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Abstract 23 

Traditional cellular and live-virus methods for detection of SARS-CoV-2 neutralizing antibodies 24 

(nAbs) are labor- and time-intensive, and thus not suited for routine use in the clinical lab to predict vaccine 25 

efficacy and natural immune protection. Here, we report the development and validation of a rapid, high 26 

throughput method for measuring SARS-CoV-2 nAbs against native-like trimeric spike proteins. This assay 27 

uses a blockade of hACE-2 binding (BoAb) approach in an automated digital immunoassay on the 28 

Quanterix HD-X platform. BoAb assays using vaccine and delta variant viral strains showed strong 29 

correlation with cell-based pseudovirus and live-virus neutralization activity. Importantly, we were able to 30 

detect similar patterns of delta variant resistance to neutralization in samples with paired vaccine and delta 31 

variant BoAb measurements. Finally, we screened clinical samples from patients with or without evidence 32 

of SARS-CoV-2 exposure by a single-dilution screening version of our assays, finding significant nAb 33 
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activity only in exposed individuals. In principle, these assays offer a rapid, robust, and scalable alternative 34 

to time-, skill-, and cost-intensive standard methods for measuring SARS-CoV-2 nAb levels. 35 

 36 

Introduction 37 

 Levels of neutralizing antibodies (nAbs) against SARS-CoV-2 and other viruses predict vaccine 38 

efficacy and immune protection after natural infection1-5. In addition, the degree of protection from 39 

sterilizing immunity to prevention of severe disease correlates strongly with nAb levels at any given time 40 

post vaccination or infection6. Thus, the ability to reliably detect and quantify SARS-CoV-2 nAbs at scale 41 

is critical in the ongoing public health effort to reach population level protection in the face of waning 42 

immunity and a need for boosters7. In addition, the emergence of viral variants that escape neutralization 43 

by vaccine-induced antibodies underscores the importance of building efficient and reliable pipelines for 44 

nAb assay development as new variants are sequenced and rise to the level of interest or concern (VOI or 45 

VOC).  46 

SARS-CoV-2 spike (S) protein is a large homotrimeric glycoprotein, which adopts a metastable 47 

prefusion conformation before its high affinity interaction with host-membrane associated angiotensin 48 

converting enzyme 2 (ACE-2)8-10. Native S protein forms two proteolytically cleaved extracellular subunits 49 

(S1 and S2), with S1 containing a specific 222 amino acid (AA) receptor binding domain (RBD) that binds 50 

to ACE-211-13. Thus, S1 promotes receptor recognition and high affinity binding. The S2 subunit, in turn, 51 

drives membrane fusion through a fusion peptide (FP), two heptad repeat regions (HR1/2), and a 52 

transmembrane domain linked to the cytoplasmic tail14. To date, studies of neutralizing antibodies elicited 53 

by vaccination and natural infection as well as monoclonal antibody therapies have largely focused on 54 

antibodies that bind and inhibit interactions through SARS-CoV-2 RBD15. However, studies have also 55 

identified targets of neutralizing activity in SARS-CoV-2 S protein outside of the RBD, including regions 56 

in S2 proximal to the FP and HR216. These findings were recently bolstered in a study by Garrett et al. using 57 

phage deep mutation scanning (Phage-DMS) to comprehensively interrogate immunodominant epitopes of 58 

antibodies in SARS-CoV-2 convalescent plasma as well as routes of antibody escape by the virus. This 59 
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study independently identified non-RBD epitopes for neutralizing antibodies in FP and HR216. Together 60 

these findings highlight the importance of closely approximating the native structure and domain 61 

organization of spike in any robust assay for SARS-CoV-2 neutralizing antibodies. 62 

Current gold-standard assays for measuring nAbs against SARS-CoV-2 require live, replication-63 

competent wild virus isolates or infectious molecular clones17-18. While these assays are important tools for 64 

research, they require a biosafety level 3 (BSL3) environment, are difficult to standardize, and are poorly 65 

suited for any scaled clinical application due to facilities, personnel, and safety requirements. A second tier 66 

of widely accepted nAb assays employ replication incompetent reporter viruses—commonly using 67 

backbones derived from either HIV or VSV—pseudotyped with SARS-CoV-2 Spike (S)19-21. These 68 

pseudovirus neutralization assays (PNAs) require only BSL2 working conditions and can be scaled for 69 

higher throughput. However, both live and pseudoviral assays require use and maintenance of living target 70 

cells, which introduces technical variability as well as regulatory complications to clinical testing operations 71 

that may seek to employ them. Furthermore, they are manual, labor-intensive assays with turn-around-times 72 

of several days.  Finally, for lentivirus based PNAs, serum and plasma from patients receiving antiretroviral 73 

therapy or pre-exposure prophylaxis for HIV may contain inhibitors of pseudovirus activity non-specific to 74 

SARS-CoV-222. 75 

To address these limitations, we developed and validated a rapid, high throughput, automated 76 

blockade of ACE2 binding (BoAb) assay to quantify SARS-CoV-2 nAb activity against both vaccine 77 

(Wuhan-1) and delta (B.1.167.2) variant native-like trimeric spike proteins. This assay is performed on the 78 

ultrasensitive Quanterix-HDX platform, and is amenable to routine clinical use. We validated our BoAb by 79 

comparison to gold standard live virus and pseudovirus neutralization assays as well as clinically in samples 80 

from a cohort of SARS-CoV-2 exposed and vaccinated individuals collected during a serosurvey in the 81 

spring of 2021. In principle, our approach offers a rapid, adaptable, and scalable solution for detection of 82 

nAbs against any SARS-CoV-2 variant, against other viral pathogens, or against emerging viruses of 83 

pathogenic potential. 84 

Results 85 
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Detection of SARS-CoV-2 neutralizing antibodies by novel automated assay for blockade of ACE-2 86 

binding (BoAb). The majority of SARS-CoV-2 neutralizing antibodies prevent viral entry by inhibiting 87 

the biochemical interaction between S protein and ACE-2. We therefore designed our assay to detect 88 

inhibition of this interaction by nAbs in patient samples or select inhibitors using SARS-CoV-2 spike 89 

conjugated beads as targets for binding by a biotinylated ACE-2 detector (Fig. 1A). These reagents were 90 

then used in a custom three-step assay on the Quanterix HD-X platform (Fig. 1B). To compare and quantify 91 

levels of neutralization from our BoAb assays, we engineered two primary readouts of the assay: an eight-92 

point titration to identify the 50% inhibitory dilution or concentration (ID50 or IC50), and a single dilution 93 

readout calculated as a percentage of the maximum ACE-2 binding signal for a given spike target bead set. 94 

The latter approach was conceived as a potential screening tool for potent neutralizing antibodies while the 95 

former titering approach is appropriate for more rigorous comparisons among subjects or between candidate 96 

inhibitors (Fig. 1C).  97 

 98 

In-house generated vaccine strain and delta variant spike proteins adopt native trimeric structures 99 

and bind with high affinity to ACE-2. In order to present authentic, native-like spike targets for 100 

neutralizing antibody detection, we utilized a soluble, stabilized prefusion spike ectodomain construct 101 

originally designed in work by Hsieh et al23, but our plasmid DNA sequences are different for WT and 102 

Delta strain which were human codon optimized and synthesized at GenScript (Supplementary Text). This 103 

construct contains 6 stabilizing proline mutations in S2, which prevent the spontaneous and irreversible 104 

formation of a post-fusion state (Fig. 2A). Spike targets for vaccine strain (Wuhan-Hu-1 GenBank: 105 

MN908947) and delta variant (B.1.617.2) were produced in human 293F cells and purified by affinity and 106 

size exclusion chromatography (SEC). A soluble, human IgG Fc chimera of ACE-2 was produced in a 107 

similar system before affinity and SEC. Purity of all in-house generated protein reagents was determined 108 

to be >95% using reducing SDS-PAGE (Fig. S1). We studied the structures of purified proteins using 109 

negative stain electron microscopy NS-EM (Fig 2 B, C) with 2-dimensional class averaging and found that 110 

the proteins are formed in trimers. Further, we confirmed that our spike proteins adopted the expected 111 
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homotrimeric structures with 3-fold symmetry at the apex and an expected tapering in the S1 to S2 transition 112 

(Fig. 2D, E). Finally, we confirmed that our ACE-2 detector bound stably and with high affinity to both of 113 

these prefusion constructs using biolayer interferometry (Fig. 2F, G). Both the vaccine strain and delta 114 

variant spike reagents bound the ACE2 detector at a similar steady state level and showed stable, slow 115 

dissociation rates. Together these data confirm the authentic structure of our spike reagents and their 116 

binding activity toward the ACE2 detector used in our BoAb assays. 117 

 118 

Vaccine strain (Wuh-1) BoAb neutralizing activity correlates strongly with corresponding live virus 119 

and pseudovirus neutralization results. To determine the performance of our new test for SARS-CoV-2 120 

neutralizing antibodies, we evaluated the correlation between titering results with the vaccine strain BoAb 121 

assay versus live virus and pseudovirus neutralization assays using plasma samples from patients vaccinated 122 

against COVID-19.  Results from our vaccine strain assay showed strong correlation with results from a 123 

gold-standard live virus focus reduction neutralization test (FRNT) (Fig. 3A) as well as strong performance 124 

in a ROC analysis using the lowest reported log ID50 (1.17) as a cutoff for activity (AUC 0.94; P<0.0001) 125 

(Fig. 3B and 3C). Similarly, our assay correlated strongly with vaccine strain pseudovirus neutralization 126 

activity, particularly in samples above the log ID50 limit of quantification (2.0) for our pseudovirus assay 127 

(R2 = 0.72; P<0.001) (Fig. 3D). Using this pseudovirus LOQ as a cutoff for positivity, we performed a 128 

second ROC analysis and comparing vaccine strain BoAb activity in samples below and above the PNA 129 

LOQ. Our assay showed robust performance (ROC AUC 0.94; P<0.0001) with PNA results as a reference 130 

(Fig. 3E and 3F). Our new assay also demonstrated strong correlation with levels of receptor binding 131 

domain (RBD) IgG, with samples containing higher levels of neutralizing antibodies as measured by BoAb 132 

showing significantly higher levels of RBD binding IgG (Fig. 3G and 3H). 133 

 134 

Levels of delta variant (B.1.167.2) BoAb neutralization correlate strongly with corresponding live 135 

and pseudovirus virus neutralization results and accurately reflect patterns of escape from 136 

neutralizing antibodies. We next evaluated the performance of our assay for delta variant (B.1.167.2) 137 
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neutralizing activity. We found a strong correlation and robust performance by ROC analysis for our new 138 

delta variant BoAb assay (R squared of 0.80; P<0.001) as compared to live delta variant neutralizing activity 139 

determined by gold standard FRNT assay (Fig. 4A-C). ID50 results from our delta variant assay also 140 

correlated strongly with activity in our vaccine strain PNA and the corresponding live virus neutralizing 141 

antibody assay though, as expected, with a lower degree of correlation than that seen within strain (R 142 

squared of 0.66) (Fig. 4D). ROC analysis revealed a similar performance of the delta variant BoAb assay 143 

to the vaccine strain PNA assay using a vaccine strain PNA log ID50 cutoff of 2 for positivity (Fig. 4E and 144 

4F). Delta variant BoAb activity also correlated with vaccine strain RBD binding titers though to a lesser 145 

extent (Fig. 4G). Finally, we evaluated the decrement between vaccine strain neutralizing antibody activity 146 

and delta variant activity, observed consistently in vaccinated individuals and postulated to be, at least in 147 

part, responsible for an increased frequency of delta variant breakthrough infections among vaccinated 148 

individuals23. Importantly, for each sample we found a similar pattern of decrement in vaccine strain and 149 

delta variant BoAb activity compared to live virus vaccine strain and delta variant FRNT results (Fig. 4H 150 

and 4I). Together these data suggest that our delta variant BoAb assay correlates strongly with gold 151 

standard assays for neutralizing activity and may similarly detect deficits in delta variant specific activity 152 

observed among vaccinated individuals and those who experienced infection prior to the emergence of 153 

SARS-CoV-2 spike variants with the ability to escape nAbs. 154 

 155 

Screening for neutralizing antibody activity by single dilution BoAb among SARS-CoV-2 exposed 156 

patients.  An ideal clinical screening test for SARS-CoV-2 neutralizing activity, in addition to being 157 

automated and well correlated with accepted standard assays, should not require limiting-dilution analysis 158 

which carries significant costs associated with skilled labor and resources. We therefore generated a single 159 

dilution screening test at a sample dilution that was well correlated with live-virus neutralizing activity 160 

(1:50) (Fig. 5A). Next, we evaluated the correlation between single-dilution blockade of binding at 1:50 161 

with quantitative spike IgG serology, also performed on the Quanterix platform using an EUA serology 162 

assay in samples from vaccinated individuals at various times after vaccination. We found a strong linear 163 
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correlation between blockade of binding and levels of spike IgG in samples with spike specific IgG levels 164 

between 5 and 100 µg/mL. At higher concentrations, blockade of binding was saturated at 100% inhibition. 165 

Significant blockade was not detected in samples with less than 5 µg/mL of spike specific IgG (Fig. 5B). 166 

Finally, the percentage neutralization at a 1:50 dilution was evaluated in a subset of samples from a 167 

serosurvey cohort collected in the Emory Healthcare system between January and March of 2021 among 168 

inpatients and outpatients who received a blood draw during the relevant encounter. Using available SARS-169 

CoV-2 PCR testing data and serological results, we categorized patients into individuals more likely to have 170 

neutralizing activity at the time of sampling (exposed responders) and those unlikely to have nAb activity 171 

(unexposed, non-responders). Among 278 patients tested, we identified 115 who were serologically positive 172 

with evidence of SARS-CoV-2 exposure. Eighty-five patients were serologically negative without evidence 173 

of SARS-CoV-2 exposure at the time of the blood draw. All individuals who screened positive for 174 

significant neutralizing activity (>50% inhibition at a 1:50 dilution) in vaccine strain and delta variant single 175 

dilutions assays fell into the exposed responder category or had an unknown exposure status at the time of 176 

blood draw. Significantly more neutralizing activity was detected against the delta variant in this cohort, 177 

perhaps due to the fact that the circulating strain at the time (B1.167-Alpha)24, 25 carries many of the same 178 

spike mutations as the delta variant (Fig. 5C). Together these data provide proof of concept for use and 179 

further validation of our multi-variant BoAb tests as screening tools in patients with evidence of SARS-180 

CoV-2 exposure or vaccination. 181 

Discussion 182 

We report the development and validation of blockade of binding assays for the detection of nAbs 183 

against multiple SARS-CoV-2 variants. Results from our assays correlate strongly with established 184 

methods for nAb detection including live virus FRNT. Unlike these standard methods, our approach is 185 

completely automated and rapid, and does not require cell culture, BSL3 facilities, or extensive manual 186 

liquid handling. In addition, we employ spike antigens with native trimeric structure in our assays to capture 187 

the breadth of epitopes bound by vaccine and infection induced antibody responses. This latter point is 188 

particularly important with the roll out of boosters, which purportedly broaden the antibody response. An 189 
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enhancement in neutralizing activity mediated by breadth of epitope specificity would be difficult to detect 190 

using subdomain and non-native spike targets. 191 

Most viral infections are controlled by functional antibodies, like nAb, that block 192 

interactions between viral antigens and host receptors1, 24-27. In the case of SARS-CoV-2, spike 193 

protein interacts with the ACE-2 host cell receptor to enter host cells. Before interacting with host 194 

receptor, the spike antigen exists in a prefusion state. Conformational changes occur in the spike 195 

protein once it binds to ACE-2 receptor. Based on this finding, most assays were developed to 196 

detect nAbs in blood samples by incubating plasma with pseudo-typed viruses or live viruses prior 197 

to co-culture with target cells28, 29. It is well understood that viruses maintain the prefusion state of 198 

viral antigens (spike for SARS-CoV-2 and Env for HIV-1 and HIV-2) before interacting with host 199 

receptor, and most nAbs target the prefusion state of viral antigen30-32. Based on this model, we 200 

established an assay for the identification of nAbs against the prefusion state of SARS-CoV-2 201 

spike protein that block interactions with human ACE-2 receptor. We have observed that the 202 

purified version of spike protein from Wuh-1 (WT) and Delta used in these studies maintained 203 

structures with one RBD up (opened confirmation) and two RBD down (closed confirmation) 204 

which was previously observed by Z Ke et al., when they studied spike structures on intact virion 205 

by cryo-EM images9. Thus, the purified spike proteins used in this assay maintain the prerequisite 206 

conformational state for the RBD-ACE2 interaction. Further, we observed that the spike proteins 207 

showed strong hACE-2 interaction by BLI.   208 

For the initial analysis of BoAb assay, we used samples from Nooka et al.,33 who studied 209 

the neutralization determinants in myeloma patients. With this cohort, we observed that results in 210 

the BoAb assay strongly correlated with both live virus neutralization (Wuhan R2 = 0.82 and 211 

p=<0.001; Delta R2 = 0.80 and p=<0.001) and pseudovirus neutralization results (Wuhan R2 = 212 

0.72 and p=<0.001; Delta R2 = 0.66 and p=<0.001). Interestingly, we also identified significant 213 
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correlation of BoAb results with RBD endpoint titers for both Wuhan (p=<0.001) and Delta strains 214 

(p=0.002). These results agree with other studies in which RBD titers are strongly correlated with 215 

neutralization titers34-36. In addition, we determined that the BoAb assay showed sensitivity >94% 216 

against the Wuhan strain and >90% against Delta strain, both with 100% specificity. In general, 217 

neutralization against Delta strain was lower than for Wuhan strain, similarly to results from the 218 

BoAb assay.  219 

We evaluated the utility of our BoAb assay in a second cohort of samples from a serological 220 

survey of patients requiring a blood draw in the Emory Healthcare system from January to March 221 

of 2021. We used available COVID-19 PCR testing results and combined serological status to 222 

categorize patients who were likely to have been exposed to SARS-CoV-2 and to have developed 223 

a humoral immune response against the virus. We hypothesized that this group of exposed 224 

responders had the highest pre-test probability in the cohort of harboring SARS-CoV-2 225 

neutralizing activity and screened them using a 1:50 single dilution version of our BoAb assay. In 226 

agreement with our hypothesis, we observed strong neutralization against SARS-CoV-2 spike that 227 

was consistent with the patients’ exposure status. Therefore, our data is strongly aligned with 228 

correlations of antibody responses vs neutralization responses against SARS-CoV-237-39. The 229 

rapid, automated, high-throughput BoAb assay described here may be useful for large-scale 230 

quantification of nAbs against SARS-CoV-2 variants for both clinical and investigational uses.  231 

 It should be noted that our study was limited by availability of gold-standard live-virus neutralizing 232 

antibody data and a need to directly correlate activity measured in our assay with known correlates of nAb 233 

activity in gold standard cell-based assays. While our data suggest that biochemical neutralization as 234 

measured by BoAb correlates well with results from these more established tests, additional work is needed 235 

to evaluate the implications of this association for vaccine efficacy and protection after natural infection.  236 

 237 
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Methods: 238 

 239 

Samples. Samples were sourced from various studies with IRB 00001663 at Emory University after 240 

obtaining the approval and consent from Institutional Review Board and samples (n=300) are tested on The 241 

Quanterix HD-X which uses single molecule arrays (SIMOAS) of femtoliter-sized reaction chambers 242 

etched into a disk to detect single enzyme labeled proteins. Our assay uses a 3-step ELISA that begins with 243 

an initial incubation of the sample and spike-conjugated magnetic bead reagent. Then the beads are 244 

separated magnetically and washed. Following a biotinylated ACE2 detector is added and incubated. A 245 

second magnetic separation and wash are performed. Followed by a streptavidin beta-galactosidase 246 

incubation and third wash. A resorufin ß-D-galactopyranoside substrate is added and the reaction chamber 247 

is sealed with oil. Any spike antigen that was able to attract a detector antibody will lead to the formation 248 

of an SBG/RGP fluorescent product that is counted digitally. The instrument can handle up to 288 replicates 249 

at a time. 250 

Pseudovirus neutralization assay (PNA). Neutralization activities against SARS-CoV-2 WT (Wuh-1) and 251 

Delta (B.1.617.2) strains were measured in a single-round-of-infection assay with pseudo viruses, as 252 

previously described33. Briefly, to produce SARS-CoV-2 WT and Delta pseudoviruses, an expression 253 

plasmid bearing codon optimized SARS-CoV-2 full-length S plasmid (parental sequence Wuhan-1, 254 

Genbank #: MN908947.3) was co-transfected into HEK293T cells (ATCC#CRL-11268) with plasmids 255 

encoding non-surface proteins for lentivirus production and a lentiviral backbone plasmid expressing a 256 

Luciferase-IRES-ZsGreen reporter, HIV-1 Tat and Rev packing plasmids (BEI Resources) and 257 

pseudoviruses harvested after 48 hours of post transfection and performed titration. Pseudoviruses were 258 

mixed with serial dilutions of plasma or antibodies and then added to monolayers of ACE-2-overexpressing 259 

293T cells (BEI Resources), in duplicate. 24 hours after infection, cells were lysed, luciferase was activated 260 

with the Luciferase Assay System (Promega), and relative light units (RLU) were measured on a synergy 261 

Biotek reader.  262 

 263 
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Protein expression and purification. Trimeric SARS-CoV-2 Spike (Wuh-1 and Delta B.1.617.2) as well 264 

as Angiotensin Converting Enzyme-2 (ACE-2)-IgFC chimera proteins were produced by transfection in 265 

FreeStyle 293-F cells using plasmids (MN908947 for Wuhan-1 and Delta strains, and NM_021804.3 for 266 

hACE-2). Briefly, FreeStyle 293F cells were seeded at a density of 2E6 cells/ml in Expi293 expression 267 

media and incubated with shaking on at 37°C and 127 rpm with 8% CO2 overnight. The following day, 268 

2.5E6 cells/ml were transfected using ExpiFectamineTM 293 transfection reagent (ThermoFisher, cat. no. 269 

A14524) according to the manufacturer protocol. Transfected cells were then incubated with orbital shaking 270 

for 4-5 days at 37 °C,127 rpm, 8% CO2. Supernatants containing secreted trimeric ectodomains were 271 

collected by centrifugation at 4,000xg for 20 minutes at 4°C. Clarified supernatants were then filtered using 272 

a 0.22 µm stericup filter (ThermoFisher, cat.no. 290-4520) and loaded onto pre-equilibrated affinity 273 

columns for protein purification. The SARS-CoV-2 Spike trimer and ACE-2 proteins were purified using 274 

His-Pur Ni-NTA resin (ThermoFisher, cat.no. 88221) and Protein-G Agarose (ThermoFisher, cat.no. 275 

20399) respectively.  Briefly, His-Pur Ni-NTA resin was washed twice with PBS by centrifugation at 276 

2000xg for 10 min. The resin was resuspended with the spike-trimer supernatant and incubated for 2 hours 277 

on a shaker at RT. Gravity flow columns were then loaded with supernatant-resin mixture and washed 278 

(25mM Imidazole, 6.7 mM NaH2PO4.H2O and 300 mM NaCl in PBS) four times, after which the protein 279 

was eluted in elution buffer (235 mM Imidazole, 6.7 mM NaH2PO4.H2O and 300 mM NaCl in PBS). Eluted 280 

protein was dialyzed against PBS using Slide-A-lyzer Dialysis Cassette (ThermoScientific, Cat# 66030) 281 

and concentrated using 100 kDa Amicon Centrifugal Filter Unit, at 2000 g at 4°C. The concentrated protein 282 

eluate was then run and fractionated on a Sepharose 600 (GE Healthcare) column on an AktaTMPure (GE 283 

Healthcare). Fractions corresponding to the molecular weight of each protein were pooled and concentrated 284 

as described above. Proteins were quantified by BCA Protein Assay Kit (Pierce) and quality was confirmed 285 

by SDS-PAGE (supplementary Figure 1). 286 

 287 

ACE-2 protein expression and purification. The soluble ACE-2 IgFC chimera was expressed as 288 

described above. Clarified supernatants were diluted 1:1 with binding buffer before loading on a protein g 289 
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gravity flow column, pre-equilibrated with 10 ml of binding buffer (Pierce cat.no.21011). Columns were 290 

washed with 20 ml of binding buffer, and the protein was eluted in 40 ml of elution buffer. Following 291 

elution, samples were first neutralized to pH 7.5 using 1 M Tris, pH 9.0. Eluted protein was dialyzed against 292 

50mM Tris (pH7.5), 150mM NaCl using a Slide-A-lyzer Dialysis Cassette (ThermoScientific, Cat# 66030) 293 

and concentrated using 50 kDa Amicon Centrifugal Filter Unit, at 2000 g at 4°C. Size exclusion 294 

chromatography and quality control was performed on the concentrated protein as described above. 295 

 296 

Assessment of Spike-ACE-2 binding by biolayer interferometry. 6x His-tagged spike was diluted to 50 297 

µg/mL in PBS before immobilization on nickel NTA biosensors (fortebio). Association of ACE-2 was 298 

monitored using and OctetRED96e instrument (fortebio) in 2-fold dilutions series starting at 100 µg/mL 299 

for 600s followed by dissociation in PBS for 500s. Tips were regenerated using 10mM glycine and 300 

regenerated in 10 mM NiCl2 before re-loading with equivalent concentrations of spike.  301 

 302 

Generation of detector and conjugated beads. ACE-2 detector biotinylation and spike bead conjugation 303 

were performed per the Quanterix Homebrew Detection Antibody Biotinylation and Bead Conjugation 304 

Protocols. 305 

 306 

1) ACE-2 Biotinylation 307 

Briefly, ACE-2 was buffer exchanged using Amicon filtration into Quanterix biotinylation reaction buffer 308 

prior to mixing at 1mg/mL with a 40x challenge ratio of NHS-PEG4-biotin for 30 minutes at room 309 

temperature. Cleanup of the biotinylated detection reagent was achieved by a further round of amicon 310 

filtration following recovery in biotinylation reaction buffer and determination of protein concentration. A 311 

final detector concentration of 0.5µg/mL was used in the assay. 312 

2) Spike conjugation with magnetic beads 313 

Paramagenetic beads were activated after washing with bead conjugation buffer using 9ug EDC (10mg/mL) 314 

in a final bead volume of 300 µl containing 4.2E8 beads for 30 minutes at 4 °C with rocking. Following 315 
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activation, beads were washed with Bead Conjugation Buffer and 300 µl cold spike at 0.2mg/mL to the 316 

beads followed by incubation at 4 °C with rocking for 2 hours. Beads were then washed and blocked for 45 317 

minutes at room temperature, followed by a final wash and resuspension in 300 µl bead diluent. Spike 318 

capture beads were stored at 4 °C until use in the assay.  319 

 320 

Negative Stain sample preparation, data collection and data analysis. Spike protein was diluted to 321 

0.05mg/ml in PBS prior to grid preparation. A 3 µL drop of diluted protein applied to previously glow-322 

discharged, carbon coated grids for ~60 sec, blotted and washed twice with water, stained with 0.75% 323 

uranyl formate, blotted and air dried. Between 25-35 images were collected on Talos L120C microscope 324 

(Thermo Fisher, Waltham, MA) at 73,000 magnification and 1.97 Å pixel size. Relion-3.1 was used for 325 

particle picking, 2D classification and 3D reconstruction [PMID: 23000701]. 326 

 327 

Statistical Analysis. GraphPad PRISM version 9 was used to perform the statistical analysis. Correlation 328 

between the assays was performed by Pearson r correlation method and linear regression analysis. All 329 

statistical tests were two-sided, unless otherwise noted, and statistical significance was assessed at the 330 

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 and further details are provided in the figure legend where 331 

analysis was performed. 332 

 333 
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Figures: 557 
 558 

 559 
 560 
Figure 1. Blockade of ACE-2 Binding (BoAb) assay design. A schematic of our blockade of binding assay 561 

for SARS-CoV-2 neutralizing antibodies and its primary readouts: 50% inhibitory concentration (IC50) by 562 

titration or single dilution screening at a sample dilution of 1:50. (A) Detection of inhibitors of the ACE-563 

2/SARS-CoV-2 spike interaction is achieved using an in-house purified and biotinylated human ACE-2 564 

detector reagent. The ACE-2 binding signal is amplified by streptavidin-beta-galactosidase and a 565 

fluorescent RGB-Substrate. (B) The entire assay is automated and performed using single molecule array 566 

(SIMOA) technology on the Quanterix HD-X platform with a readout of average enzymes per bead (AEB). 567 

(C) Processed data from two assay readouts: titering for an IC50 (curves to the left) and screening for 568 

inhibition at a single sample dilution (right box).  569 

 570 

 571 

 572 
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 574 

 575 

 576 

Figure 2. Development and validation of SARS-CoV-2 vaccine strain and delta variant prefusion 577 

ectodomain spike targets for use in blockade of ACE-2 binding assay (BoAb). (A) SARS-CoV-2 spike (S) 578 

ectodomain proteins of  WT (Wuhan strain) and  B.1.167.2 (Delta strain) for structural characterization and 579 

assay development, and a model construct of Delta S protein. (B and C) Raw negative stain electron 580 

micrographs for purified vaccine strain (B) and delta variant (C) trimers. Examples of native-like structures 581 
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are encircled in the zoomed view, highlighted in a red cutout for each micrograph. 2D class averages of 582 

various trimer orientations derived from the raw micrographs are shown in the upper panel and used for the 583 

3D reconstruction shown in Panels C and D. (D) 3D reconstruction from negative stain electron microscopy 584 

class averages of our purified vaccine strain trimeric ectodomain. (E) 3D reconstruction from negative stain 585 

electron microscopy class averages of our purified delta variant (B.1.617.2) trimeric ectodomain with 586 

significant amino acid substitutions mapped to the side view in light blue. (F,G) Biolayer interferometry 587 

analysis of each spike variant binding to an immobilized recombinant ACE-2 IgG Fc-chimera, the 588 

biotinylated form of which serves as the detector in our BoAb assay. 589 

 590 

 591 

 592 

 593 

 594 

 595 

 596 

 597 

 598 

 599 

 600 

 601 

 602 

 603 

 604 

 605 

 606 

 607 



 25 

 608 

 609 

Figure 3. Correlation of vaccine strain BoAb IC50s with live virus and pseudovirus neutralization assays 610 

(LVN and PNA). (A) Linear regression analysis of vaccine lineage (Wuh-1 & WA1/2020) live virus 50% 611 

focus reduction neutralization activity (FRNT50) against ID50s in the vaccine strain BoAb. The absolute 612 

value of the log dilution factor at which a sigmoidal curve (fit to duplicate eight-point dilution series for 613 

each sample) crossed 50% is plotted for the BoAb assay. (B,C) Receiver operator characteristic (ROC) 614 
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curve and categorical comparison of the vaccine strain BoAb using a live virus FRNT cutoff of 1.17 615 

(representing a linear dilution of 1 in 15) as the reference standard for neutralizing activity. (D) Linear 616 

regression analysis of vaccine strain (Wuh-1 & WA1/2020) pseudovirus 50% inhibitory dilution (ID50) 617 

against ID50s in the vaccine strain BoAb. (E,F) Receiver operator characteristic (ROC) curve and 618 

categorical comparison of the vaccine strain BoAb using a pseudovirus neutralization ID50 of 2 619 

(representing a linear dilution of 1 in 100) as the reference standard for neutralizing activity. (G) Linear 620 

regression analysis of vaccine strain (Wuh-1 & WA1/2020) receptor binding domain (RBD) specific IgG 621 

titers against IC50s in the vaccine strain BoAb. Values are plotted as in (A) using an optical density cutoff 622 

of 0.2 to quantify levels of binding antibodies. (H) Comparison of RBD IgG endpoint titers in samples with 623 

vaccine strain BoAb activity less than or greater than a log IC50 of 2. Statistical significance was evaluated 624 

by unpaired non-parametric t tests. ns=not significant, *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. 625 
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 641 

 642 

Figure 4. Correlation of delta variant BoAb ID50s with live virus and pseudovirus neutralization assays 643 

(LVN and PNA). A) Linear regression analysis of delta variant (B.1.617.2) live-virus FRNT 50% inhibitory 644 

concentration (ID50) against ID50s in the delta variant BoAb. (B,C) Receiver operator characteristic (ROC) 645 

curve and categorical comparison of the delta variant BoAb using a live virus FRNT cutoff of 1.17 646 
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(representing a linear dilution of 1 in 15) as the reference standard for neutralizing activity. (D) Linear 647 

regression analysis of vaccine strain (Wuh-1 & WA1/2020) pseudovirus 50% inhibitory concentration 648 

(ID50) against ID50s in delta variant (B.1.617.2) BoAb. (E,F) Receiver operator characteristic (ROC) curve 649 

and categorical comparison of the delta variant BoAb using a pseudovirus neutralization ID50 of 2 650 

(representing a linear dilution of 1 in 100) as the reference standard for neutralizing activity. (G) Linear 651 

regression analysis of vaccine strain (Wuh-1) receptor binding domain (RBD) specific IgG titers against 652 

ID50 values in the delta variant BoAb. Values are plotted as in (A). (H,I) Paired comparison of live virus 653 

FRNT50 and BoAb ID50 values between vaccine strain lineage (Wuhan-Hu-1 or WA1/2020) and delta 654 

variant assays. Statistical significance was evaluated by paired non-parametric t tests ns=not significant, 655 

*P<0.05, **P<0.01, ***P<0.001,****P<0.0001. 656 

 657 

 658 

 659 

Figure 5. Detection of neutralizing antibodies by single dilution BoAb among SARS-CoV-2 exposed 660 

patients (A) Screening by linear regression analysis of various single plasma dilution activities (1 to 10, 1 661 
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to 20, and 1 to 50) for correlation with WA1/2020 live virus FRNT ID50. R squared values are shown for 662 

each regression. (B) Correlation of quantitative anti-spike IgG levels with 1:50 single dilution BoAb in all 663 

tested vaccinated individuals. Additionally, the correlation was plotted with a separate linear regression that 664 

was limited to samples with inhibition in the linear range (C). Comparison of single dilution delta and 665 

vaccine strain neutralizing antibody activity in patients with or without evidence of SARS-CoV-2 exposure 666 

and seroconversion from a serosurvey conducted in the spring of 2021 at Emory University Hospital 667 

Midtown. Statistical significance was evaluated by unpaired non-parametric t tests ns=not significant, 668 

*P<0.05, **P<0.01, ***P<0.001,****P<0.0001. 669 

 670 

 671 

Supplementary Figure 1. SDS-PAGE for proteins from SARS-CoV-2 RBD, WT, Delta and hACE-2 672 

expressed in Expi293 cells and purified by affinity and size exclusion chromatography. 673 


