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Abstract 

Single domain shark VNAR antibodies can offer a viable alternative to conventional Ig-based monoclonal 

antibodies in treating COVID-19 disease during the current pandemic. Here we report the identification 

of neutralizing single domain VNAR antibodies selected against the SARS-CoV-2 spike protein derived from 

the Wuhan variant using phage display. We identified 56 unique binding clones that exhibited high affinity 

and specificity to the spike protein. Of those, 10 showed an ability to block both the spike protein receptor 

binding domain from the Wuhan variant and the N501Y mutant from interacting with recombinant ACE2 

receptor in vitro. In addition, 3 antibody clones retained in vitro blocking activity when the E484K spike 

protein mutant was used. The inhibitory property of the VNAR antibodies was further confirmed for all 10 

antibody clones using ACE2 expressing cells with spike protein from the Wuhan variant. The viral 

neutralizing potential of the VNAR clones was also confirmed for the 10 antibodies tested using live 

Wuhan variant virus in in vitro cell infectivity assays. Single domain VNAR antibodies due to their low 

complexity, small size, unique epitope recognition and formatting flexibility should be a useful adjunct to 

existing antibody approaches to treat COVID-19.    
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Introduction 

COVID-19 disease is caused by the transmission of severe acute respiratory syndrome coronavirus 

2 (SARS-CoV-2) and is associated with global infections leading to a high mortality. The pandemic is 

predicted to circulate worldwide for the foreseeable future. SARS-CoV-2 is a member of coronavirus family 

that shares nearly 80% sequence homology with SARS-CoV (1, 2). Similar to SARS-CoV, the spike (S) protein 

expressed on the surface of the SARS-CoV-2 virion engages with host cells through its receptor angiotensin 

converting enzyme 2 (ACE2), which results in fusion of the viral envelope with the cell membrane and 

entry into host cells (3, 4). The extracellular domain of the S protein consists of the S1 and S2 subunits, 

which mediate receptor binding and membrane fusion, respectively. S1 harbors the receptor binding 

domain (S1-RBD), which directly contacts ACE2 (5), and the heavily glycosylated N-terminal domain (S1-

NTD), which interacts with C-type lectin receptors (6, 7). Cell entry is driven by S2 and requires priming by 

cellular proteases that cleave the S protein between S1 and S2 subunits, and at S2’ site to allow membrane 

fusion (8, 9).  

Intensive efforts to develop vaccines against SARS-CoV-2 have largely been successful, using a wide array 

of innovative and traditional approaches, including adenovirus vector- and mRNA-based vaccines (10). 

While the rollout of vaccination programs shows very high level of protection in immunized populations, 

establishing long-term safety and efficacy of vaccines will require continuous monitoring of protection 

especially against newly emerging variants. As vaccine-induced immunity can be less effective in older 

populations and immunocompromised individuals, and can potentially trigger a harmful response in some 

cases (11), then passive immunization via the delivery of purified antibodies could provide a solution (12). 

The most clinically advanced monoclonal antibodies target the S1-RBD and were either developed from 

convalescent patients infected with SARS-CoV-2 (13-15) or by immunizing humanized mice against the S 

protein (16, 17). Besides monoclonal antibodies, single domain antibodies from human and camelid origin 

that target S1-RBD have also shown potent virus neutralization activity in vitro (18-20).  

The emergence of new variants is driven by mutation prone viral replication and selective mechanisms 

involving the human host. Thus, the emerging novel variants will be naturally selected for their ability to 

infect/reinfect the human population and escape the immune response. Consequently,  vaccination and 

passive immunization with Ig-based antibodies may add to the selection pressure and the emergence of 

new variants with escape potential leading to decreased protection (21).  

An alternative therapeutic approach using single domain shark VNAR antibodies could be of immense 

value. Due to their unique structure and characteristic protruding paratopes, VNAR antibodies can engage 

with  buried cryptic epitopes that are not available to conventional Ig-based antibodies (22-24). VNARs 
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are also not part of human immune response, thus would be more likely to retain neutralizing activity 

against new variants emerging naturally under selection pressure from Ig-based antibodies in an 

immunized or previously infected population. In addition, VNAR antibodies possess advantageous 

properties including small size, less complex structure, and a desirable chemical and thermal stability 

profile that allows for ease of manufacturing, storage without low temperature refrigeration, and a variety 

of formulation options including the inhalation route. 

Here, we report the identification of neutralizing single domain VNAR antibodies derived by bio-panning 

against the Spike protein from the SARS-CoV-2 Wuhan variant. The screens identified 10 VNAR antibodies 

that were shown in biochemical and cells-based assays to be highly effective in blocking the interaction 

of recombinant Spike protein with ACE2 receptor and were further confirmed to block live Wuhan variant 

virus using in vitro assays. All 10 clones retained high affinity binding and blocking activity against the S1-

RBD N501Y mutant, and 3 showed neutralizing activity against the S1-RBD E484K mutant. The VNAR 

antibodies directed against the SARS-CoV-2 spike protein expand the molecular toolbox of novel 

therapeutic approaches against COVID-19. 
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Methods and Materials 

Protein expression and purification. The S1 subunit (residues 16-685) and S1-RBD domain (residues 319-

541) of SARS-CoV-2 spike protein (NCBI Accession: YP 009724390.1) were synthesized and cloned into the 

pFUSE expression vector (InvivoGen). Both constructs contained an AVI-tag and a 6xHis tag at the C-

terminus separated by a single G4S linker. The ACE2 (UniProt entry: Q9BYF1) ectodomain (18-740) was 

synthesized with FLAG and 6xHis tags at the C-terminal end separated by a single G4S linker before cloning 

into the pFUSE vector. S1, S1-RBD and ACE2 recombinant proteins were expressed in Expi293 cells for 5 

days following transient transfection using Expifectamine 293 Transfection Kit (Thermo Fisher Scientific). 

Cell cultures were centrifuged at 4500g for 40 min, supernatants were collected and filtered on 0.45 µm 

membranes before being loaded on a HisTrap Excel column (Cytiva). After extensive washing, the proteins 

were eluted with 500 mM imidazole, concentrated and buffer exchanged to PBS pH 7.4 using HiPrep 26/10 

desalting columns. The quality of the purified proteins was assessed by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) and analytical size exclusion chromatography (SEC) using 

a Superdex 200 Increase 10/300 GL analytical column (Cytiva). 

 

Phage display selection campaign. Two different VNAR libraries based on type II VNAR nurse shark single 

domain antibody sequences were used for selections. The OSX3 library contained variable CDR3 lengths 

from  11 to 18 amino acids with a flexible position of the canonical cysteine in the CDR3 loop (25). The 

OSX6 library contained a single length CDR3 of 14 amino acid residues with a centrally fixed canonical 

cysteine within approximately 103 framework variants identified from naïve and immune libraries by next-

generation sequencing. Phage selections were performed against the S1-RBD domain (Trenzyme) and S1 

subunit of SARS-CoV-2 spike protein, which were biotinylated using EZ-Link Sulfo-NHS-Biotin reagent 

(Pierce). PEG/NaCl precipitated phage libraries blocked in 5% BSA in PBS were deselected with 

streptavidin magnetic beads prior to bio-panning against biotinylated S1 or S1-RBD. Phages bound to 

biotinylated target protein were captured by streptavidin coupled Dynabeads (Thermo Fisher Scientific), 

washed and eluted in 100 nM triethylamine. Eluted phages were adjusted to neutral pH and propagated 

in TG1 E. coli. M13KO7 helper phage was used to induce phage production for subsequent rounds of 

selection. The amount of antigen used in each subsequent selection round was 100, 50, and 25 nM for 

round 1, 2 and 3, respectively. 
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Phage ELISA. Individual clones were picked from agar plates and grown at 37°C with shaking in a 96-well 

block in 2YT media supplemented with 2% glucose and 100 µg/ml ampicillin until visible growth occurred. 

The cultures were super-infected with M13K07 helper phage (New England Biolab) for 1 hr and the media 

was replaced with 2YT media supplemented with 100 µg/ml ampicillin and 50 µg/ml kanamycin. After 16 

hr at 30°C, supernatants were collected by centrifugation and blocked in a final concentration of 2.5% 

milk in PBS with 0.1% Tween-20 (PBST) for 1 hr at room temperature (RT). High binding 96 well 

microplates (Greiner) were coated with 100 µl (5 µg/ml) of purified S1 or S1-RBD or commercial human 

serum albumin (HSA; Sigma-Aldrich) and incubated overnight at 4°C. Plates were blocked with 2.5% milk 

in PBST for 1 hr at RT. Blocked phage supernatants were transferred to blocked microplates and incubated 

for 1 hr followed by washing with PBST on a plate washer (BioTek). Anti-M13-HRP antibody (Sino 

Biological) was used for detection at 1:4000 dilution in blocking buffer. The reaction was developed with 

1-Step Ultra TMB-ELISA Substrate Solution (Thermo Fisher Scientific), stopped with 1% HCl and 

absorbance was measured at 450 nm on VarioSkan plate reader (Thermo Fisher Scientific). 

 

VNAR-Fc formatting. Unique VNAR clones that showed specific binding to the antigen in phage ELISA were 

identified by Sanger sequencing and cloned into the pFUSE expression vector. Expi293 cells were 

transiently transfected as VNAR human Fc fusions (VNAR-hFc) and produced following the manufacturer’s 

manual. After 5 days growth, cell cultures were centrifuged at 2,000 rpm for 10 min, supernatants were 

filtered using 0.22 µm membrane filters and loaded onto HiTrap MabSelect SuRe columns (Cytiva) pre-

equilibrated against PBS, pH 7.4. Protein A bound antibodies were eluted with 0.1 M Glycine, pH 3.5 and 

the buffer exchanged to PBS, pH 7.4 using HiPrep 26/10 desalting column (Cytiva). Purity of the purified 

protein samples was determined by analytical SEC and SDS-PAGE. 

 

Binding ELISA. To determine the binding EC50 of VNAR clones, high binding 96 well microplates (Greiner) 

were coated overnight at 4°C with 100 μl of S1, S1-RBD or HSA at 5 µg/ml and S1-RBD E484K and S1-RBD 

N501Y at 1 µg/ml. Plates were blocked for 1 hr at RT with 5% bovine serum albumin (BSA) in PBS before 

a 1 hr incubation with serially diluted VNAR-hFc antibodies or ACE2. The plates were washed, and binding 

was detected with an anti-human IgG (Fc specific) (1:5000 dilution, Sigma-Aldrich, A0170) or anti-FLAG 

(1:1000 dilution, Sigma-Aldrich, A8592) HRP-conjugated antibodies for VNAR-hFc antibodies or ACE2, 

respectively. The signal was developed with 1-Step™ Ultra TMB-ELISA substrate solution (Thermo Fisher 
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Scientific) and the reaction was stopped with 1% HCl. Absorbance measured at 450 nm and EC50 values 

were calculated by 4-parametric non-linear regression using GraphPad Prism 8.0.  

 

Blocking ELISA.  The IC50 was determined by ELISA as above except that serial dilutions of the VNAR-hFc 

antibodies were premixed with 1.4 nM of purified ACE2 prior to incubation in coated microtiter plates. 

ACE2 binding was measured with an anti-FLAG HRP conjugated antibody (Sigma-Aldrich, A8592) diluted 

1:1000.  

 

Epitope binning. Pairwise competition ELISA was used to perform epitope binning. Individual VNAR-hFcs 

were used as primary antibodies at 50 nM concentration and 100 μl volume to coat high binding 96 well 

microplates overnight at 4°C. After blocking in 5% BSA in PBS for 1 hr, 50 nM biotinylated S1-RBD alone or 

premixed with 500 nM secondary (competitor) VNAR-hFc antibodies were added to the plate pairwise. 

Binding of biotinylated S1-RBD to coated VNAR-hFc was detected by streptavidin-HRP (Merck Millipore, 

18-152). The signal intensities were collected for each primary VNAR-hFc antibody without competitor 

and compared to the signal when a competitor antibody was present. If the signal remained the same, it 

was defined as non-competitive, whereas if the signal was decreased by at least 20% it was defined as 

competitive.  

 

Flow cytometry. Expi293 cells were transiently transfected with ACE2 cloned into the pCMV3-C-GFPSpark 

expression vector (Sino Biological). Cells were incubated at 37°C in 8% CO2 shaking at 350 RPM for 48 hr. 

The collected cells were blocked in 2% BSA in PBS for 30 min at 4°C and then transferred to a 96 well V-

shape microplate (Greiner) at a density of 100,000 per well. S1 protein was biotinylated at the AVI-tag 

using the BirA biotin-protein ligase kit (Avidity Biosciences) and premixed at 5 nM with serial dilutions of 

VNAR-hFc antibodies for 1 hr at 4°C. Binding of S1 to ACE2 transfected cells was measured with an Alexa 

Fluor-647-conjugated streptavidin (Invitrogen, S21374) diluted 1:500 using a CytoFLEX flow cytometer 

(Beckman Coulter). After gating on cells expressing ACE2-GFP fusion protein in FL1 channel, median 

fluorescence intensity (MFI) of cells positive for S1 binding was used to determine IC50 by 4-parametric 

non-linear regression analysis using GraphPad Prism 8.0.  
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Viral neutralization. All studies with live virus were conducted in a certified BSL3 laboratory. Vero CCL81 

cells were seeded at a cell density of 100,000 cells per well in 48-well plates and incubated at 37°C in 

serum free OptiPro SFM (Thermo Fisher Scientific) for 24 hr before infection. The SARS-CoV-2 Wuhan 

strain propagated in Vero CCL81 cells was preincubated with or without VNAR-hFc antibodies for 10 min 

in OptiPro medium before incubation of prewashed Vero CCL81 cells with and without the mix for 1 hr at 

37°C.  Supernatants were transferred to Eppendorf tubes and inactivated with 560 µl of AVL buffer from 

QIAamp Viral RNA Mini Kit (Qiagen). The cells were washed and further incubated at 37°C for 48 hr before 

supernatant was again harvested and the virus inactivated in AVL buffer. Cell death was assessed by phase 

microscopy at the end of the experiment.  

Inactivated supernatants were transferred from the BSL3 lab and mRNA was isolated using the QIAamp 

Kit according to manufacturer’s protocol. Briefly, 560 µl absolute ethanol was added and loaded onto 

columns. After washes with AW1 and AW2 buffers, RNA was collected using 40 µl of Ambion nuclease 

free water (Thermo Fisher Scientific). Total RNA (5 µl) was used for cDNA synthesis and qPCR was 

performed in one step using QuantiTect Probe RT-PCR (Qiagen) on a StepOnePlus System (Applied 

Biosystems). The qPCR primers (Eurofins) were as follows: N1 forward GAC CCC AAA ATC AGC GAA AT, N1 

reverse TCT GGT TAC TGC CAG TTG AAT CTG and N1 Probe FAM-ACC CCG CAT TAC GTT TGG TGG ACC-

BHQ1. To assess RNA quality RNase P Primers were used: RP Forward AGA TTT GGA CCT GCG AGC G, RP 

Reverse GAG CGG CTG TCT CCA CAA GT and RP Probe FAM – TTC TGA CCT GAA GGC TCT GCG CG – BHQ-

1. qPCR primers were used at 0.4 µM with the probe at 0.2 µM and samples were incubated at 50°C for 

30 min, heated to 95°C for 15 min, followed by 45 cycles of 95°C for 3 sec and 55°C for 30 sec. Ct values 

obtained after 48 hr were subtracted from Ct values at the time of infection and the data normalized 

between untreated cells exposed to the virus set to 100% and cells that were not exposed to the virus 

(sham) set to 0%. 
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Results 

Isolation of single domain VNAR antibodies to SARS-CoV-2 spike protein 

Three consecutive rounds of in-solution bio-panning against biotinylated S1 and S1-RBD of SARS-CoV-2 

spike protein were performed using two VNAR semi-synthetic phage libraries, OSX3 and OSX6. A strong 

enrichment in phage titer was observed from selection round 1 to round 3 (Fig. 1A). The proportion of 

clones binding to S1 and S1-RBD increased substantially from round 2 to round 3 as tested by phage ELISA 

(Fig. 1B).  To assess the diversity and identify individual VNAR antibodies, the clones that showed specific 

binding to S1 or S1-RBD were sequenced. The diversity of clones was higher in round 2 in comparison to 

round 3 for both libraries (Fig. 1C). From round 3 outputs, 35 and 20 unique VNARs were identified for S1-

RBD and S1 selections, respectively. Whereas from round 2 outputs, 59 and 35 unique VNARs were 

confirmed for S1-RBD and S1 selections, respectively.  

In total 149 unique VNARs were reformatted to bivalent antibodies by fusing to human IgG1 Fc. The VNAR 

human Fc fusions (VNAR-hFc) were subsequently expressed in Expi293 cells and crude culture 

supernatants were used in binding ELISA for S1-RBD and S1 (Fig. 2 - shows representative 10 clones that 

were revealed to possess neutralizing activity in follow-up experiments). Of the reformatted VNAR-hFc 

antibodies, 60 retained strong binding to S1-RBD and/or S1 with OD >0.3 (approximately 3-4-fold over 

negative control) and 4 clones that showed nonspecific binding to HSA were removed from further 

analysis. Out of 56 specific clones, 37 and 19 originated from OSX3 and OSX6 library, respectively. Nine of 

the 56 clones showed binding to S1 but not S1-RBD suggesting that the epitope was present within S1-

NTD fragment.  

All specific VNAR-hFc antibodies were expressed at medium scale and purified by protein A 

chromatography. Final antibody purity was >90% as determined by SEC and SDS-PAGE. Binding affinity of 

the purified VNAR-hFc antibodies to S1-RBD and S1 was assessed by ELISA. Of the 56 clones tested, 47 

showed high EC50 binding affinities (<10nM) including the selected 10 clones with neutralizing activity (Fig. 

3A and B, and Table 1). Binding of these 10 VNAR-hFc antibodies was assessed against two key mutations 

in S1-RBD region, N501Y and E484K found in the newly emerged SARS-CoV-2 variants (26, 27). Binding of 

VNAR-hFc antibodies to S1-RBD N501Y remained comparable to S1-RBD from the original Wuhan variant 

except for 3ID10_16, which increased EC50 affinity by approximately 90-fold (Fig. 3B and C, and Table 1), 

whereas binding to S1-RBD E484K was reduced for all of the tested clones in comparison to S1-RBD (Fig. 

3D and Table 1). 

To assess the epitope coverage of the spike protein by the selected 10 VNAR antibodies, epitope binning 

ELISA was performed. ELISA plate was coated with the primary VNAR-hFc antibody at 50 nM 
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concentration, followed by incubation with either 50 nM biotinylated S1-RBD alone or a mixture of 50 nM 

biotinylated S1-RBD and 500 nM secondary VNAR-hFc antibody. After incubation, the plate was washed 

and streptavidin-HRP was used for detection of S1-RBD binding to immobilized primary antibody. Each 

primary antibody was tested against each secondary antibody for competition to S1-RBD binding and 

signal for no-secondary VNAR-hFc antibody was used as a reference control. Competition was defined as 

a signal decrease of at least 20% compared to the reference and indicated an overlap in the epitope bin 

between the antibodies, whereas the lack of competition suggested a unique bin. Overall, two bins were 

identified, with 9 out of 10 antibodies showing a shared overlapping bin and 1 antibody 3ID10_99 had a 

unique bin (Fig. 4).   

 

Inhibition of spike protein interaction with ACE2 

The binding EC50 affinities of S1-RBD Wuhan variant and the N501Y and E484K mutants to ACE2 were 

measured to set up a comparative in vitro inhibitory assay. Only minor differences in ELISA EC50 affinities 

were observed for binding to ACE2 receptor between S1-RBD and the mutants (Fig. 5 and Table 1). S1-

RBD N501Y showed higher EC50 affinity by approximately 2-fold whereas S1-RBD E484K was unchanged 

when compared to S1-RBD (Fig. 5 and Table 1). Purified VNAR-hFc antibodies were then tested in an 

inhibition ELISA for their ability to block the interaction of ACE2 with SARS-CoV-2 S1, S1-RBD or the 

mutants. The plates were coated with S1, S1-RBD or the mutants and incubated with serial dilutions of 

VNAR-hFc antibodies premixed with ACE2 at 1.4 nM. Out of 56 VNAR-hFc antibodies tested, 10 efficiently 

blocked the binding of ACE2 to S1 and S1-RBD with calculated IC50 values ranging from 2.1 to 36.5 and 7.5 

to 92 nM, respectively (Fig. 6A and B, and Table 2). All 10 clones retained blocking ability for S1-RBD N501Y 

and 8 of these showed similar blocking IC50 values when compared to S1-RBD. Clone 3ID10_40 showed 

reduced and clone 3ID10_96 showed improved IC50 inhibitory potential by approximately 22 and 20-fold, 

respectively (Fig. 6B and C, and Table 2). Two antibodies 3ID10_16 and 6ID10_75 blocked S1-RBD E484K 

with nearly identical IC50 when compared to S1-RBD (Fig. 6D and Table 2). Antibody clone 3ID10_99 

showed inhibitory activity in the ELISA assay; however, the curve did not fit non-linear regression analysis 

and did not produce a precise IC50 value, which was estimated to be 1-10 nM.  

The 10 VNAR-hFc antibodies that blocked binding of ACE2 to S1 or S1-RBD in the competition ELISA were 

further tested in a cell-based assay. Expi293 cells were transiently transfected with ACE2 fused to GFP, 

which allowed precise gating of transfected cells during the flow cytometry analysis. GFP was fused to the 

C-terminal end of cytoplasmic domain of ACE2 to minimize potential consequences to the structure of the 
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ectodomain, thus the ability to interact with recombinant S1 or S1-RBD proteins. The transiently 

transfected cells were incubated with biotinylated S1 or S1-RBD proteins at 5 nM concentration in the 

presence of serially diluted VNAR-hFc antibodies. Site-specific biotinylation of C-terminal AVI-tag present 

in the S1 and S1-RBD constructs minimized potential steric hindrance upon binding from the fluorophore-

conjugated streptavidin used for detection. The results showed that the tested VNAR-hFc antibodies were 

able to block S1 and S1-RBD binding to the cells expressing ACE2, which was in line with the in vitro 

competition by ELISA. The calculated IC50 values ranged from 40 nM to 1.6 µM, and from 75 nM to 1.8 µM 

for S1 and S1-RBD, respectively (Fig. 7 and Table 2).  

 

Virus neutralization assay 

The panel of 10 VNAR-hFc antibodies was further assessed for viral blocking using live SARS-CoV-2 Wuhan 

strain. The infection level of Vero CCL81 cells was determined by qPCR at the 48 hr timepoint post 

exposure. The assay was performed semi-quantitatively, using 5, 10, and 50 µg/ml (65, 130, and 650 nM) 

concentrations. A VNAR-hFc isotype control was included in the assay (used at 500 µg/ml (6.5 µM)) that 

showed no activity, whereas the 10 antibody clones tested were all able to prevent viral infection, of 

which 6 clones (6ID10_5, 6ID10_6, 6ID10_70, 6ID10_71, 6ID10_75, and 3ID10_99) showed ≥ 90% virus 

neutralization (Fig. 8). Consequently, it was concluded that applied screening and selection of clones that 

relied on in vitro and cell-based assay can accurately predict inhibitory potential when tested with the live 

virus.    

 

 

 

 

 

 

 

 

 

 

 

  

.CC-BY-ND 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 June 8, 2021. ; https://doi.org/10.1101/2021.06.08.447530doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.08.447530
http://creativecommons.org/licenses/by-nd/4.0/


12 

 

Discussion  

In early 2020 the WHO officially declared COVID-19 as a pandemic. Since then, joint efforts by both public 

and private research institutions have led to the generation of an unprecedented amount of data 

regarding disease pathogenesis, epidemiology, virus structure and phylogenetics, its interaction with the 

host and most importantly the development of vaccines and other therapeutics such as antibodies. It has 

been found that the RBD fragment of the SARS-CoV-2 Spike protein binds with high affinity to the human 

and bat ACE2 receptors (28). As such the protein and specifically the S1-RBD domain became the focus of 

R&D efforts for developing vaccines and antibody therapeutics. A number of potent vaccines have been 

approved for human use by a large number of national drug regulatory authorities (29, 30). In addition, 

therapeutic antibodies isolated by a number of strategies have been approved and are currently used in 

the severely ill (16, 31, 32). Single domain antibody platforms of human and camelid (VHH) sources also 

showed promise in generating potent virus inhibitors (18, 19, 33, 34). In the current study, we have 

assessed the ability of the shark single domain VNAR platform to deliver target specific, neutralizing 

antibodies against SARS-CoV-2.  

We targeted both the S1-RBD domain and the whole S1 subunit of the spike protein to isolate VNAR 

antibodies from our libraries using phage display. Both selection campaigns led to the generation of 56 

target specific binders. Antibodies isolated from the S1-RBD selection campaign bound specifically to the 

S1-RBD domain, as did the majority of antibodies isolated using the S1 subunit. Only 9 antibody clones 

interacted with non-RBD regions of the S1 subunit suggesting the immunodominance of S1-RBD over S1-

NTD region. This indicates that future antibody selection efforts to develop blocking antibodies directed 

towards non-RBD regions should be conducted with recombinant constructs lacking RBD. EC50 binding 

ELISA revealed 47 low- and sub-nanomolar binders to the S1-RBD domain. In the following ELISA and cell-

based neutralization assays, 10 of the tested VNAR-hFc antibodies were able to disrupt engagement of S1 

and S1-RBD to the ACE2 receptor. This inhibitory effect was confirmed for all 10 clones tested in a semi-

quantitative assay in which Vero CCL81 cells were exposed to live SARS-CoV-2 virus of the Wuhan strain. 

Results of this assay showed good correlation with the preceding in vitro biochemical and cell-based 

assays.  The live virus neutralization data was produced using VNAR-hFc antibodies at 5, 10, and 50 µg/ml 

(65, 130, and 650 nM) concentrations with comparable blocking activities. Future experiments could 

further examine the neutralizing potency of VNARs using serially diluted VNAR-hFc antibodies in the live 

virus assay. 

Low resolution epitope binning was performed by competition ELISA and revealed two non-overlapping 

epitope bins in the S1-RBD domain recognized by VNAR-hFc antibodies. Of the 10 antibodies tested, 9 
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competed against each other for the overlapping epitopes and only one (3ID10_99) occupied a separate 

epitope bin. While the assay helped to identify the presence of at least two epitopes targeted by VNAR-

hFc antibodies, the fact that the antibodies from a shared bin showed unique specificity profile for S1-RBD 

and mutants and unique blocking activity in vitro strongly suggests the tested VNAR-hFc antibodies 

occupied multiple epitopes. The observed competition in the ELISA binning assay was most likely affected 

by steric hindrance and would require a follow up assessment with high resolution approaches, such as 

alanine scanning mutagenesis. 

A recent development in COVID-19 pandemic is the emergence of distinct phylogenetic virus clusters in 

geographically distant regions. RNA viruses, including SARS-CoV-2 are prone to mutations in the viral 

genome during replication. Some mutations are advantageous, allowing the virus to transmit more 

efficiently or escape the neutralizing effects of antibodies and other components of the host immune 

system. SARS-CoV-2 lineages in circulation were suggested to accumulate 1-2 nucleotide mutations per 

month (35). Studies indicated the accumulation of high mutation rates, including deletions and non-

synonymous nucleotide changes, particularly in chronically infected COVID-19 patients with a deficient or 

suppressed immune system (36, 37). Presently most of the newly reported cases are attributed to 3 novel 

variants of the virus, lineage B.1.1.7/501Y.V1 (Kent), lineage B.1.351/501Y.V2 (South African), and lineage 

P.1 (Brazilian). The three clusters share some of the mutations linked with viral escape, including N501Y 

(B.1.1.7, B.1.351 and P.1), E484K (B.1.351 and P.1) and K417N/T (B.1.351 and P.1). Neutralizing antibodies 

targeting S1-RBD are broadly grouped into 4 classes (38). Antibodies in class 1 mainly form contacts 

around residues K417 and N501 and are therefore liable to mutations at these sites. Class 2 antibodies 

interact with the S1-RBD residue E484, as a result the E484K mutation confers resistance to this class of 

neutralizing antibodies (31, 39-42). 

Given that the VNAR-hFc antibodies here were selected against S1 and S1-RBD derived from the ancestral 

SARS-CoV-2 (Wuhan strain), we wanted to understand how they would perform against the newly 

detected variants of the virus. The N501 residue is part of the binding loop of S1-RBD at the interface with 

human ACE2, forming a hydrogen bond with Y41 and stabilizing K353 on human ACE2 (43-46). The N501Y 

mutation was shown by deep mutation scanning to enhance binding affinity to ACE2 and to increase 

infectivity and virulence in a mouse model (47, 48). Our results showed that the N501Y mutation in S1-

RBD had no effect on binding and blocking ability of the majority of tested VNAR-hFc antibodies. Only 

3ID10_16 showed a 90-fold increase in EC50 binding affinity, and clones 3ID10_40 or 3ID10_96 each 

showed about 20-fold reduction or increase in IC50 blocking values, respectively.  
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The E484 residue of S1-RBD that directly interacts with K31 on ACE2 modestly enhances binding affinity 

to ACE2 (48). The E484K mutation was reported to abolish one of the salt bridges otherwise formed 

between ACE2 and S1-RBD (49). This mutation has been increasingly associated with reduced efficacy of 

vaccines and therapeutic antibodies, particularly with the B.1.351 and P.1 variants (50-53). Of the 10 

VNAR-hFc antibodies tested against S1-RBD E484K, 3 showed reduction in EC50 binding but without losing 

their IC50 blocking activity. Given high correlation between in vitro blocking assays using recombinant 

proteins and live virus neutralizing potential when performed with the Wuhan variant, it can be expected 

that some of the VNAR-hFc antibodies would retain their blocking activity when tested against live virus 

containing N501Y and E484K mutations.  

In summary, our work presents a new and novel class of single-domain antibodies against SARS-CoV-2 

that are highly specific, and able to neutralize the ancestral SARS-CoV-2. The VNAR-hFc antibodies were 

also able to block S1-RBD with N501Y or E484K mutations in vitro, thus are expected to retain neutralizing 

potential towards virus variants that carry those substitutions.  
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Abbreviations 

ACE2, angiotensin converting enzyme 2; CDR3, complementarity-determining region 3; HSA, human 

serum albumin; NTD, N-terminal domain; RBD, receptor binding domain; RT, room temperature; SEC, 

size-exclusion chromatography; VNAR, variable domain of new antigen receptors; S, spike protein; SARS-

CoV-2, severe acute respiratory syndrome coronavirus 2; SDS-PAGE, sodium dodecyl sulfate 

polyacrylamide gel electrophoresis.  
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Tables 

 

Table 1: ELISA-based EC50 binding affinity shown for select VNAR-hFc antibodies and ACE2 against S1, S1-

RBD, S1-RBD N501Y and S1-RBD E484K. The values were calculated using 4-parametric non-linear 

regression model and presented as molar values. n.a. – data not available 

  ELISA EC50 [M] 

VNAR-hFc S1 S1-RBD S1-RBD N501Y S1-RBD E484K 

6ID10_5 3.8E-10 5.5E-10 2.7E-10 1.6E-07 

6ID10_6 2.8E-10 2.9E-10 2.9E-10 6.4E-08 

3ID10_16 5.4E-10 8.9E-09 1.0E-10 6.3E-08 

3ID10_40 n.a. 1.4E-09 8.0E-09 3.2E-08 

6ID10_70 7.6E-09 6.0E-10 3.2E-09 >1E-07 

6ID10_71 4.4E-09 5.2E-10 9.3E-10 >1E-06 

6ID10_75 4.1E-09 1.7E-09 1.7E-09 2.7E-08 

3ID10_96 7.2E-10 3.2E-10 3.0E-10 >1E-06 

3ID10_99 8.5E-09 4.9E-10 3.1E-09 3.1E-07 

6ID10_113 4.6E-10 3.9E-10 3.4E-10 >1E-06 

ACE2 n.a. 2.8E-09 1.5E-09 2.5E-09 
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Table 2: ELISA-based IC50 blocking activity shown for select VNAR-hFc antibodies against S1, S1-RBD, S1-

RBD N501Y and S1-RBD E484K. Cell-based blocking activity was performed with transiently transfected 

cells expressing ACE2 and VNAR-hFc antibodies against S1 or S1-RBD and was assessed by flow cytometry. 

The values were calculated using 4-parametric non-linear regression model and presented as molar 

values. n.d. - not detected, * – approximated value due to poor fit to non-linear regression model. 

 

  ELISA IC50 [M] Cell assay IC50 [M] 

VNAR-hFc S1 S1-RBD S1-RBD N501Y S1-RBD E484K S1 S1-RBD 

6ID10_5 2.6E-09 5.0E-09 6.5E-09 n.d. 5.9E-08 1.5E-07 

6ID10_6 3.9E-09 6.4E-09 6.9E-09 n.d. 9.4E-08 1.2E-08 

3ID10_16 2.1E-09 7.5E-09 2.8E-08 6.9E-09 9.6E-08 7.5E-08 

3ID10_40 2.8E-08 2.2E-08 5.0E-07 n.d. 7.7E-07 4.6E-07 

6ID10_70 6.1E-09 7.7E-09 2.7E-08 n.d. 2.1E-07 1.7E-07 

6ID10_71 1.4E-08 1.2E-08 1.5E-08 n.d. 2.8E-07 9.9E-07 

6ID10_75 1.8E-08 1.5E-08 9.9E-09 1.5E-08 2.1E-07 2.1E-06 

3ID10_96 6.0E-09 8.8E-09 4.4E-10 n.d. 1.8E-07 6.1E-07 

3ID10_99 3.7E-08 9.2E-08 2.3E-07 1-10E-08* 8.3E-07 3.1E-07 

6ID10_113 2.5E-09 6.1E-09 1.2E-08 n.d. 8.6E-08 7.9E-08 
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Figures 
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Figure 1. Isolation of SARS-CoV-2 specific VNARs.  

(A) Output titers for OSX3 and OSX6 libraries were calculated individually for each round of selection and 

presented as colony forming units (cfu) for the selection campaigns with S1 or S1-RBD. (B) Hit rate for 

rounds 2 and 3 determined by phage ELISA and expressed as the percentage of VNAR clones that 

specifically bound to S1-RBD or S1 with at least 3-fold signal over negative control. (C) VNARs that bound 

to S1 were sequenced and diversity was calculated as the percentage of unique clones after each round 

of selection.   
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Figure 2. Binding ELISA of VNARs after reformatting to bivalent VNAR-hFc antibodies.  

VNAR-hFc antibodies were expressed in small scale and crude supernatant samples were tested by ELISA 

for binding to S1-RBD, S1 and HSA.  Data presented as OD measured at 450nm.  
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Figure 3. ELISA EC50 binding affinity of select VNAR-hFc antibodies to Wuhan and mutant spike proteins.  

ELISA was used to determine EC50 values for individual VNAR-hFc antibodies to (A) S1, (B) S1-RBD, (C) S1-

RBD N501Y, and (D) S1-RBD E484K. Microplates were coated with different spike proteins and incubated 

with serially diluted VNAR-hFc antibodies followed by detection with HRP conjugated anti-human Fc 

antibody. The developed plates were read at 450nm and OD was used for 4-parametric non-linear 

regression model to calculate EC50 values (see Table 1).  
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Figure 4. Epitope binning of VNAR-hFc antibodies by competition ELISA.  

Primary VNAR-hFc antibodies were used to coat ELISA microplates, followed by addition of S1-RBD or 

premixed biotinylated S1-RBD and secondary VNAR-hFc antibodies as potential competitor. Binding of 

biotinylated S1-RBD to immobilized VNAR-hFc antibodies was detected by streptavidin-HRP. Signal for 

wells lacking secondary VNAR-hFc antibody was used as a reference control for each primary antibody. 

Signal decrease of at least 20% in comparison to reference control indicated a competition marked in red 

and suggested overlapping epitope. Green color shows the lack of competition, thus a unique epitope. 
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Figure 5. ELISA-based EC50 binding affinity of spike mutants to ACE2.  

ELISA was used to determine EC50 values for ACE2 binding to S1-RBD, S1-RBD N501Y or S1-RBD E484K.  

Microplates were coated with spike proteins and incubated with serially diluted ACE2 followed by 

detection with anti-FLAG-HRP used for ACE2 detection. The developed plates were read at 450nm and 

normalized OD was used for 4-parametric non-linear regression model to calculate EC50 values (see Table 

1).    
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Figure 6. ELISA-based IC50 blocking activity of select VNAR-hFc antibodies.  

ELISA was used to determine IC50 blocking values for individual VNAR-hFc antibodies against (A) S1, (B) 

S1-RBD, (C) S1-RBD N501Y, and (D) S1-RBD E484K. Microplates were coated with spike proteins and 

incubated with serially diluted VNAR-hFc antibodies premixed with ACE2 at 1.4 nM concentration 

followed by detection with anti-FLAG-HRP used for ACE2 detection. The developed plates were read at 

450nm and normalized OD was used for 4-parametric non-linear regression model to calculate IC50 values 

(see Table 2).   
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Figure 7. Cell-based IC50 blocking activity of select VNAR-hFc antibodies.  

Flow cytometry was used to determine IC50 blocking values for individual VNAR-hFc antibodies against S1. 

ACE2 with GFP fusion was transiently expressed in Expi293 cells for 48 hours following transfection. Cells 

were blocked before incubation with serially diluted VNAR-hFc antibodies premixed with biotinylated S1 

at 5 nM concentration. Cells were washed and binding of S1 was detected with Alexa-Fluor-647-

conjugated streptavidin. Cells expressing ACE2 were gated for GFP fluorescence in FL1 channel. Median 

fluorescence intensity (MFI) of transfected cell population was used to determine IC50 by 4-parametric 

non-linear regression model (see Table 2).   
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Figure 8. Live SARS-CoV-2 virus neutralization by VNAR-hFc antibodies. 

Live SARS-CoV-2 virus neutralization mediated by VNAR-hFc antibodies was performed using Vero CCL81 

cells. SARS-CoV-2 Wuhan strain was preincubated with VNAR-hFc antibodies at 5, 10, and 50 µg/ml (65, 

130, and 650 nM) or VNAR isotype control at 500 µg/ml (6.5 µM) concentration for 48 hr and viral load 

was determined using qPCR. Blocking activity was determined relative to cells treated with the virus in 

the absence of VNAR antibodies. Plotted ΔCt values represent the mean of three technical repeats, ±SD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

.CC-BY-ND 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 June 8, 2021. ; https://doi.org/10.1101/2021.06.08.447530doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.08.447530
http://creativecommons.org/licenses/by-nd/4.0/


26 

 

References 

1. Zhou, P., Yang, X. L., Wang, X. G., Hu, B., Zhang, L., Zhang, W., Si, H. R., Zhu, Y., Li, B., Huang, C. 

L., Chen, H. D., Chen, J., Luo, Y., Guo, H., Jiang, R. D., Liu, M. Q., Chen, Y., Shen, X. R., Wang, X., 

Zheng, X. S., Zhao, K., Chen, Q. J., Deng, F., Liu, L. L., Yan, B., Zhan, F. X., Wang, Y. Y., Xiao, G. F., 

and Shi, Z. L. (2020) A pneumonia outbreak associated with a new coronavirus of probable bat 

origin. Nature 579, 270-273 

2. Zhu, N., Zhang, D., Wang, W., Li, X., Yang, B., Song, J., Zhao, X., Huang, B., Shi, W., Lu, R., Niu, P., 

Zhan, F., Ma, X., Wang, D., Xu, W., Wu, G., Gao, G. F., Tan, W., China Novel Coronavirus, I., and 

Research, T. (2020) A Novel Coronavirus from Patients with Pneumonia in China, 2019. The New 

England journal of medicine 382, 727-733 

3. Letko, M., Marzi, A., and Munster, V. (2020) Functional assessment of cell entry and receptor 

usage for SARS-CoV-2 and other lineage B betacoronaviruses. Nature microbiology 5, 562-569 

4. Wrapp, D., Wang, N., Corbett, K. S., Goldsmith, J. A., Hsieh, C. L., Abiona, O., Graham, B. S., and 

McLellan, J. S. (2020) Cryo-EM structure of the 2019-nCoV spike in the prefusion conformation. 

Science 367, 1260-1263 

5. Yan, R., Zhang, Y., Li, Y., Xia, L., Guo, Y., and Zhou, Q. (2020) Structural basis for the recognition 

of SARS-CoV-2 by full-length human ACE2. Science 367, 1444-1448 

6. Amraie, R., Napoleon, M. A., Yin, W., Berrigan, J., Suder, E., Zhao, G., Olejnik, J., Gummuluru, S., 

Muhlberger, E., Chitalia, V., and Rahimi, N. (2020) CD209L/L-SIGN and CD209/DC-SIGN act as 

receptors for SARS-CoV-2 and are differentially expressed in lung and kidney epithelial and 

endothelial cells. bioRxiv doi: 10.1101/2020.06.22.165803   

7. Gao, C., Zeng, J., Jia, N., Stavenhagen, K., Matsumoto, Y., Zhang, H., Li, J., Hume, A. J., 

Muhlberger, E., van Die, I., Kwan, J., Tantisira, K., Emili, A., and Cummings, R. D. (2020) SARS-

CoV-2 Spike Protein Interacts with Multiple Innate Immune Receptors. bioRxiv doi: 

10.1101/2020.07.29.227462 

8. Hoffmann, M., Kleine-Weber, H., and Pohlmann, S. (2020) A Multibasic Cleavage Site in the 

Spike Protein of SARS-CoV-2 Is Essential for Infection of Human Lung Cells. Molecular cell 78, 

779-784 e775 

9. Hoffmann, M., Kleine-Weber, H., Schroeder, S., Kruger, N., Herrler, T., Erichsen, S., Schiergens, T. 

S., Herrler, G., Wu, N. H., Nitsche, A., Muller, M. A., Drosten, C., and Pohlmann, S. (2020) SARS-

CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease 

Inhibitor. Cell 181, 271-280 e278 

10. Krammer, F. (2020) SARS-CoV-2 vaccines in development. Nature 586, 516-527 

11. Jeyanathan, M., Afkhami, S., Smaill, F., Miller, M. S., Lichty, B. D., and Xing, Z. (2020) 

Immunological considerations for COVID-19 vaccine strategies. Nature reviews. Immunology 20, 

615-632 

12. Yang, L., Liu, W., Yu, X., Wu, M., Reichert, J. M., and Ho, M. (2020) COVID-19 antibody 

therapeutics tracker: a global online database of antibody therapeutics for the prevention and 

treatment of COVID-19. Antibody therapeutics 3, 205-212 

13. Baum, A., Ajithdoss, D., Copin, R., Zhou, A., Lanza, K., Negron, N., Ni, M., Wei, Y., Mohammadi, 

K., Musser, B., Atwal, G. S., Oyejide, A., Goez-Gazi, Y., Dutton, J., Clemmons, E., Staples, H. M., 

Bartley, C., Klaffke, B., Alfson, K., Gazi, M., Gonzalez, O., Dick, E., Jr., Carrion, R., Jr., Pessaint, L., 

Porto, M., Cook, A., Brown, R., Ali, V., Greenhouse, J., Taylor, T., Andersen, H., Lewis, M. G., 

Stahl, N., Murphy, A. J., Yancopoulos, G. D., and Kyratsous, C. A. (2020) REGN-COV2 antibodies 

prevent and treat SARS-CoV-2 infection in rhesus macaques and hamsters. Science 370, 1110-

1115 

14. Cao, Y., Su, B., Guo, X., Sun, W., Deng, Y., Bao, L., Zhu, Q., Zhang, X., Zheng, Y., Geng, C., Chai, X., 

He, R., Li, X., Lv, Q., Zhu, H., Deng, W., Xu, Y., Wang, Y., Qiao, L., Tan, Y., Song, L., Wang, G., Du, 

.CC-BY-ND 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 June 8, 2021. ; https://doi.org/10.1101/2021.06.08.447530doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.08.447530
http://creativecommons.org/licenses/by-nd/4.0/


27 

 

X., Gao, N., Liu, J., Xiao, J., Su, X. D., Du, Z., Feng, Y., Qin, C., Qin, C., Jin, R., and Xie, X. S. (2020) 

Potent Neutralizing Antibodies against SARS-CoV-2 Identified by High-Throughput Single-Cell 

Sequencing of Convalescent Patients' B Cells. Cell 182, 73-84 e16 

15. Liu, L., Wang, P., Nair, M. S., Yu, J., Rapp, M., Wang, Q., Luo, Y., Chan, J. F., Sahi, V., Figueroa, A., 

Guo, X. V., Cerutti, G., Bimela, J., Gorman, J., Zhou, T., Chen, Z., Yuen, K. Y., Kwong, P. D., 

Sodroski, J. G., Yin, M. T., Sheng, Z., Huang, Y., Shapiro, L., and Ho, D. D. (2020) Potent 

neutralizing antibodies against multiple epitopes on SARS-CoV-2 spike. Nature 584, 450-456 

16. Hansen, J., Baum, A., Pascal, K. E., Russo, V., Giordano, S., Wloga, E., Fulton, B. O., Yan, Y., Koon, 

K., Patel, K., Chung, K. M., Hermann, A., Ullman, E., Cruz, J., Rafique, A., Huang, T., Fairhurst, J., 

Libertiny, C., Malbec, M., Lee, W. Y., Welsh, R., Farr, G., Pennington, S., Deshpande, D., Cheng, J., 

Watty, A., Bouffard, P., Babb, R., Levenkova, N., Chen, C., Zhang, B., Romero Hernandez, A., 

Saotome, K., Zhou, Y., Franklin, M., Sivapalasingam, S., Lye, D. C., Weston, S., Logue, J., Haupt, 

R., Frieman, M., Chen, G., Olson, W., Murphy, A. J., Stahl, N., Yancopoulos, G. D., and Kyratsous, 

C. A. (2020) Studies in humanized mice and convalescent humans yield a SARS-CoV-2 antibody 

cocktail. Science 369, 1010-1014 

17. Wang, C., Li, W., Drabek, D., Okba, N. M. A., van Haperen, R., Osterhaus, A., van Kuppeveld, F. J. 

M., Haagmans, B. L., Grosveld, F., and Bosch, B. J. (2020) A human monoclonal antibody blocking 

SARS-CoV-2 infection. Nature communications 11, 2251 

18. Chi, X., Liu, X., Wang, C., Zhang, X., Li, X., Hou, J., Ren, L., Jin, Q., Wang, J., and Yang, W. (2020) 

Humanized single domain antibodies neutralize SARS-CoV-2 by targeting the spike receptor 

binding domain. Nat Commun 11, 4528 

19. Hanke, L., Vidakovics Perez, L., Sheward, D. J., Das, H., Schulte, T., Moliner-Morro, A., Corcoran, 

M., Achour, A., Karlsson Hedestam, G. B., Hallberg, B. M., Murrell, B., and McInerney, G. M. 

(2020) An alpaca nanobody neutralizes SARS-CoV-2 by blocking receptor interaction. Nat 

Commun 11, 4420 

20. Wrapp, D., De Vlieger, D., Corbett, K. S., Torres, G. M., Wang, N., Van Breedam, W., Roose, K., 

van Schie, L., Team, V.-C. C.-R., Hoffmann, M., Pohlmann, S., Graham, B. S., Callewaert, N., 

Schepens, B., Saelens, X., and McLellan, J. S. (2020) Structural Basis for Potent Neutralization of 

Betacoronaviruses by Single-Domain Camelid Antibodies. Cell 181, 1436-1441 

21. Sahin, U., Muik, A., Derhovanessian, E., Vogler, I., Kranz, L. M., Vormehr, M., Baum, A., Pascal, K., 

Quandt, J., Maurus, D., Brachtendorf, S., Lorks, V., Sikorski, J., Hilker, R., Becker, D., Eller, A. K., 

Grutzner, J., Boesler, C., Rosenbaum, C., Kuhnle, M. C., Luxemburger, U., Kemmer-Bruck, A., 

Langer, D., Bexon, M., Bolte, S., Kariko, K., Palanche, T., Fischer, B., Schultz, A., Shi, P. Y., Fontes-

Garfias, C., Perez, J. L., Swanson, K. A., Loschko, J., Scully, I. L., Cutler, M., Kalina, W., Kyratsous, 

C. A., Cooper, D., Dormitzer, P. R., Jansen, K. U., and Tureci, O. (2020) COVID-19 vaccine 

BNT162b1 elicits human antibody and TH1 T cell responses. Nature 586, 594-599 

22. Al Qaraghuli, M. M., and Ferro, V. A. (2017) Analysis of the binding loops configuration and 

surface adaptation of different crystallized single-domain antibodies in response to various 

antigens. Journal of molecular recognition : JMR 30 (4): e2592 

23. Stanfield, R. L., Dooley, H., Flajnik, M. F., and Wilson, I. A. (2004) Crystal structure of a shark 

single-domain antibody V region in complex with lysozyme. Science 305, 1770-1773 

24. Zielonka, S., Empting, M., Grzeschik, J., Konning, D., Barelle, C. J., and Kolmar, H. (2015) 

Structural insights and biomedical potential of IgNAR scaffolds from sharks. mAbs 7, 15-25 

25. Hasler, J., Rutkowski, J., Inventor; Ossianix, Inc, assignee. Semi‐synthetic nurse shark VNAR 
libraries for making and using selective binding compounds. US patent 10,479,990 B2. July 13, 

2017. 

26. Rambaut, A., Pybus, O., Barclay, W., Barrett, J., Carabelli, A., Connor, T., Peacock, T., Robertson, 

D.L., Volz, E., on behalf of COVID-19 Genomics Consortium UK (CoG-UK) (2020) Preliminary 

.CC-BY-ND 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 June 8, 2021. ; https://doi.org/10.1101/2021.06.08.447530doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.08.447530
http://creativecommons.org/licenses/by-nd/4.0/


28 

 

genomic characterisation of an emergent SARS-CoV-2 lineage in the UK defined by a novel set of 

spike mutations. https://virological.org/t/preliminary-genomic-characterisation-of-an-

emergent-sars-cov-2-lineage-in-the-uk-defined-by-a-novel-set-of-spike-mutations/563. 

27. Tegally, H., Wilkinson, E., Giovanetti, M., Iranzadeh, A., Fonseca, V., Giandhari, J., Doolabh, D., 

Pillay, S., San, E. J., Msomi, N., Mlisana, K., von Gottberg, A., Walaza, S., Allam, M., Ismail, A., 

Mohale, T., Glass, A. J., Engelbrecht, S., Van Zyl, G., Preiser, W., Petruccione, F., Sigal, A., Hardie, 

D., Marais, G., Hsiao, M., Korsman, S., Davies, M.-A., Tyers, L., Mudau, I., York, D., Maslo, C., 

Goedhals, D., Abrahams, S., Laguda-Akingba, O., Alisoltani-Dehkordi, A., Godzik, A., Wibmer, C. 

K., Sewell, B. T., Lourenço, J., Alcantara, L. C. J., Pond, S. L. K., Weaver, S., Martin, D., Lessells, R. 

J., Bhiman, J. N., Williamson, C., and de Oliveira, T. (2020) Emergence and rapid spread of a new 

severe acute respiratory syndrome-related coronavirus 2 (SARS-CoV-2) lineage with multiple 

spike mutations in South Africa. medRxiv, doi: 2020.2012.2021.20248640 

28. Tai, W., He, L., Zhang, X., Pu, J., Voronin, D., Jiang, S., Zhou, Y., and Du, L. (2020) Characterization 

of the receptor-binding domain (RBD) of 2019 novel coronavirus: implication for development of 

RBD protein as a viral attachment inhibitor and vaccine. Cellular & molecular immunology 17, 

613-620 

29. Vaccine Centre, L. S. o. H. a. T. M. (2021) COVID-19 vaccine development pipeline Vol. 2021; 

https://vac-lshtm.shinyapps.io/ncov_vaccine_landscape/#. Accessed 25.02.2021, 2021. 

30. WHO (2021) The COVID-19 candidate vaccine landscape and tracker.  Vol. 2021; 

https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines. 

Accessed 25.02.2021, 2021. 

31. Baum, A., Fulton, B. O., Wloga, E., Copin, R., Pascal, K. E., Russo, V., Giordano, S., Lanza, K., 

Negron, N., Ni, M., Wei, Y., Atwal, G. S., Murphy, A. J., Stahl, N., Yancopoulos, G. D., and 

Kyratsous, C. A. (2020) Antibody cocktail to SARS-CoV-2 spike protein prevents rapid mutational 

escape seen with individual antibodies. Science 369, 1014-1018 

32. Lilly, E. (2020) Lilly announces 650,000 additional doses of neutralizing antibody bamlanivimab 

(LY-CoV555) purchased by U.S. government to treat COVID-19.  Vol. 2021; 

https://investor.lilly.com/news-releases/news-release-details/lilly-announces-650000-

additional-doses-neutralizing-antibody. Accessed 25.02.2021, 2021. 

33. Wrapp, D., De Vlieger, D., Corbett, K. S., Torres, G. M., Wang, N., Van Breedam, W., Roose, K., 

van Schie, L., Team, V.-C. C.-R., Hoffmann, M., Pohlmann, S., Graham, B. S., Callewaert, N., 

Schepens, B., Saelens, X., and McLellan, J. S. (2020) Structural Basis for Potent Neutralization of 

Betacoronaviruses by Single-Domain Camelid Antibodies. Cell 181, 1004-1015 e1015 

34. Wu, Y., Li, C., Xia, S., Tian, X., Kong, Y., Wang, Z., Gu, C., Zhang, R., Tu, C., Xie, Y., Yang, Z., Lu, L., 

Jiang, S., and Ying, T. (2020) Identification of Human Single-Domain Antibodies against SARS-

CoV-2. Cell Host Microbe 27, 891-898 e895 

35. Duchene, S., Featherstone, L., Haritopoulou-Sinanidou, M., Rambaut, A., Lemey, P., and Baele, 

G. (2020) Temporal signal and the phylodynamic threshold of SARS-CoV-2. Virus evolution 6, 

veaa061 

36. Avanzato, V. A., Matson, M. J., Seifert, S. N., Pryce, R., Williamson, B. N., Anzick, S. L., Barbian, K., 

Judson, S. D., Fischer, E. R., Martens, C., Bowden, T. A., de Wit, E., Riedo, F. X., and Munster, V. J. 

(2020) Case Study: Prolonged Infectious SARS-CoV-2 Shedding from an Asymptomatic 

Immunocompromised Individual with Cancer. Cell 183, 1901-1912 e1909 

37. Choi, B., Choudhary, M. C., Regan, J., Sparks, J. A., Padera, R. F., Qiu, X., Solomon, I. H., Kuo, H. 

H., Boucau, J., Bowman, K., Adhikari, U. D., Winkler, M. L., Mueller, A. A., Hsu, T. Y., Desjardins, 

M., Baden, L. R., Chan, B. T., Walker, B. D., Lichterfeld, M., Brigl, M., Kwon, D. S., Kanjilal, S., 

Richardson, E. T., Jonsson, A. H., Alter, G., Barczak, A. K., Hanage, W. P., Yu, X. G., Gaiha, G. D., 

.CC-BY-ND 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 June 8, 2021. ; https://doi.org/10.1101/2021.06.08.447530doi: bioRxiv preprint 

http://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines
https://doi.org/10.1101/2021.06.08.447530
http://creativecommons.org/licenses/by-nd/4.0/


29 

 

Seaman, M. S., Cernadas, M., and Li, J. Z. (2020) Persistence and Evolution of SARS-CoV-2 in an 

Immunocompromised Host. The New England journal of medicine 383, 2291-2293 

38. Barnes, C. O., Jette, C. A., Abernathy, M. E., Dam, K. A., Esswein, S. R., Gristick, H. B., Malyutin, A. 

G., Sharaf, N. G., Huey-Tubman, K. E., Lee, Y. E., Robbiani, D. F., Nussenzweig, M. C., West, A. P., 

Jr., and Bjorkman, P. J. (2020) SARS-CoV-2 neutralizing antibody structures inform therapeutic 

strategies. Nature 588, 682-687 

39. Greaney, A. J., Starr, T. N., Gilchuk, P., Zost, S. J., Binshtein, E., Loes, A. N., Hilton, S. K., 

Huddleston, J., Eguia, R., Crawford, K. H. D., Dingens, A. S., Nargi, R. S., Sutton, R. E., 

Suryadevara, N., Rothlauf, P. W., Liu, Z., Whelan, S. P. J., Carnahan, R. H., Crowe, J. E., Jr., and 

Bloom, J. D. (2021) Complete Mapping of Mutations to the SARS-CoV-2 Spike Receptor-Binding 

Domain that Escape Antibody Recognition. Cell host & microbe 29, 44-57 e49 

40. Liu, Z., VanBlargan, L. A., Bloyet, L. M., Rothlauf, P. W., Chen, R. E., Stumpf, S., Zhao, H., Errico, J. 

M., Theel, E. S., Liebeskind, M. J., Alford, B., Buchser, W. J., Ellebedy, A. H., Fremont, D. H., 

Diamond, M. S., and Whelan, S. P. J. (2020) Landscape analysis of escape variants identifies 

SARS-CoV-2 spike mutations that attenuate monoclonal and serum antibody neutralization. 

bioRxiv doi: 10.1101/2020.11.06.372037  

41. Piccoli, L., Park, Y. J., Tortorici, M. A., Czudnochowski, N., Walls, A. C., Beltramello, M., Silacci-

Fregni, C., Pinto, D., Rosen, L. E., Bowen, J. E., Acton, O. J., Jaconi, S., Guarino, B., Minola, A., 

Zatta, F., Sprugasci, N., Bassi, J., Peter, A., De Marco, A., Nix, J. C., Mele, F., Jovic, S., Rodriguez, 

B. F., Gupta, S. V., Jin, F., Piumatti, G., Lo Presti, G., Pellanda, A. F., Biggiogero, M., Tarkowski, M., 

Pizzuto, M. S., Cameroni, E., Havenar-Daughton, C., Smithey, M., Hong, D., Lepori, V., Albanese, 

E., Ceschi, A., Bernasconi, E., Elzi, L., Ferrari, P., Garzoni, C., Riva, A., Snell, G., Sallusto, F., Fink, 

K., Virgin, H. W., Lanzavecchia, A., Corti, D., and Veesler, D. (2020) Mapping Neutralizing and 

Immunodominant Sites on the SARS-CoV-2 Spike Receptor-Binding Domain by Structure-Guided 

High-Resolution Serology. Cell 183, 1024-1042 e1021 

42. Weisblum, Y., Schmidt, F., Zhang, F., DaSilva, J., Poston, D., Lorenzi, J. C., Muecksch, F., 

Rutkowska, M., Hoffmann, H. H., Michailidis, E., Gaebler, C., Agudelo, M., Cho, A., Wang, Z., 

Gazumyan, A., Cipolla, M., Luchsinger, L., Hillyer, C. D., Caskey, M., Robbiani, D. F., Rice, C. M., 

Nussenzweig, M. C., Hatziioannou, T., and Bieniasz, P. D. (2020) Escape from neutralizing 

antibodies by SARS-CoV-2 spike protein variants. eLife 9 

43. Lan, J., Ge, J., Yu, J., Shan, S., Zhou, H., Fan, S., Zhang, Q., Shi, X., Wang, Q., Zhang, L., and Wang, 

X. (2020) Structure of the SARS-CoV-2 spike receptor-binding domain bound to the ACE2 

receptor. Nature 581, 215-220 

44. Shang, J., Ye, G., Shi, K., Wan, Y., Luo, C., Aihara, H., Geng, Q., Auerbach, A., and Li, F. (2020) 

Structural basis of receptor recognition by SARS-CoV-2. Nature 581, 221-224 

45. Wang, Y., Liu, M., and Gao, J. (2020) Enhanced receptor binding of SARS-CoV-2 through 

networks of hydrogen-bonding and hydrophobic interactions. Proceedings of the National 

Academy of Sciences of the United States of America 117, 13967-13974 

46. Yi, C., Sun, X., Ye, J., Ding, L., Liu, M., Yang, Z., Lu, X., Zhang, Y., Ma, L., Gu, W., Qu, A., Xu, J., Shi, 

Z., Ling, Z., and Sun, B. (2020) Key residues of the receptor binding motif in the spike protein of 

SARS-CoV-2 that interact with ACE2 and neutralizing antibodies. Cellular & molecular 

immunology 17, 621-630 

47. Gu, H., Chen, Q., Yang, G., He, L., Fan, H., Deng, Y. Q., Wang, Y., Teng, Y., Zhao, Z., Cui, Y., Li, Y., 

Li, X. F., Li, J., Zhang, N. N., Yang, X., Chen, S., Guo, Y., Zhao, G., Wang, X., Luo, D. Y., Wang, H., 

Yang, X., Li, Y., Han, G., He, Y., Zhou, X., Geng, S., Sheng, X., Jiang, S., Sun, S., Qin, C. F., and Zhou, 

Y. (2020) Adaptation of SARS-CoV-2 in BALB/c mice for testing vaccine efficacy. Science 369, 

1603-1607 

.CC-BY-ND 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 June 8, 2021. ; https://doi.org/10.1101/2021.06.08.447530doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.08.447530
http://creativecommons.org/licenses/by-nd/4.0/


30 

 

48. Starr, T. N., Greaney, A. J., Hilton, S. K., Ellis, D., Crawford, K. H. D., Dingens, A. S., Navarro, M. J., 

Bowen, J. E., Tortorici, M. A., Walls, A. C., King, N. P., Veesler, D., and Bloom, J. D. (2020) Deep 

Mutational Scanning of SARS-CoV-2 Receptor Binding Domain Reveals Constraints on Folding 

and ACE2 Binding. Cell 182, 1295-1310 e1220 

49. Cheng, M. H., Krieger, J. M., Kaynak, B., Arditi, M., and Bahar, I. (2021) Impact of South African 

501.V2 Variant on SARS-CoV-2 Spike Infectivity and Neutralization: A Structure-based 

Computational Assessment. bioRxiv doi: 10.1101/2021.01.10.426143 

50. Wu, K., Werner, A. P., Moliva, J. I., Koch, M., Choi, A., Stewart-Jones, G. B. E., Bennett, H., 

Boyoglu-Barnum, S., Shi, W., Graham, B. S., Carfi, A., Corbett, K. S., Seder, R. A., and Edwards, D. 

K. (2021) mRNA-1273 vaccine induces neutralizing antibodies against spike mutants from global 

SARS-CoV-2 variants. bioRxiv doi: 10.1101/2021.01.25.427948  

51. Xie, X., Liu, Y., Liu, J., Zhang, X., Zou, J., Fontes-Garfias, C. R., Xia, H., Swanson, K. A., Cutler, M., 

Cooper, D., Menachery, V. D., Weaver, S. C., Dormitzer, P. R., and Shi, P. Y. (2021) Neutralization 

of SARS-CoV-2 spike 69/70 deletion, E484K and N501Y variants by BNT162b2 vaccine-elicited 

sera. Nature medicine 27, 620–621 

52. Wang, Z., Schmidt, F., Weisblum, Y., Muecksch, F., Barnes, C. O., Finkin, S., Schaefer-Babajew, D., 

Cipolla, M., Gaebler, C., Lieberman, J. A., Oliveira, T. Y., Yang, Z., Abernathy, M. E., Huey-

Tubman, K. E., Hurley, A., Turroja, M., West, K. A., Gordon, K., Millard, K. G., Ramos, V., Silva, J. 

D., Xu, J., Colbert, R. A., Patel, R., Dizon, J., Unson-O'Brien, C., Shimeliovich, I., Gazumyan, A., 

Caskey, M., Bjorkman, P. J., Casellas, R., Hatziioannou, T., Bieniasz, P. D., and Nussenzweig, M. C. 

(2021) mRNA vaccine-elicited antibodies to SARS-CoV-2 and circulating variants. Nature 

592, 616–622 

53. Mahase, E. (2021) Covid-19: Novavax vaccine efficacy is 86% against UK variant and 60% against 

South African variant. Bmj 372, n296 

 

 

.CC-BY-ND 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 June 8, 2021. ; https://doi.org/10.1101/2021.06.08.447530doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.08.447530
http://creativecommons.org/licenses/by-nd/4.0/



