent plasma in a dose-response effect of neutralizing 9 

titers, units with low titers were also efficacious suggesting that there are other contributing 10 

activities that have not been measured11.  Thus, a better understanding the breadth and spectrum 11 

of antiviral activities of the humoral immune response is critical to maximizing the success of this 12 

promising intervention.  13 

Beyond antibody titer, neutralizing antibody responses, which are typically elevated in 14 

association with severe disease, have exhibited wide variation among individuals8,12. Because 15 

antibodies directed against the receptor-binding domain of the fusogenic spike (S) protein can 16 

block the interaction of the spike with the angiotensin converting enzyme 2 (ACE2) receptor of 17 

airway epithelial cells and have demonstrated the ability to inhibit infection in vitro13,14 and in 18 

vivo15–17, these responses have been a key target in development of vaccines to prevent SARS-19 

CoV-2 and monoclonal antibodies to treat COVID-19 disease12. Recent data suggest the 20 

frequency of neutralizing antibodies (nAbs) within the total humoral response could be quite 21 

low18,19, and that many antibodies are directed toward non-neutralizing epitopes within more 22 

conserved regions of the S protein20,21. One possible explanation for this observation is that 23 

SARS-CoV-2 may reactivate a pre-existing B cell population generated from prior exposures to 24 

endemic coronaviruses (CoV). Consistent with this hypothesis, some individuals who recovered 25 

from infection by SARS-CoV-1 exhibited elevated antibody titers against common 26 

coronaviruses22,23, particularly against OC4324, which falls within the betacoronavirus genus 27 

together with SARS-CoV-1 and CoV-2. This rapid recall response is suggestive of “original 28 

antigenic sin”, a phenomenon widely reported in influenza in which B cells targeting conserved 29 

but typically not cross-neutralizing epitopes are reactivated with the effect of reducing the 30 

generation of novel antibodies against neutralizing epitopes on the new virus25,26. Collectively, the 31 

known diversity of responses among convalescent individuals, as well as the possible influence 32 

of prior endemic CoV infection on induction of potently neutralizing antibodies to SARS-CoV-2, 33 

further motivate exploration of the range of responses in potential plasma donors. 34 
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 In the absence of sufficient levels of direct antiviral activity via Ab-mediated blocking, the 35 

burden for humoral protection falls to the extra-neutralizing effector functions, which are initiated 36 

by the relatively constant domain (Fc) of virus-specific antibodies and executed by innate immune 37 

cells and the complement cascade. By engaging soluble and cell surface-expressed Fc receptors, 38 

antibodies can trigger a variety of functions such as phagocytosis, cellular cytotoxicity, and 39 

complement deposition, which play an important role in clearing diverse viral infections27. In the 40 

context of SARS-CoV-1, antibody-mediated phagocytosis has been observed to play a critical 41 

role in clearing infection in vivo, even in the context of exisiting potent neutralization activity28. 42 

Such findings indicate that understanding the ability of convalescent donor plasmas to elicit these 43 

effector functions in diverse infected subjects may be key to successful treatment.  44 

This study evaluated the biophysical and functional evaluation of plasma samples from 45 

126 eligible convalescent donors to define the features of functionally potent plasma antibody 46 

responses of high relevance to convalescent plasma donor selection, and relevant to the potential 47 

resistance of convalescent individuals to reinfection.  48 

 49 

Results: 50 

Biophysical Characterization of SARS-CoV-2 Convalescent Plasma 51 

Convalescent plasma samples from 126 eligible donors from the Baltimore/Washington 52 

D.C. area (Johns Hopkins Medical Institutions, JHMI cohort)8 and serum samples from 15 naïve 53 

controls and 20 convalescent subjects from New Hampshire (Dartmouth-Hitchcock Medical 54 

Center, DHMC cohort)29 serving as a validation cohort were collected (Supplemental Table 1). 55 

Antibody responses were evaluated using an Fc array assay that assesses both variable fragment 56 

(Fv) and Fc domain characteristics of antibodies30, which was customized to assess responses 57 

across a panel of SARS-CoV-2 and other endemic and pathogenic CoV antigens. This panel 58 

consisted of the nucleocapsid (N) protein, stabilized trimeric spike protein (S-2P)31, spike 59 

subdomains including S1 and S2, the receptor binding domain (RBD), and the fusion peptide from 60 

SARS-CoV-2; spike and S1 proteins from CoV associated with other epidemics (SARS-CoV-1, 61 

MERS); widely circulating CoV (OC43, HKU1, 229E, NL63); the closely related bat CoV, WIV1; 62 

and influenza HA and herpes simplex virus gE as controls. Characterization extended beyond 63 

antigen specificity to include antibody isotype, subclass, and propensity to bind Fc receptors 64 

(FcRs).  65 
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Diverse SARS-CoV-2-specific immunoglobulin isotypes and subclasses, particularly IgG1 66 

and IgG3, IgA, and IgM, were elevated in SARS-CoV-2 convalescent subjects across different 67 

epitope and antigen specificities (Figure 1A, Supplemental Figures 1-3). Robust responses to 68 

stabilized spike (S-2P) and N were apparent, and lower magnitudes of responses were detected 69 

to functionally relevant RBD and fusion peptide domains. Relative to naïve subjects, the levels of 70 

OC43 S protein-specific IgG and IgA responses were elevated among convalescent donors 71 

(Figure 1B, C), suggesting the possibility that pre-existing cross-reactive antibodies may have 72 

been boosted by SARS-CoV-2 infection. Responses to other endemic CoV were generally more 73 

comparable between convalescent and naïve subjects. However, elevated IgG1 responses to the 74 

spike protein of other endemic CoV, including 229E, HKU1, and NL63 were observed. 75 

To understand how the different facets of the Ab response related to one another, 76 

hierarchical clustering was performed on the biophysical antibody profiles of convalescent 77 

subjects who were hospitalized or not hospitalized, and naïve subjects. Subjects showed 78 

extensive variability in the SARS-CoV-2-specific Ab response magnitude and character (Figure 79 

2). High levels of IgG were observed in many individuals, although a small number of 80 

convalescent donors appeared not to seroconvert despite being PCR+ on initial diagnosis and 81 

sample collection conducted an average of 43 days subsequently. Similarly, there was variability 82 

in the IgA responses raised in SARS-CoV-2-convalescent subjects, with some individuals 83 

showing relative higher IgA responses and others biased toward relatively higher IgG. Distinctions 84 

in antibody responses between subjects were apparent among antigen specificities, with some 85 

subjects mounting robust IgA responses to N or fusion peptide, but many more favoring the 86 

various S domains. Responses among hospitalized donors tended to be elevated in SARS-CoV-87 

2-specific IgG as compared to subjects with less severe disease. Variable responses to endemic 88 

CoVs were observed in both the naïve and convalescent plasma. IgM and IgG1 responses were 89 

clustered across diverse endemic CoVs, whereas other features were grouped primarily by CoV 90 

strain across a wider diversity of Fc characteristics.  91 

Consistencies apparent in the subjects with high IgG responses specific to SARS-CoV-2 92 

and those with high responses toward OC43 suggested the value of a broader investigation of 93 

correlative relationships between responses to distinct CoV strains (Figure 3A). SARS-CoV-2- 94 

and OC43-specific IgG responses were positively correlated, consistent with cross-reactivity and 95 

boosting of a recall response. Whereas SARS-CoV-2-specific IgG and IgA responses were 96 

observed to be negatively correlated in a prior study29, evidence of an either/or aspect between 97 

isotypes was not observed. Strong and significant positive correlations were generally not 98 
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observed between these isotypes in this cohort. To further understand the relationship between 99 

the SARS-CoV-2 antibody response and the elevation of responses toward some endemic CoVs, 100 

we compared OC43, HKU1, NL63, and 229E-specific IgG and IgA responses. We examined IgG 101 

responses to two different variants of the OC43 CoV spike protein, the wild-type spike protein (S) 102 

and a stabilized form thought to remain in a more native conformation (S-2P)32. OC43 S, but not 103 

S-2P-specific IgG responses were elevated in both convalescent donor cohorts as compared to 104 

naïve subjects (Figure 3B). Correlations between SARS-CoV-2-specific IgG and IgA and OC43-105 

specific IgG and IgA were measured; compared to OC43 S-2P, responses to OC43 S were better 106 

correlated to SARS-CoV-2-specific antibody responses (Figure 3C-D). The increased correlation 107 

of SARS-CoV-2-specific responses to wild-type OC43 S relative to OC43 S-2P suggests that 108 

these boosted and/or cross-reactive antibodies may target primarily non-neutralizing epitopes that 109 

are presented by S, but not available on the stabilized S-2P trimer. Consistent with this 110 

hypothesis, OC43 S-specific responses were better correlated with responses to SARS-CoV-2 111 

S2, which exhibits greater homology to endemic CoVs, than to SARS-CoV-2 RBD, which is 112 

recognized by many neutralizing antibodies. 113 

Broadening this analysis to more distantly-related CoV, relative to HKU1 and 229E S1-114 

specific antibodies, S-2P-specific antibodies were correlated more strongly to responses to 115 

SARS-CoV-2 antigens (Supplemental Figure 4). Again, responses to endemic CoV were 116 

generally better correlated to those targeting the S2 rather than RBD domain of SARS-CoV-2, 117 

consistent with domain homology. These relationships further suggest that potentially cross-118 

reactive antibodies may be more likely to recognize the S2 domain, less likely to recognize S1 or 119 

RBD domain, and therefore unlikely to be neutralizing. 120 

 121 

Relationship Between Antibody Characteristics and Clinical Characteristics 122 

To determine how humoral immune responses related to clinical characteristics, 123 

differences in the antibody response toward SARS-CoV-2 and endemic CoV associated with sex, 124 

age, and hospitalization status were evaluated (Supplemental Figure 5). While distinctions in 125 

responses toward endemic CoV based on clinical characteristics were infrequently observed and 126 

relatively weak, SARS-CoV-2 IgG, IgA, and FcR-binding antibodies were significantly elevated 127 

in older and male subjects, characteristics which are considered risk factors for more severe 128 

disease. Confounding effects associated with covariation in clinical characteristics were not 129 

observed, suggesting the independence of these subject characteristics. Elevated SARS-CoV-2-130 
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specific IgG and FcR-binding antibody features were also observed in hospitalized subjects, 131 

consistent with prior studies8,29,33, and the possibility that IgG responses may drive disease 132 

enhancement26,34,35. However, despite being associated with both age and sex risk factors, 133 

elevated IgA features were not observed in hospitalized subjects, consistent with the possibility 134 

that IgA responses may contribute to milder infection29. 135 

 136 

Distinctinctions between subjects defined by humoral response profiles 137 

To define similarities and differences among donors more globally, dimensionality 138 

reduction was performed on biophysical features using Uniform Manifold Approximation and 139 

Projection (UMAP)36. Subjects were distributed across the antibody biophysical profile landscape 140 

into a set of four distinct clusters (Figure 4A). Though hospitalized subjects were observed in 141 

multiple clusters, they were most prevalent in cluster 4 and adjacent regions of clusters 2 and 3. 142 

To understand aspects of the humoral response that distinguished each cluster, univariate testing 143 

was performed to determine and depict which Fc array features were distinct for individual clusters 144 

(Figure 4B). Relative responses for these features among convalescent donors in each group 145 

reflect differences in the magnitude of the response, with cluster 1 having lower humoral 146 

responses to SARS-CoV-2 antigens in general, clusters 2 and 3 exhibiting intermediate 147 

responses, and cluster 4 typically showing globally elevated antibody responses. Clusters 2 and 148 

3, which both presented with intermediate response magnitudes, were distinguished by relative 149 

differences in IgG1 versus IgA responses. Reduced IgG1 responses in cluster 2 were not unique 150 

to SARS-CoV-2, but extended across diverse endemic CoV spike proteins (Figure 4C).  151 

 152 

Antibody effector function and feature correlations 153 

To explore the biological functions of antibodies in convalescent donors, both neutralizing 154 

and extra-neutralizing activities were evaluated and reported across clustered subject groups 155 

(Figure 5A). Consistent with the overall SARS-CoV-2 rank order of antibody response magnitude, 156 

neutralization activity against live virus was highest among cluster 4 and lowest among cluster 1 157 

subjects. While antibody-dependent cell-mediated phagocytosis (ADCP), FcRIIIa-activation as a 158 

surrogate for antibody-dependent cellular cytotoxicity (ADCC), and antibody-dependent 159 

complement deposition (ADCD) elicited by RBD-specific antibodies were highest among cluster 160 

4 and lowest among cluster 1, correlative relationships between functions showed distinctions 161 

among these antiviral activities (Figure 5B). ADCP, known to play an important role in viral 162 
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clearance in a SARS-CoV-1 disease mouse model28, and ADCC were highly correlated with each 163 

other (RP=0.82), and moderately correlated with neutralization (RP=0.64 and 0.57, respectively). 164 

Complement activation, which has been associated with increased inflammation and disease 165 

pathology in a mouse model of SARS-CoV-137, as may also be the case in COVID-19 disease38,39, 166 

was less well correlated with other activities. Antibody-mediated deposition of complement 167 

component C3b on SARS-CoV-2 S1 and RBD showed greater distinctions among clusters than 168 

did deposition on trimeric S-2P, whose more uniform activity profile across groups is consistent 169 

with a greater contribution of recalled responses against endemic CoV.  170 

Because a number of the effector functions were tested specifically against the RBD 171 

antigen, we measured the degree and direction of correlation between RBD-specific Ab 172 

biophysical features and other Ab functions (Figure 5C). ADCP and ADCC were most strongly 173 

correlated with FcR-binding antibodies, IgG1, and IgG3, which strongly ligate FcR. Among  FcR, 174 

correlations with activating FcRIIa and FcRIIIa were most strongly correlated, consistent with 175 

their known mechanistic relevance to ADCP and ADCC.  176 

As previously observed in the DHMC cohort29, IgM positively correlated with neutralization 177 

activity. Relationships between serum IgA responses and antibody functions were considerably 178 

weaker than those with IgG responses. Correlative relationships with ADCD tended to be weaker, 179 

consistent with the strong dependence of this function on spatial aspects of avid antibody binding 180 

and immune complex formation that are typically captured by detection with the C1q, an initiator 181 

of the complement cascade that was not evaluated in this study.  182 

 183 

Multivariate modelling methods to predict functional responses.  184 

With the dual goals of better understanding the humoral response features that may drive 185 

complex antibody functions and enabling robust predictions from surrogate measures, we applied 186 

supervised machine learning methods to the JHMI cohort dataset and sought to evaluate 187 

generalizability of models predicting these activities by employing the DHMC cohort for validation. 188 

A regularized generalized linear modeling approach trained to utilize Fc Array features to predict 189 

each antibody function with minimal mean squared error was selected based on prior success in 190 

identifying interpretable factors that contribute to functional activity while avoiding overfitting40. A 191 

five-fold cross-validation strategy was applied, and comparison to models trained on permuted 192 

functional data established model robustness (Figure 6A). The cross-validated models trained 193 
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on diverse data subsets showed consistent accuracy (measured by mean squared error) and 194 

good generalization when applied to the validation cohort (DHMC).  195 

Weighted correlation network analysis (Figure 6B) demonstrated that a subset of features 196 

was consistently selected. The features that appeared with high frequency in repeated modeling 197 

were likely to have relatively high coefficients, and inversely, biophysical features with relatively 198 

small coefficients were prone to be influenced by the selected sample subset and to be removed 199 

by chance across the replicates. Collectively, frequently contributing features were exclusively 200 

related to spike recognition and were primarily driven by IgG and FcR-binding antibodies. With 201 

this modeling approach, we were able to robustly evaluate the association between each 202 

functional assay and the selected biophysical features and gain insight into the relationships 203 

between antibody characteristics and functional activity.  204 

Given established robustness, a final model for each function was trained on the complete 205 

JHMI cohort. Despite their sparseness compared to the control Ag, endemic CoV, and other 206 

epidemic CoV features, these models relied almost exclusively on antibody responses to the 207 

SARS-CoV-2 spike (Figure 6C). Consistent with our experimental approach, ADCC and ADCP 208 

models depended principally on antibodies specific to S1 and RBD. In contrast, the lead feature 209 

for virus neutralization was recognition of stabilized spike (S-2P). Similarly, complement 210 

deposition against whole spike was best predicted by a single feature related to spike trimer 211 

recognition. Responses to the S2 domain were not observed to contribute to functional 212 

predictions.  213 

Beyond specificity, distinct antibody Fc characteristics contributed to model predictions. 214 

The most frequent Fc characteristic of features contributing to the final model of neutralization 215 

potency was the magnitude of IgG response, consistent with neutralization being FcR-216 

independent. In contrast, the most frequent Fc characteristics in modeling ADCC and ADCP were 217 

FcRIII- and FcRII-binding responses, respectively, the receptors most relevant to each function. 218 

Further, despite comprising a relatively small fraction of circulating IgG, but consistent with its 219 

enhanced ability to drive ADCP41, IgG3 antibodies specific to RBD made a substantial contribution 220 

to models of ADCP activity, suggesting the potential importance of this particular subclass in the 221 

effector function of convalescent donor plasma. The link between neutralization and S1-specific 222 

IgM, an isotype typically associated with initial exposures42, suggests the possibility that these 223 

putative de novo lineages may exhibit superior neutralization activity and conversely that recalled, 224 

cross-reactive antibodies may be less likely to be neutralizing. However, a direct mechanistic 225 
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contribution of IgM to neutralization potency cannot be excluded. Further studies are needed to 226 

investigate these alternative possibilities. 227 

Lastly, correlation coefficients between the observed values of functional outcomes and 228 

the predicted results from the multivariate model were calculated, allowing for better visualization 229 

of model performance (Figure 6D). While functions were predicted with differing degrees of 230 

accuracy, all models generalized well to the independent validation cohort, and all relied upon 231 

features with established biological relevance. Reliable prediction of diverse antiviral activities 232 

from antibody profiles could contribute to donor prioritization strategies aimed at maximizing the 233 

global functionality of transfused plasma.  234 

 235 

Discussion:  236 

 Convalescent plasma is one of the leading treatments of hospitalized patients for COVID-237 

19.  Following transfusion of more than 100,000 individuals in the United States with convalescent 238 

plasma, the FDA issued an Expanded Use Authorization. The largest multicenter study of over 239 

35,000 patients suggested that early transfusion together with high titer units were needed for 240 

optimal clinical effect11. This observation estalblished a dose-response effect suggesting the 241 

existence of specific, measurable qualities that could be used to select the most effective plasma, 242 

but did not define a specific mechanism of action.   243 

Relevant to convalescent plasma therapy and resistance of convalescent donors to 244 

reinfection, SARS-CoV-2-specific antibodies can elicit diverse antiviral functions beyond 245 

neutralization. These less well characterized functions were measured and related to biophysical 246 

antibody profiles. Multinomial linear regression identified distinct biophysical features that 247 

predicted antibody functions such as ADCC, ADCP, ADCD, and neutralization. Although models 248 

considered responses toward both endemic CoV and SARS-CoV-2, only SARS-CoV-2-specific 249 

responses were predictive of functional activity in independent discovery and validation cohorts. 250 

The consistency between antibody features contributing to each modeled function and expected 251 

biological relevance suggests that modeling approaches such as that employed here can identify 252 

mechanisms of antibody activity. Effector functions were most strongly correlated with FcR-253 

binding antibodies, IgG1, and IgG3. Neutralization was correlated with IgM responses, which may 254 

suggest the development of novel responses, as opposed to reactivation of responses to endemic 255 

CoV. SARS-CoV-2 specific IgM has also attracted interest because of its association with lower 256 

risk of death from COVID-199. Non-neutralizing mechanisms of antibody-mediated protection 257 
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against SARS-Cov-2 have not been extensively studied, but there is some evidence that both 258 

ADCC and phagocytosis can contribute antiviral effects against other coronaviruses43–45. 259 

Collectively, these functions have been suggested to play an important role in antibody-mediated 260 

defense against SARS-CoV-2 46 and associated with vaccine-mediated protection47,48. 261 

The antibody responses measured in convalescent subjects in this study were highly 262 

diverse, both in the SARS-CoV-2 antigens recognized and the magnitude of the responses; the 263 

latter observation is largely characteristic of the humoral responses measured to date 9,10. 264 

Interestingly, the magnitude of the responses against the spike protein of the endemic OC43, 265 

HKU1, and 229E were elevated relative to that of naïve subjects, suggesting that SARS-CoV-2 266 

infection may boost a pre-existing population of cross-reactive B cells that target conserved CoV 267 

epitopes. The rapid rise in IgG by day 10-12 of infection49 rather than a response whereby IgM 268 

preceeds IgG is also consistent with an amnestic response. These observations suggest the 269 

“original antigenic sin” phenomenon, wherein antibody responses against earlier, related 270 

pathogens restrict the B cell repertoire available against novel infections, leading to boosting of 271 

those pre-existing antibodies at the expense of de novo antibody responses. However, by 272 

targeting conserved domains, these responses are typically not neutralizing since the receptor-273 

binding domain tends to be highly variable. In some cases, this repurposing of the existing 274 

repertoire leads to a less effective antibody response against a new CoV26. Indeed, correlations 275 

between responses to SARS-CoV-2 antigens and endemic CoV suggest that recalled antibodies 276 

were more likely to recognize the S2 domain, and less likely to recognize the RBD, which is the 277 

target of most neutralizing antibodies isolated to date. 278 

Limitations of this study range from cohort composition to the experimental and analytical 279 

approaches employed. Individuals in the naïve control cohort were generally younger and sourced 280 

from a different geographic location, which may impact our observation of apparent boosting of 281 

responses toward endemic CoV. Additionally, the convalescent and naïve subjects enrolled in the 282 

DHMC cohort provided serum samples, whereas the convalescent subjects in the JHMI cohort 283 

contributed plasma, which could result in differences in antibody detection and functional activity. 284 

Nevertheless, the model trained on convalescent plasma samples was able to make accurate 285 

predictions on convalescent serum samples. Recombinant antigen and lab-adapted cell lines 286 

were employed for several of the functional assays, and the substitution of surrogate 287 

measurements such as FcγRIIIa activation was made in place of target cell death. Thus, in vitro 288 

function may differ substantially from the in vivo processes these assays are meant to mimic. 289 

Given high feature dimensionality and relatively fewer subjects, LASSO regularization was used 290 
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to increase the quality of prediction. This approach simplified the resulting models and improved 291 

interpretability of the selected variables, but tends to eliminate features that are highly correlated 292 

to selected variables in the established model, which can result in a trade-off between model 293 

simplification and obscuring potential biological mechanisms.  294 

In summary, this study establishes three Fc-dependent activities in convalescent plasma 295 

beyond viral neutralization that could have antiviral effects against SARS-CoV-2, namely ADCC, 296 

phagoycotis and complement activation. These activities could explain therapeutic effects of 297 

plasma with low neutralizing capacity11.  With this information we provide a proof of principle for 298 

the modeling of diverse antiviral activities against SARS-CoV-2 using biophysical inputs more 299 

amenable to high-throughput measurement. This work begins to define the specificities and Fc 300 

domain characteristics of antibodies associated with potent neutralization and effector function. 301 

However, therapeutically desirable plasma antibody functions have yet to be determined in 302 

humans. While a strong evidence base exists for the role of neutralizing antibodies in protection 303 

based on animal models and in the setting of human immune responses against other CoV23,50–304 

52 and is beginning to accrue for SARS-CoV-2 infection18,19,53, continued analysis of the 305 

associations between passively transferred plasma characteristics and patient outcomes will 306 

likely be key to identifying the recipients who are most likely to benefit and the donors most likely 307 

to provide that benefit in the context of the COVID-19 pandemic.  308 

 309 

 310 

Methods: 311 

Human subjects 312 

The principal cohort of the study that was used for the training of the model has been 313 

previously described 8. Briefly, it comprised 126 adult subjects  (mean age - 43 years; range - 19-314 

78 years) previously diagnosed with SARS-CoV-2 infection by PCR+ nasal swab who met the 315 

standard eligibility criteria for blood donation and were collected in the Baltimore, MD and 316 

Washington DC area (Johns Hopkins Medical Institutions, JHMI cohort). The cohort was 317 

composed of 68 males (54.0%) and 58 females (46.0%).  Eleven cases (8.7%) were severe 318 

enough to require hospitalization (mean duration of stay - 4 days; range 1-8 days). The cohort 319 

used for validation of the model comprised 20 SARS-CoV-2 convalescent individuals from the 320 

Hanover, New Hampshire area (Dartmouth Hitchcock Medical Center, DHMC cohort) (mean age 321 

- 40 years; range - 18-77); comprised 10 males and 10 females; among which 4 subjects (20%)  322 

were hospitalized. Infection with SARS-CoV-2 was confirmed in all convalescent subjects by real-323 
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time reverse-transcriptase–polymerase-chain-reaction of a nasopharyngeal swab. Plasma (JHMI) 324 

or serum (DHMC) was collected from each donor approximately one month after symptom onset 325 

or first positive PCR test in the case of mild or asymptomatic disease (Supplemental Table 1). 326 

 Human subject research was approved by both the Johns Hopkins University School of 327 

Medicine’s Institutional Review Board and the Dartmouth-Hitchcock Medical Center Committee 328 

for the Protection of Human Subjects. All participants provided informed written consent. 329 

 330 

Antigen and Fc Receptor expression and purification 331 

 Prefusion-stabilized, trimer-forming spike protomers (S-2P) of SARS-CoV-2; closely 332 

related and/or epidemic strains (SARS-CoV-1, WIV1, and MERS54); endemic CoV (229E, OC43, 333 

NL63, and HKU1); and a fusion of the receptor-binding domain of SARS-CoV-2 N-terminally to a 334 

monomeric human IgG4 Fc domain were transiently expressed in either Expi 293 or Freestyle 335 

293-F cells, and purified via affinity chromatography, all according to the manufacturers’ protocols, 336 

as previously described 29. Human FcR were expressed and purified as described previously55. 337 

 338 

Fc array assay:  339 

Coronavirus antigens – including S trimers, S subdomains (i.e., S1 and S2), and other 340 

viral proteins from SARS-CoV-2, plus the S trimers and  subdomains from SARS CoV-1, MERS, 341 

HKU1, OC43, NL63, 229E, and WIV1 (Supplemental Table 2) – and the control antigens 342 

influenza HA and herpes simplex virus (HSV) gE proteins were covalently coupled to Luminex 343 

Magplex magnetic microspheres using a two-step carbodiimide chemistry as previously 344 

described56. Biotinylated SARS-CoV-2 fusion peptide was immobilized on neutravidin-coupled 345 

microspheres. Pooled polyclonal serum IgG (IVIG), the SARS CoV-1-specific monoclonal Ab 346 

CR3022 that cross-reacts with SARS-CoV-2 S 57, and VRC01, an HIV-specific monoclonal Ab, 347 

were used as controls to define bead antigenicity profiles. Pilot experiments were used to 348 

determine the optimal dilution of plasma for titrations. Test concentrations for plasma ranged from 349 

1:250 to 1:5000 and were varied per detection reagent (Supplemental Table 3). Isotypes and 350 

subclasses of antigen-specific Abs were detected using R-phycoerthrin (PE) conjugated 351 

secondary Abs and by FcRs tetramers as previously described55. A FlexMap 3D array reader 352 

detected the beads and measured PE fluorescence in order to calculate the Median Fluorescence 353 

Intensity (MFI).  354 

 355 

Neutralization assay 356 
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Plasma from SARS-CoV-2 convalescent donors were tested in microneutralization assays using 357 

SARS-CoV-2/WA-1/2020 virus8,58 obtained from BEI Resources. VeroE6-TMPRSS2 cells were 358 

used to propagate the virus and to determined infectious virus titers using a 50% tissue culture 359 

infectious dose (TCID50) assay as previously described for SARS-CoV8,58 using Institutional 360 

Biosafety Committee approved protocols in Biosafety Level 3 containment. Two-fold dilutions of 361 

plasma were incubated with 100 50% tissue culture infectious units (TCID50s) for one hour at 362 

room temperature in a volume of 100 L. The virus-plasma solution was then added to one well 363 

of VeroE6TMPRSS2 cells in a 96 well plate, incubated for 6 hours before being replaced with 364 

media. After incubation at 37°C for two days, the cells were fixed with 150 L 4% formaldehyde 365 

followed by staining with Naptho blue black (Sigma Aldrich) and scoring for wells protected from 366 

infection. The assay was performed in hextuplicate and the area under the curve was calculated 367 

from the neutralizing antibody curve. Neutralization of the serum samples were tested using a 368 

VSV-SARS-CoV pseudovirus system as previously described29,59, and neutralization expressed 369 

as IC60 values. 370 

 371 

Phagocytosis assay 372 

 An assay of Ab-dependent phagocytosis by monocytes (ADCP) was performed essentially 373 

as described60,61. Briefly, 1 µm yellow-green fluorescent microspheres (Thermo, F8813) covalently 374 

conjugated with recombinant RBD were incubated for 3 hrs with dilute plasma specimens and the 375 

human monocytic THP-1 cell line (ATCC, TIB-202). After pelleting, washing, and fixing, 376 

phagocytic scores were calculated as the product of the percentage of cells that phagocytosed 377 

one or more fluorescent beads and the median fluorescent intensity of this population as 378 

measured by flow cytometry with a MACSQuant Analyzer (Miltenyi Biotec). CR3022 and VRC01 379 

were used as positive and negative controls, respectively. Antibody-independent phagocytosis 380 

was measured from wells containing cells and beads, but no antibody.  381 

 382 

CD16 reporter assay 383 

         A Jurkat Lucia NFAT reporter cell line (Invivogen, jktl-nfat-cd16) was used to measure the 384 

ADCC potential, represented by the extent of FcγRIIIa activation, of each sample. Engagement 385 

of the cell surface receptor leads to the secretion of luciferase into the cell culture supernatant. 386 

The cells were cultured according to the manufacturer’s recommendations. One day prior to 387 

performing the assay, a high binding 96 well plate was coated with 1 µg/mL SARS-CoV-2 RBD 388 

and incubated at 4°C overnight. Plates were then washed with PBS + 0.1% Tween20 and blocked 389 

at room temperature for 1 hr with PBS + 2.5% BSA. After washing, dilute plasma and 100,000 390 
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cells/well in growth medium lacking antibiotics (with a total volume of 200 µL) were cultured at 391 

37°C for 24 hrs. The following day, 25 µL of supernatant was drawn from each well and transferred 392 

to an opaque, white 96 well plate and 75 µL of QuantiLuc substrate was added. Luminescence 393 

was read immediately on a SpectraMax Paradigm plate reader (Molecular Devices) using 1 s of 394 

integration time. The reported values are the mean of three kinetic reads taken at 0, 2.5, and 5 395 

min. Negative control wells substituted assay medium for antibody sample while cell stimulation 396 

cocktail (Thermo, 00-4970-93) plus an additional 2 μg/mL ionomycin were used to induce 397 

expression of the luciferase transgene as a positive control.  398 

 399 

Complement deposition assay 400 

Antibody-dependent complement deposition (ADCD) was quantified essentially as 401 

previously described62. In brief, plasmas were heat-inactivated at 56°C for 30 min prior to a 2 hr 402 

incubation with multiplex assay microspheres at room temperature. After washing, each sample 403 

was incubated for 1 hour at room temperature with human complement serum (Sigma S1764) at 404 

a concentration of 1:50. Samples were washed, sonicated, and incubated for 1 hour at room temp 405 

with murine anti-C3b (Cedarlane CL7636AP) followed by anti-mouse IgG1-PE secondary Ab 406 

(Southern Biotech 1070-09) at room temp for 30 min. After a final wash and sonication, samples 407 

were resuspended in Luminex Sheath Fluid and complement deposition in the form of the median 408 

fluorescent intensity of the PE measured on a MAGPIX (Luminex Corp) instrument. Wells lacking 409 

Ab and but still containing heat-inactivated human complement serum served as negative 410 

controls. 411 

   412 

Data analysis and visualization 413 

Basic analysis and visualization were performed using GraphPad Prism. Heatmaps, 414 

correlation plots, and boxplots were generated in R (supported by R packages pheatmap, corrplot, 415 

and ggplot2). Hierarchical clustering was used to cluster and visualize data using the Manhattan 416 

and Euclidean metrics. Fc Array features were filtered by elimination of features for which the 417 

samples exhibited signal within 10 standard deviations (SD) of the technical blank. Fc Array 418 

features were log transformed then scaled and centered by their standard deviation from the 419 

mean (z-score). A student’s two-tailed t-test with Welch’s correction with a cutoff of p=0.05 was 420 

used to define features different between groups. Pearson correlation coefficients were calculated 421 

for the correlation matrices.   422 

UMAP was employed in the R package “umap” version 0.2.6.0 to enable dimensionality 423 

reduction of the JHMI Fc Array dataset. Upon log transformation, default UMAP parameters were 424 
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used with the following exceptions: random_state = 45, min_dist = 1E-9, knn_repeats: -1, 425 

set_op_mix_ratio= 1. k-means was tested with a range of k = 1:15 to identify an optimal number 426 

of clusters as defined by a visual identification of an “elbow” in a plot of variance versus number 427 

of clusters. To identify features associated with each cluster, individual clusters were compared 428 

to the other three clusters using a student’s two-tailed t-test with Welch’s and Bonferroni’s 429 

corrections and a cutoff of p=0.05.  430 

Multivariate linear regression was employed to predict the functional outcomes with the 431 

biophysical features, where an L1-penalization (LASSO) was applied to eliminate the variables 432 

that were less relevant to the outcome and reduce overfitting 63. By imposing a penalty on the 433 

absolute value of the feature coefficient, LASSO regression reinforces performance 434 

generalizability through its use of regularization and variable selection. The biophysical features 435 

from the JHMI and DHMC cohorts were log10 transformed to compensate for the positive 436 

skewness among the subjects in the Fc array dataset; functional measurements of ADCP, 437 

neutralization, and S1-specific ADCD were log10 transformed to reduce the prediction error of the 438 

models. All humoral responses in the two cohorts were centered and scaled independently. The 439 

lambda parameter (λ) was tuned using five-fold cross-validation with the biophysical features and 440 

functional measurements from the JHMI cohort. The progress of this refinement process was 441 

evaluated based on the mean squared error. A process of 200-times repeated modeling was used 442 

to investigate the potential of the different combinations of the biophysical features for modeling. 443 

Established with the JHMI cohort, a final model was selected based on the minimum MSE 444 

obtained among the repeated validations run on the DHMC cohort. The selected features and 445 

their coefficients were reported at “lambda.1se” to optimize the generalizability and provide more 446 

regularization to the model. Analysis was conducted with the R package “Glmnet”. The correlation 447 

network was conducted with the biophysical features that were repeatedly selected within the 448 

repeated modeling process. The “igraph” package was employed to calculate the weighted 449 

square adjacency matrix and create the network visualization. 450 

 451 

Data and Code Availability 452 

Data and code to reproduce analyses are available at (link pending). 453 

 454 
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Figures and Legends 

 

 

Figure 1. Antibody Responses in Convalescent Plasma. A-B. Fc array characterization of antibodies to 

SARS CoV-2 antigens (A) and endemic CoV (B) across antibody subclasses, isotypes, and binding to FcR in 

naïve (serum) and convalescent (plasma) donors. C. Volcano plot of fold change and significance of 

differences between convalescent and naïve subject antibody response features specific for SARS-CoV-2 

(left) and endemic CoV (right).  
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Figure 2. Humoral response profiles. Heatmap of filtered and hierarchically clustered SARS-CoV-2-

specific antibody response features that were significantly elevated among convalescent donors (left) 

and endemic CoV-specific antibody features that were elevated above background (right). Responses 

were scaled and centered per feature and truncated at +/- 3 SD. Antigen specificity (Fv), Fc 

characteristics (Fc), and subject group are indicated in the color bars.  
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Figure 3. Correlative relationships between antibody features in convalescent plasma. A. Correlation 

matrix of relationships between filtered Ab features. Antigen specificity (Fv) and Fc characteristics (Fc) 

are indicated by the color bars. Filtered features are hierarchically clustered and Pearson coefficients 

(Rp) are shown. B. Comparison between IgG levels in naïve, DHMC, and JHMI cohort samples to OC43 S 

and OC43 S-2P. C. Correlation (Rp) between IgG and IgA specific to SARS-CoV-2 antigens and IgG and IgA 

specific to OC43 S and OC43 S-2P. D. Scatterplots of IgG responses specific to OC43 S and OC43 S-2P 

versus CoV-2 S2 and RBD. Naïve subjects are shown in black and convalescent donors are shown in blue 

(OC43 S) and gray (OC43 S-2P).  
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Figure 4. Distinctions among convalescent plasma donors in humoral response profile. A. UMAP 

analysis of subjects. Position in variable (V1, V2) space indicate similarity or distinctions in antibody 

response. Symbols and color indicate subject sex, hospitalization status, and cluster. B. Heatmap of 

distinct features by group. Antigen specificity (Fv) and Fc characteristics (Fc) are indicated by the color 

bars. C. Exemplary boxplots of distinct features. 
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Figure 5. Functional Characterization of Plasma Antibodies. A. Neutralization, antibody-dependent cell-

mediated phagocytosis (ADCP), antibody-dependent cellular cytotoxicity (ADCC), and antibody-

dependent complement deposition (ADCD) activity of convalescent plasma donor samples, with donors 

colored by UMAP/k-means clusters. Dotted line indicates mean activity observed among naïve donor 

samples. B. Correlations between RBD-specific Ab features to functions in plasma, colored and labeled 

by Pearson correlation coefficient (RP) in the lower-left quadrant. C. Correlations (RP) between RBD-

specific Fc array features and neutralization and effector functions.  Significance of Pearson correlations 

(*p < 0.05; **p < 0.01; ***p < 0.001) are provided along with circles that are colored and sized according 

to their Pearson correlation coefficients (RP). 
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Figure 6. Multinomial linear regression modeling to predict functions using biophysical features. A. 

Comparison of mean squared error between testing (JHMI) and validation (DHMC) data sets for each 

functional assay. Dotted line indicates median performance on permuted data in the setting of repeated 

cross-validation. B. Network showing the identity, relative degree of correlation, and frequency with 

which features contribute to models in the setting of repeated cross-validation. C. Contribution of 

biophysical features to final models predictive of each function. D. Correlation between predicted and 

observed responses in the discovery (JHMI) and validation (DHMC) cohorts. Pearson correlation (RP) and 

means squared error (MSE) are reported in inset. Antigen specificity (Fv) and Fc characteristics (Fc) 

shown in color bars. 
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