
 
 

1 

Landscape of infection enhancing antibodies in COVID-19 and healthy donors 1 

 2 

Hendra S Ismanto1, Zichang Xu1, Dianita S Saputri1, Jan Wilamowski1, Songling Li1,5,8, Dendi K 3 

Nugraha3, Yasuhiko Horiguchi3,8, Masato Okada4,7,8, Hisashi Arase2,6,8 and Daron M Standley1,5,8* 4 

 5 

1Department of Genome Informatics, Research Institute for Microbial Diseases, Osaka University, 6 

3-1 Yamadaoka, Suita 565-0871, Japan  7 

2Department of Immunochemistry, Research Institute for Microbial Diseases, Osaka University, 8 

3-1 Yamadaoka, Suita 565-0871, Japan 9 

3Deparment of Molecular Bacteriology, Research Institute for Microbial Diseases, Osaka 10 

University, 3-1 Yamadaoka, Suita 565-0871, Japan 11 

4Deparment of Oncogene Research, Research Institute for Microbial Diseases, Osaka University, 12 

3-1 Yamadaoka, Suita 565-0871, Japan 13 

5Department of System Immunology, Immunology Frontier Research Center, Osaka University, 14 

3-1 Yamadaoka, Suita 565-0871, Japan  15 

6Department of Immunochemistry, Immunology Frontier Research Center, Osaka University, 3-1 16 

Yamadaoka, Suita 565-0871, Japan 17 

7Department of Oncogene Research, Immunology Frontier Research Center, Osaka University, 3-18 

1 Yamadaoka, Suita 565-0871, Japan 19 

8Center for Infectious Disease Education and Research, Osaka University, Osaka 565-0871, Japan 20 

 21 

*Corresponding author 22 

 23 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 11, 2022. ; https://doi.org/10.1101/2022.07.09.499414doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.09.499414
http://creativecommons.org/licenses/by-nc/4.0/


 
 

2 

Correspondence: standley@biken.osaka-u.ac.jp 24 

 25 

Abstract 26 

To assess the frequency of SARS-CoV-2 infection enhancing antibodies in the general population, 27 

we searched over 64 million heavy chain antibody sequences from healthy and COVID-19 patient 28 

repertoires for sequences similar to 11 previously reported enhancing antibodies. Although the 29 

distribution of sequence identities was similar in COVID-19 and healthy repertoires, the COVID-30 

19 hits were significantly more clonally expanded than healthy hits. Furthermore, among the tested 31 

hits, 17 out of 94 from COVID-19, compared with 2 out of 96 from healthy, bound to the enhancing 32 

epitope. A total of 6 of the 19 epitope-binding antibodies enhanced ACE2 receptor binding to the 33 

spike protein. Together, this study revealed that enhancing antibodies are far more frequent in 34 

COVID-19 patients than in healthy donors, but a reservoir of potential enhancing antibodies exists 35 

in healthy donors that could potentially mature to actual enhancing antibodies upon infection. 36 

 37 
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 40 

Introduction 41 

Upon virus infection, host B cells that recognize viral antigens undergo affinity maturation and 42 

differentiation into antibody-producing cells and memory B cells (Harwood & Batista, 2010; 43 

Victora & Nussenzweig, 2012). Together with T cells, antigen-specific neutralizing antibodies 44 

resolve infection (Dorner & Radbruch, 2007; Morales-Nunez et al., 2021), while long-lived 45 

memory B cells protect against future infections (Akkaya et al., 2020; Cyster & Allen, 2019; 46 
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Kurosaki et al., 2015; Phan & Tangye, 2017). In the process of producing neutralizing antibodies, 47 

infection-enhancing antibodies can also be generated (Bournazos et al., 2020). Antibody-48 

dependent enhancement (ADE) has been observed for multiple virus infections (Guzman et al., 49 

2013; Kapikian et al., 1969; Kim et al., 1969; Polack et al., 2003; Simmons et al., 2012) and 50 

represents a challenge for the design of safe and effective vaccines (Arvin et al., 2020; Haynes et 51 

al., 2020). 52 

In 2021, two groups independently identified antibodies that enhanced SARS-CoV-2 spike protein 53 

binding to human ACE2 (Li et al., 2021; Liu et al., 2021). Interestingly, the 11 monoclonal 54 

antibodies collectively identified in these two studies were distinct in terms of their amino acid 55 

sequences and gene usage yet targeted an overlapping site on the N-terminal domain of the spike 56 

protein. Although the molecular mechanism of the observed ACE2-binding and infection 57 

enhancement has not been demonstrated conclusively, multiple lines evidence point to a model 58 

involving crosslinking of adjacent spike proteins. This evidence includes cell-based assays 59 

showing that enhancement did not depend on the Fc domain of the antibody but did require two 60 

Fab arms (i.e., full-length IgG or F(ab’)2), as well as molecular modelling that indicated that the 61 

two Fab arms could not reach two enhancing epitopes on a single spike.  62 

Since the proposed SARS-CoV-2 infection enhancing mechanism appears to be distinct from 63 

previously reported ADE models, we sought to quantify the frequency of sequences similar to the 64 

known enhancing antibodies in healthy and COVID-19 donors. Based on known structural data, 65 

most antibodies recognize their cognate antigens through their complementarity-determining 66 

regions (CDRs). Moreover, cryo-EM structural models of 3 out of the 11 enhancing antibodies 67 

indicate that most of the physical contacts are mediated by the heavy chain (Li et al., 2021; Liu et 68 

al., 2021). We thus reasoned that potential infection-enhancing antibodies could be identified 69 
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through similarity to heavy chain CDRs. To this end, we utilized a bioinformatics pipeline for 70 

identifying antibodies in large BCR repertoire datasets with similar CDR sequences to a set of 71 

queries (Figure 1). We also performed antibody expression and binding assays to assess the 72 

functional phenotype of these antibodies among our search hits. Although they were less frequent 73 

than in COVID-19 patients, we identified potential enhancing antibodies in healthy donors that 74 

could lead to the development of actual enhancing antibodies upon infection. This study illustrates 75 

that large BCR repertoire data can be used to discover functional human antibodies by sequence 76 

similarity. 77 

 78 

Results 79 

Diverse antibodies target a common infection-enhancing epitopes on spike protein NTD 80 

Despite targeting overlapping epitopes, the 11 previously reported enhancing antibodies have 81 

emerged from different germline genes and possess highly diverse CDRH3 amino acid sequences 82 

(Table S1 and Figure S1). Each sequence was expressed as a human IgG1 monoclonal antibody 83 

using a mammalian expression system and confirmed to recognize the wildtype spike protein, WT 84 

NTD but not to an NTD mutant with known epitope residues substituted with Alanine (W64A, 85 

H66A, V213A, and R214A) or to the WT RBD (Figure S2A-D). Binding to the Delta variant of 86 

SARS-CoV-2 Spike protein was also confirmed but the known enhancing antibodies lost their 87 

binding to the Omicron variant, which has extensive NTD mutations (Figure S2E-F). Moreover, 88 

all monoclonal antibodies facilitated ACE2 binding to WT and Delta Spike protein, but not to the 89 

Omicron variant (Figure S3). 90 

 91 

Encoding healthy and COVID-19 antibody repertoires for CDR similarity search  92 
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A total of 10 studies of healthy antibody repertoires, 15 studies of COVID-19 repertoires, and 3 93 

studies of BNT162b2 vaccinated donor repertoires were collected. The healthy donor RNA 94 

sequencing data consisted of 297 donors (Table S2), COVID-19 data consisted of 213 patients 95 

(Table S3), and BNT162b2 vaccinated data consisted of 29 donors (Table S4). The data were 96 

processed to facilitate an efficient search by CDR similarity. A pseudo-sequence of concatenated 97 

CDRH1-3 amino acids was encoded as a MMseqs2 database (Steinegger & Soding, 2017). The 98 

resulting databases contained 55,401,329 healthy unvaccinated, 391,201 healthy BNT162b2 99 

vaccinated, and 8,490,653 COVID-19 data entries, each linked to a complete variable region amino 100 

acid sequence.  101 

 102 

Sequences similar to enhancing antibodies found in healthy and COVID-19 repertoires  103 

One of our motivations was to understand the relationship between CDRH3 sequence identity and 104 

shared epitope. We therefore searched for BCR sequences with rather loose criteria: where both 105 

CDRH1 and CDRH2 identity were at least 80% and CDRH3 was at least 60%. This search resulted 106 

in 7321 hits from healthy donors, 4679 from COVID-19 patients, and 113 from BNT162b2 107 

vaccinated donors (Figure 2A).  The distributions of CDR sequence identities among hits were 108 

similar for healthy unvaccinated, healthy vaccinated, and COVID-19 donors (Figure 2B). The 109 

CDRH3 sequences in COVID-19 hits were slightly more similar than those in healthy 110 

unvaccinated or healthy vaccinated donors. However, there were no heavy chain sequences that 111 

had the exact same amino acid sequence to a known enhancing antibody. B cells are known to be 112 

expanded and to acquire mutations upon antigen exposure to increase their affinity to antigens 113 

(Jacob et al., 1991). Indeed, among the hits, antigen exposed donors (COVID-19 and healthy 114 

vaccinated donors) had more expanded clones than healthy unvaccinated donors (Figure 2C). 115 
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Sequences that were similar to COV2-2210, COV2-2582, and DH1055 dominated the COVID-19 116 

and healthy unvaccinated donor hits (Figure 2D). In the healthy vaccinated donors, sequences that 117 

were similar to DH1054 were more dominant than sequences similar to COV2-2582. Sequences 118 

that were similar to DH1052, which has the longest CDRH3, were very infrequent in all the 119 

datasets. 120 

 121 

NTD-binding antibodies found in healthy donors and COVID-19 repertoire search hits 122 

We next performed random sampling from healthy unvaccinated and COVID-19 search hits at a 123 

confidence level of 95% and a margin of error of 10%. Due to the low number of original sequences, 124 

the healthy vaccinated donors were excluded from the validation step. This resulted in selection of 125 

96 non-redundant heavy chains from healthy unvaccinated donors and 94 from COVID-19 patients. 126 

The sampling qualitatively reproduced the original CDR similarity distribution (Figure 3A). The 127 

sequences that were similar to known infection-enhancing antibodies were then screened 128 

experimentally to observe whether they bound to the enhancing epitope or not.  We observed that 129 

17 out of 94 antibodies from COVID-19 donors (Figure 3B) and 2 out of 96 from healthy 130 

unvaccinated donors (Figure 3C) bound to S NTD, but not to the NTD mutant or the RBD (Figure 131 

S4 and S5). The fraction of antibodies from COVID-19 donors that bound to the S NTD or to the 132 

enhancing epitope was significantly higher than that in healthy unvaccinated donors (Chi-square 133 

test p-value < 0.01) (Figure 3D).  Some antibodies exhibited higher binding affinity to the Spike 134 

protein from the Delta variant, but most lost their ability to bind to the Omicron variant (Figure 135 

S4D-E and S5D-E).  136 

Based on the true binders obtained from COVID-19 donors, the probability to find true binders 137 

among hits was approximately 30% for CDRH3 amino acid sequence identities above 70% but 138 
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dropped to below 10% with CDRH3 sequence identities less than 70% (Figure 3E). In general, the 139 

binders and non-binders could not be separated by a single sequence identity cutoff. Additional 140 

sequence or structural data may allow us to differentiate binders from non-binders more accurately. 141 

The current results support the use of loose sequence identity thresholds when searching large 142 

repertoire data. 143 

 144 

A subset of antibodies that bind enhancing epitope enhance ACE2 binding   145 

The previously known enhancing antibodies were able to increase ACE2 binding to Spike protein; 146 

therefore, we next assessed ACE2 binding enhancement using soluble ACE2 and Spike protein 147 

expressed on Expi293F cells (Liu et al., 2021). Antibodies that bound the enhancing epitope were 148 

purified and tested at the same concentration to confirm whether they increased the binding of 149 

ACE2 to the Spike protein. Among 19 antibodies tested, we found that 6 were potent ACE2 150 

binding enhancers to Spike WT protein (Figure 4A). The ACE2 binding enhancement was 151 

increased when we tested these antibodies against Spike Delta variant, but they lost their ability 152 

when tested against Omicron variant (Figure 4B-C). 153 

 154 

Discussion 155 

The observation that a subset of antibodies produced in diverse donors target an overlapping 156 

epitope, and that a further subset of the antibodies that binding to this epitope enhance ACE2 157 

binding, raises several questions. We first sought to understand the distribution of these antibodies 158 

in both antigen-exposed and unexposed donors.  Based on CDR sequence-similarity alone, we 159 

found highly similar distributions in healthy unvaccinated, healthy vaccinated and COVID-19 160 

donors (Figure 2B). However, the clone sizes of these hits were qualitatively different in antigen-161 
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exposed and unexposed donors (Figure 2C). Furthermore, based on the experimental results, the 162 

frequency of binding to the enhancing epitope was significantly higher for the COVID-19 derived 163 

group than the healthy-derived group. From the NTD binding data, we could estimate the 164 

frequency of enhancing antibodies within COVID-19 and healthy unvaccinated donors to be less 165 

than 100 and 3 per million clones, respectively. Although the proposed enhancing mechanism 166 

requires a more detailed study, it may well apply to other coronaviruses that use ACE2 as a host 167 

receptor. Given the large reservoir of potential antibodies in the healthy population, this may 168 

represent a modest concern for future vaccine design. 169 

Ease of access to RNA sequencing technologies, as well as reduction of cost has resulted in a rapid 170 

increase in publicly available BCR repertoire sequence data (Marks & Deane, 2020). The approach 171 

taken here to search this data is general and will likely aid in the discovery of not only enhancing, 172 

but also neutralizing antibodies, autoantibodies, or even T cell receptors. As more data on binders 173 

and non-binders accumulates, more sophisticated metrics of similarity can be tested. The methods 174 

used here are available as an open-source project with a freely accessible web server 175 

(www.sysimm.org/interclone/).  176 

 177 
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 393 

Method details 394 

BCR repertoire data mining and processing 395 

Datasets were retrieved from publicly available repository such as sequence read archive (SRA) 396 

and European nucleotide archive (ENA). Collected study detail can be seen in the Table S2-S4 397 

(Bernardes et al., 2020; Galson et al., 2020; Ghraichy et al., 2020; Gidoni et al., 2019; Goel, 398 

Apostolidis, et al., 2021; Goel, Painter, et al., 2021; Kim et al., 2021; Kuri-Cervantes et al., 2020; 399 

Meng et al., 2017; Montague et al., 2021; Mor et al., 2021; Nielsen et al., 2020; Niu et al., 2020; 400 

Roskin et al., 2020; Schmitz et al., 2021; Schultheiss et al., 2020; Setliff et al., 2018; Sokal et al., 401 

2021; Soto et al., 2019; Turner et al., 2021; Turner et al., 2020; Wen et al., 2020; Woodruff et al., 402 

2020; Zhang et al., 2020; Zhou et al., 2021). Raw BCR repertoire sequencing data was formatted 403 

into AIRR-formatted files and then CDRs was assigned using ANARCI (Dunbar & Deane, 2016). 404 

CDRH1, CDRH3, and CDRH3 that have been assigned then concatenated into single pseudo-405 

sequences for later encoding into MMSeqs2 database format (Steinegger & Soding, 2017). Query 406 

sequences (11 enhancing antibodies) were also processed similarly. For each query sequence, 407 

database was searched using the minimum sequence identity cutoff. For each hit, pseudo-sequence 408 
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was separated into CDRH1, CDRH2, and CDRH3 then sequence identity for each CDR was 409 

evaluated (CDRH1, CDRH2, and CDRH3 cutoff 80, 80, and 60 %). 410 

 411 

Cell lines 412 

Expi293F cells (Thermo) were maintained in Expi293 expression medium (Gibco) supplemented 413 

with 100x dilution of 10,000 U/mL penicillin/streptomycin (Gibco) at 37℃ incubators under 8% 414 

CO2 and shaking at 125 rpm. 415 

 416 

Production of infection enhancing antibodies from COVID-19 patients and healthy donors 417 

sequence database 418 

Recombinant antibodies were produced as previously described (Liu et al., 2021). Briefly, the 419 

variable regions of sampled heavy chains from the COVID-19 patients and healthy donors were 420 

prepared by dsDNA synthesis (IDT) and cloned into pCAGGS vectors containing sequences of 421 

human IgG1 constant region. The light chains from known enhancing antibodies were synthesized 422 

and cloned into the pCAGGS vector containing the human immunoglobulin kappa constant region. 423 

To produce recombinant antibodies, vectors containing heavy chain sequence and light chain 424 

sequence from known antibodies were co-transfected into Expi293F cells (Thermo) and the 425 

supernatant was collected for further assay.  426 

 427 

Antibody binding assay  428 

Antibody binding to SARS-CoV-2 antigen was measured as previously described (Liu et al., 2021) 429 

with modification of antigen display cells from HEK293T to Expi293F (Thermo). The pME18S 430 

plasmid expressing Spike protein C-terminal retention signal deletion from Wuhan (WT), Delta, 431 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 11, 2022. ; https://doi.org/10.1101/2022.07.09.499414doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.09.499414
http://creativecommons.org/licenses/by-nc/4.0/


 
 

20 

and Omicron variant, Flag-NTD-PILR-TM, Flag-RBD-PILR-TM, and Flag-NTD (W64A, H66A, 432 

V213A, and R214A)-PILR-TM, were co-transfected with pMx plasmid expressing GFP as the 433 

marker to the Expi293F cells (Thermo). The transfectant cells were incubated with supernatant 434 

containing expressed antibodies for 30 minutes then followed by incubation with APC-anti-human 435 

IgG (H+L) antibody (Jackson ImmunoResearch, USA). Bound antibodies to the GFP-positive 436 

cells were then analyzed by flow cytometry (Attune NxT, Thermo).  437 

 438 

ACE2 binding enhancement assay 439 

The SARS-CoV-2 S-NTD binders were expressed and purified using protein A spin column 440 

(Cosmo Bio) and concentration was measured using ELISA. ACE2 binding enhancement to Spike 441 

WT, Delta, and Omicron variants in the presence of enhancing antibodies was measured. Briefly, 442 

Expi293F cells (Thermo) that express either Spike WT, Delta, or Omicron variant were incubated 443 

by 1 µg/mL antibodies for 30 minutes. Followed by ACE2-biotin at 1 µg/mL (RnD Systems) 444 

incubation for 30 minutes and then SA-APC (Biolegend) incubation for 1 hour. The amount of 445 

ACE2 that binds to Spike protein was measured using flow cytometry (Attune NxT, Thermo). Fold 446 

change was calculated by comparing the amount of bound ACE2 in the presence of antibodies and 447 

in the absence of antibodies. 448 

 449 

Quantification and Statistical Analysis 450 

Flow cytometry data were analyzed using FlowJo version 10.7 (BD Biosciences, USA).  GraphPad 451 

Prism version 9 was used for binding assay graph generation. Matplotlib (v. 3.3.4) and Seaborn (v. 452 

0.11.0) python packages were used to generate CDRs similarity and ACE2 enhancement graph 453 

and violin plot. Scipy (v. 1.7.3) was used to calculate Chi-square test. 454 
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Figure 1. Schematic illustration of bioinformatics pipeline for finding functionally similar 

antibodies 
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Figure 2. Finding enhancing antibodies from BCR sequencing data  

(A) Enhancing antibodies hits from BCR sequencing data of healthy unvaccinated, COVID-19, 

and healthy vaccinated donors. (B) Hits CDRH1-3 identity distribution. (C) Fraction of total clone 

count of hits. The violin plot shows the distribution of fraction of total clone count with the higher 

fraction represent clonal expansion. (D) Distribution of enhancing antibodies hits based on the 

similarity to known enhancing antibodies. 
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Figure 3. Sampling and testing the binding of hits to NTD 

(A) CDRH1-3 distribution of sampled heavy chains. (B) NTD binding of produced antibodies from 

COVID-19 patients. Bars above the red dashed line are considered to be NTD binders. (C) NTD 

binding of produced antibodies from healthy unvaccinated donors. (D) NTD binders found from 

sampled antibodies and binder true positive rate for healthy unvaccinated and COVID-19. (E) 

CDRH3 distribution of NTD binders and non-binders. 
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Figure 4. Enhancement of ACE2 binding to Spike protein in the present of antibodies 

ACE2 binding to Spike WT (A), Delta (B), Omicron variant (C) enhancement are observed in the 

present of sampled antibodies or isotype control (hIgG1). 
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