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 2 

ABSTRACT 27 

Recombinant neutralizing antibodies (nAbs) derived from recovered patients have proven to be 28 

effective therapeutics for COVID-19. Here, we describe the use of advanced protein engineering 29 

and modular design principles to develop tetravalent synthetic nAbs that mimic the multi-valency 30 

exhibited by IgA molecules, which are especially effective natural inhibitors of viral disease. At 31 

the same time, these nAbs display high affinity and modularity typical of IgG molecules, which 32 

are the preferred format for drugs. We show that highly specific tetravalent nAbs can be 33 

produced at large scale and possess stability and specificity comparable to approved antibody 34 

drugs. Moreover, structural studies reveal that the best nAb targets the host receptor binding 35 

site of the virus spike protein, and thus, its tetravalent version can block virus infection with a 36 

potency that exceeds that of the bivalent IgG by an order of magnitude. Design principles defined 37 

here can be readily applied to any antibody drug, including IgGs that are showing efficacy in 38 

clinical trials. Thus, our results present a general framework to develop potent antiviral therapies 39 

against COVID-19, and the strategy can be readily deployed in response to future pathogenic 40 

threats. 41 
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INTRODUCTION 44 

As of October 30, 2020, the ongoing COVID-19 viral pandemic has tallied more than 45 

44,000,000 confirmed infections and caused over 1,100,000 deaths (www.who.int). Moreover, 46 

the highly infectious nature of the disease has imposed severe economic hardship across the 47 

world due to the need for social distancing and lockdown measures. Despite intensive global 48 

efforts, no effective vaccines have yet been approved, and a number of repurposed drugs have 49 

shown only limited or uncertain efficacy1,2. Thus, there is an urgent need for potent targeted 50 

therapies that can inhibit the SARS-CoV-2 virus directly, by blocking either its entry into host cells 51 

or its replication and subsequent release from cells. 52 

Several lines of evidence suggest that SARS-CoV-2 neutralizing antibodies (nAbs) that bind 53 

directly to the virus and inhibit entry into host cells have therapeutic potential. First, many 54 

infected individuals either remain asymptomatic or recover rapidly with only minimal symptoms, 55 

and the plasma from these patients usually contains nAbs3,4. Second, transfer of plasma 56 

containing nAbs from convalescent patients to symptomatic patients has been beneficial in some 57 

cases5–7. Third, recombinant nAbs that inhibit the interaction between SARS-CoV-2 and host cells 58 

confer protection in cell-based assays and animal models8,9, and efficacy has also been observed 59 

for nAbs targeting the related coronaviruses SARS-CoV10–12 and MERS13. Consequently, a number 60 

of nAbs have entered clinical trials as post-infection treatment of COVID-19 associated with SARS-61 

CoV-2 (Clinicaltrials.gov - NCT04452318, NCT04497987). 62 

 SARS-CoV-2 virions contain 25-100 glycosylated spike (S) proteins that protrude from the 63 

virus surface14,15. Surface-associated S proteins bind to angiotensin-converting enzyme 2 (ACE2) 64 

to mediate host cell entry16. The S protein contains two subunits (S1 and S2) and forms a 65 

homotrimer. The receptor binding domain (RBD), located in the C-terminal region of the S1 66 

subunit, recognizes ACE2 on host cells; binding facilitates cleavage of the S2 subunit by cell-67 

surface proteases, which in turn promotes fusion and internalization of the virus16. The most 68 

potent nAbs against both SARS-CoV-2 and SARS-CoV block ACE2 through direct competition for 69 

binding to the RBD17–21. Consequently, we focused our efforts on developing Abs that bound to 70 

the RBD and competed with ACE2. 71 
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To date, all clinically advanced candidate nAbs against SARS-CoV-2 infection have been 72 

derived by cloning from B-cells of recovered COVID-19 patients or from other natural 73 

sources9,17,19–23. Here, we applied an alternative strategy using in vitro selections with phage-74 

displayed libraries of synthetic Abs built on a single human framework derived from the highly 75 

validated drug trastuzumab. This approach enabled the rapid production of high affinity nAbs 76 

with properties optimized for drug development. Moreover, the use of a highly stable framework 77 

enabled facile and modular design of ultra-high affinity nAbs in tetravalent formats that retained 78 

favorable drug-like properties and exhibited neutralization potencies that greatly exceeded those 79 

of the bivalent IgG format. These methods provide a general means to rapidly improve the 80 

potency of virtually any nAb targeting SARS-CoV-2 and its relatives, and thus, our strategy can be 81 

applied to improve COVID-19 therapies and can be adapted in response to future pathogenic 82 

threats.  83 

 84 
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RESULTS 86 

Engineering of anti-RBD Fabs and IgGs 87 
Using a phage-displayed human antigen-binding fragment (Fab) library similar to the 88 

highly validated library F24, we performed four rounds of selection for binding to the biotinylated 89 

RBD of SARS-CoV-2 immobilized on streptavidin-coated plates. Screening of 384 clones for 90 

binding to CoV-2 RBD, revealed 348 Fab-phage clones that bound to the RBD but not to 91 

streptavidin.  Fab-phage were screened by ELISA and those that exhibited >50% loss in binding 92 

to RBD in the presence of 200 nM ACE2 were sequenced, revealing 34 unique clones (Fig. 1A), 93 

deemed to be potential nAbs and converted into the full-length human IgG1 format for 94 

purification and functional characterization.  95 

To estimate affinities, ELISAs were performed with serial dilutions of IgG protein binding 96 

to biotinylated S protein trimer captured with immobilized streptavidin, and these assays showed 97 

that three IgGs bound with EC50 values in the sub-nanomolar range (Fig. 1B,C and Table 1). ELISAs 98 

also confirmed that each IgG could partially block the binding of biotinylated ACE2 to immobilized 99 

S protein (Fig. 1D). Moreover, similar to the highly specific IgG trastuzumab, ELISAs showed that 100 

the three IgGs did not bind to seven immobilized proteins that are known to exhibit high non-101 

specific binding to some IgGs, and lack of binding to these proteins has been shown to be 102 

predictive of good pharmacokinetics in vivo (Fig. 1E)25,26.  We also used biolayer interferometry 103 

(BLI) to measure binding kinetics and determine avidities more accurately, and all three 104 

antibodies exhibited sub-nanomolar dissociation constants (Table 1, Fig. S1), in close accord with 105 

the estimates determined by ELISA. IgG 15033 exhibited the highest avidity, which was mainly 106 

due to a two- or seven-fold faster on-rate than IgG 15031 or 15032, respectively, and thus, we 107 

focused further efforts on this Ab. 108 

We took advantage of the precision design of our synthetic Ab library to rapidly improve 109 

the affinity of Ab 15033. The synthetic library was designed with tailored diversification of key 110 

positions in all three heavy chain complementarity-determining regions (CDRs) and the third CDR 111 

of the light chain (CDR-L3). Consequently, we reasoned that the already high affinity of Ab 15033 112 

could be further improved by recombining the heavy chain with a library of light chains with naïve 113 

diversity in CDR-L3. Following selection for binding to the RBD, the light chain library yielded 114 
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numerous variants, 17 of which were purified in the IgG format and analyzed by BLI (Fig. S2). 115 

Several of the variant light chains resulted in IgGs with improved binding compared with IgG 116 

15033, and in particular, IgG 15033-7 (Fig. 1B) exhibited significantly improved avidity (KD = 300 117 

or 39 pM, respectively) due to an off-rate that was an order of magnitude slower (Table 1, Fig. 118 

S2). 119 

 120 

Structural analysis of Fabs in complex with the RBD and the S protein 121 

To understand the molecular basis for antagonism of ACE2 binding, we solved the X-ray 122 

crystal structures of the SARS-CoV-2 RBD in complex with Fab 15033 or 15033-7 at 3.2 or 3.0 Å 123 

resolution, respectively (Fig. 2A). As expected, backbone superposition showed that the two 124 

complexes were essentially identical (RMSD = 0.17 Å).  However, there were differences in side 125 

chain interactions due to sequence differences in the CDR-L3 loop, which explained the enhanced 126 

affinity of Fab 15033-7 compared with Fab 15033 (Fig. 2B). Although the side chains of Tyr108L in 127 

Fab 15033 and His108L in Fab 15033-7 both make hydrogen bonds with the side chain of Tyr473 in 128 

the RBD, the bond mediated by His108L is shorter, and thus, likely to be stronger. Moreover, in 129 

Fab 15033-7, the side chain of His108L also makes an intramolecular hydrogen bond with the side 130 

chain of Thr109L, which Tyr108L and Arg109L are incapable of making in Fab 15033, and this 131 

interaction may stabilize the CDR-L3 loop of Fab 15033-7 in a conformation that is favorable for 132 

antigen recognition. Thus, the crystal structures show that the two substitutions in the CDR-L3 133 

loop of Fab 15033-7 relative to Fab 15033 act in a cooperative manner to mediate favorable 134 

intermolecular contacts with the RBD, and also, intramolecular interactions that stabilize the loop 135 

in a conformation that may be better positioned to interact with the RBD.  136 

We next analyzed the structures to understand how the Abs could function as antagonists 137 

of RBD binding to ACE2. Binding of Fab 15033-7 to the RBD involves an extensive interface, with 138 

1130 and 1112 Å2 of surface area buried on the epitope or paratope, respectively, and 59% or 139 

41% of the structural paratope is formed by the light or heavy chain, respectively (Fig. 2C). 140 

Comparison of the Fab and ACE2 epitopes on the RBD revealed extensive overlap, with 79% or 141 

69% of the Fab or ACE2 epitope occluded by the other ligand (Fig. 2C). Thus, direct steric 142 

hinderance explains the blockade of ACE2 binding by Fabs 15033 and 15033-7 (Fig. 1D).  143 
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We also used cryogenic electron microscopy to visualize Fab 15033 in complex with the S 144 

protein trimer (Fig. S3A). This analysis revealed that all three RBDs in a single trimer were 145 

positioned in an “up” conformation, which was similar to the conformation bound to ACE2, and 146 

the three RBDs were bound to three Fab molecules. Notably, the C-termini of the three Fabs were 147 

positioned close to each other and pointed away from the S protein, suggesting that a single IgG 148 

may be able to present two Fabs in a manner that would enable simultaneous engagement of 149 

two RBDs on a single S protein.   Indeed, this was confirmed in single particle negative stain 150 

electron micrographs of IgG 15033 and the S protein, which revealed that the two Fabs of a single 151 

IgG bound two RBDs on a single S protein trimer with a pincer-like grip (Fig. S3B). Taken together, 152 

the X-ray crystallography and electron microscopy showed that Fabs 15033 and 15033-7 block 153 

ACE2 binding to RBD by direct steric hinderance, and simultaneous binding of Fabs to multiple 154 

RBDs on the S protein trimer enables the IgGs to inhibit ACE2 binding with enhanced potency due 155 

to avidity.   156 

 157 

Engineering of tetravalent nAbs with enhanced avidities 158 

Next, we explored whether we could further enhance the avidity of nAbs by taking 159 

advantage of modular design strategies to engineer tetravalent formats. Each SARS-CoV-2 160 

particle displays multiple S protein trimers, suggesting that multivalent Fab binding could 161 

enhance avidity, especially since a single IgG 15033 molecule can utilize both Fab arms to bind a 162 

single S protein trimer. We reasoned that additional Fab arms added to an IgG may further 163 

enhance avidity by interacting with RBDs on S protein trimers close to the trimer engaged by the 164 

core IgG. Thus, we designed tetravalent versions of 15033 and 15033-7 by fusing additional Fabs 165 

to either the N- or C- terminus of the IgG heavy chain to construct molecules termed Fab-IgG or 166 

IgG-Fab, respectively (Fig. 3A). Consistent with our hypothesis, the tetravalent molecules 167 

exhibited higher avidity, and consequently, greatly reduced off rates compared with their 168 

bivalent counterparts, and dissociation constants were in the low single-digit picomolar range 169 

(Fig. 3B, Table 1).  170 

Our ultimate aim was to produce therapeutic Abs that could be used to treat COVID-19 in 171 

patients. Aside from high affinity and specificity, effective Ab drugs must also possess favorable 172 
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biophysical properties including high yields from recombinant expression in mammalian cells, 173 

high thermodynamic stability, and lack of aggregation and excessive hydrophobic surface area. 174 

All IgGs and tetravalent molecules were produced in high yields by transient expression in 175 

Expi293F cells (160-200 mg/L, Table 1). All proteins were highly thermostable with melting 176 

temperatures of the CH3/Fab domain ranging from 81-87 oC, which exceeded the melting 177 

temperature of the trastuzumab Fab (79.5 oC, Table 1). Size exclusion chromatography revealed 178 

that all IgGs eluted as a predominant monodisperse single peak with elution volumes nearly 179 

identical to that of trastuzumab (Fig. 3C and Table 1), and the monomeric fraction was calculated 180 

to be 91 to >95% (Table 1). All tetravalent molecules also eluted as single peaks in advance of 181 

trastuzumab, consistent with their larger molecular weights. IgG and tetravalent versions of both 182 

15033 and 15033-7 could be purified to near homogeneity by protein-A affinity chromatography, 183 

as evidenced by SDS-PAGE (Fig. 3D). Taken together, these analyses demonstrate that the IgGs 184 

and their tetravalent derivatives possess good drug-like biophysical properties, which should 185 

facilitate drug development at large scale. 186 

 187 

Inhibition of SARS-CoV-2 infection in cell-based assays 188 

We assessed the effects of the nAbs on virus infection in a neutralization assay that 189 

measured the infection of ACE2-expressing Vero E6 cells with the SARS-CoV-2 strain 2019 n-190 

CoV/USA_WA1/2020. All three high affinity nAbs from the naïve library (Fig. 1) exhibited dose-191 

dependent neutralization of SARS-CoV-2 infection, confirming their neutralization capacity 192 

(Table 1). Consistent with affinities, IgG 15033 was most potent with an IC50 of 3.5 nM, and its 193 

potency was confirmed with the observation of strong neutralization of a second SARS-CoV-2 194 

strain (2019-nCoV/Italy-INMI1, data not shown). Moreover, the tetravalent Fab-IgG and IgG-Fab 195 

versions of 15033 exhibited improved potencies with IC50 values of 320 or 320 pM, respectively 196 

(Fig. 4A and Table 1). The optimized IgG 15033-7 also exhibited high neutralizing potency with 197 

an IC50 of 790 pM and its tetravalent Fab-IgG and IgG-Fab versions exhibited the best potencies 198 

of all molecules tested with IC50 values of 100 or 61 pM, respectively. Taken together, these 199 

results showed that naïve synthetic Ab libraries can yield highly potent nAbs with excellent drug-200 
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like properties, and further optimization and engineering of tetravalent formats can produce 201 

drug-like molecules with ultra-high potencies beyond those of bivalent IgGs. 202 

 203 

Resistance to potential viral escape mutants 204 

To explore neutralization of potential escape mutants, we generated HIV-gag-based 205 

lentivirus-like particle (VLPs) pseudotyped with the SARS-CoV-2 S protein. We confirmed ACE2-206 

dependent uptake of the pseudotyped VLPs by HEK-293 cells stably over-expressing exogenous 207 

ACE2, and we showed that uptake was inhibited by either Fc-tagged RBD (RBD-Fc) or IgG 15033. 208 

Within this system, we generated a panel of 44 pseudotyped VLP variants, each containing a 209 

single alanine substitution at an RBD position within or close to the ACE2-binding site. Twenty of 210 

these VLP variants exhibited a >4-fold reduction in internalization compared with the wild-type 211 

(wt) VLP, suggesting that these wt side chains contributed favorably to the interaction between 212 

the RBD and ACE2. The remaining 24 VLP variants were internalized with high efficiency, and 213 

these represent good mimics of escape mutants, which maintain strong ACE2-mediated 214 

infectivity but may potentially reduce binding to nAbs that compete directly with ACE2. 215 

With the panel of 24 VLP variants that mimicked potential escape mutants, we surveyed 216 

the effects on cellular uptake after treatment with various nAbs (Fig. 4B). We defined as escape 217 

mutants those VLP variants for which cellular uptake in the presence of 50 nM nAb was >5% of 218 

the uptake in the absence of the nAb. Based on this definition, we found that 6 of the mutations 219 

enabled escape from IgG 15033, whereas only three mutations enabled escape from IgG 15033-220 

7. Presenting the 15033 paratope in tetravalent formats resulted in nAbs that could neutralize 221 

more variants than IgG 15033, and most importantly, tetravalent nAbs containing the 15033-7 222 

paratope strongly neutralized all variants except one. As expected, these results showed that 223 

enhancing the avidity of the IgG paratope for the S protein enhanced both potency and resistance 224 

to escape mutations. Moreover, similar enhancements were also achieved by the presentation 225 

of paratopes in tetravalent rather than bivalent formats, and the most effective nAbs were those 226 

that presented the optimized paratope in the tetravalent format. 227 

 228 

 229 
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DISCUSSION 230 

SARS-CoV-2 has wreaked havoc on global health and economics, and along with its relatives 231 

SARS-CoV and MERS, has shown that viral outbreaks and pandemics will continue to plague the 232 

world in the future. Consequently, it is essential for the scientific community to adapt the most 233 

advanced drug development technologies to combat not only COVID-19, but also, pathogenic 234 

disease in general. In this context, we have deployed advanced synthetic antibody engineering 235 

to rapidly develop human nAbs, which are potent therapeutic candidates in the natural IgG 236 

format, and are even better neutralizing agents in the synthetic tetravalent formats that our 237 

modular design strategies enable. Most importantly, the enhanced affinities and potencies 238 

afforded by tetravalent nAbs are achieved without compromising any of the favorable 239 

characteristics that make IgG molecules ideal drugs. Moreover, tetravalent nAbs resist potential 240 

escape mutants, which further augments the power of these molecules as drugs to combat not 241 

only SARS-CoV-2, but also, its relatives that may emerge in the future. 242 

 COVID-19 has also exposed the need for drug development to respond to viral outbreaks 243 

in real time, to prevent the global spread of viral pathogens to the point where a pandemic 244 

threatens the entire global community. In this regard, the most rapid method for drug 245 

development to combat COVID-19 has proven to be the manufacture of nAbs isolated from 246 

infected patients by B cell cloning. Several reports have now shown that these technologies can 247 

deliver drug-grade therapeutic nAbs for manufacturing and subsequent clinical trials in 248 

approximately six months17,27. These extraordinarily rapid drug development timelines set a 249 

benchmark for alternative technologies. 250 

 With our platform, we show that synthetic in vitro antibody engineering holds up well 251 

against B cell cloning, both in terms of speed and quality of drug development. Our project was 252 

initiated at the beginning of April, 2020 when we identified our first naïve Ab leads targeting the 253 

SARS-CoV-2 S protein. Within a month, we had validated lead IgG molecules as neutralizing 254 

agents in cell-based assays with authentic virus. In parallel, we initiated further selections to 255 

optimize the Fab 15033 paratope, which yielded our best lead nAb 15033-7, and we reformatted 256 

this lead in to the tetravalent formats that further enhanced potency. By the beginning of 257 

October, we had established manufacturing-grade stable cells capable of producing multi-gram 258 
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quantities of drug-grade nAbs from a litre of culture, in both the IgG and tetravalent formats. We 259 

are now manufacturing our best nAb for clinical trials. Thus, we have shown that synthetic Ab 260 

engineering technologies can match the six-month lead-to-manufacture timelines established by 261 

methods based on cloning of natural nAbs, and further improvements are possible by further 262 

streamlining of key development steps. 263 

 Moreover, synthetic engineering technologies hold key advantages over natural cloning 264 

methods. First, synthetic engineering offers exquisite control over Ab design; as we have shown, 265 

optimal frameworks and diversity designs can ensure that candidate therapeutics possess 266 

biophysical properties that are ideal for drug development. Also, the use of highly stable 267 

frameworks facilitates the rapid construction of complex tetravalent formats that enhance 268 

potency while retaining favorable drug-like properties. Perhaps most importantly, synthetic 269 

methods can overcome a fundamental limitation of technologies that depend on natural 270 

repertoires, namely, the need for infected patients as a source of drug leads. By its very nature, 271 

B cell cloning is a reactive technology that can only be implemented once a viral outbreak is 272 

underway, and this places a fundamental limit on the time required for drug development. With 273 

synthetic in vitro methods, drug development can proceed in a proactive manner, as 274 

development and stockpiling of potential therapeutics in advance of outbreaks is feasible. 275 

Indeed, large-scale sequencing efforts have provided unprecedented access to the genomes of 276 

thousands of SARS-CoV-2 relatives and other pathogens that may be poised to cause future 277 

outbreaks28,29. With our methods, we have shown that it is feasible to develop synthetic Abs 278 

targeting hundreds of antigens in parallel30, and thus, it is entirely feasible to target in advance 279 

the myriad pathogens that may pose future health risks. Working within a collaborative 280 

international network, we have initiated efforts with this aim. 281 

 282 

  283 
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 285 

METHODS AND MATERIALS 286 

Cells 287 

Cells were maintained in humidified environments at 37 °C in 5% CO2 in the indicated media. Vero 288 

E6 (ATCC), HEK293T (ATCC) and HEK293T cells stably overexpressing ACE2 were maintained at 37 289 

°C in 5% CO2 in DMEM containing 10% (vol/vol) FBS. Expi293F cells (ThermoFisher) were 290 

maintained at 37 °C in 8% CO2 in Expi293F expression media (ThermoFisher). 291 

 292 

Protein Production 293 

The previously reported piggyBac transposase-based expression plasmid PB-T-PAF31 containing a 294 

CMV promotor (PB-CMV) and a woodchuck hepatitis virus posttranscriptional regulatory element 295 

(WPRE) was used for large-scale transient expression. cDNA encoding the SARS-CoV-2 spike 296 

ectodomain trimer (residues 1-1211), followed by a foldon trimerization motif32, a 6xHis tag and 297 

an AviTag biotinylation motif33 was cloned in to the PB-CMV vector using standard molecular 298 

biology techniques and residues 682–685 (RRAR) and 986–987 (KV) were mutated to SSAS and 299 

two proline residues to remove the furin cleavage site on the SARS-CoV-2 spike protein and 300 

stabilize the pre-fusion form of the spike34, respectively.  The SARS-CoV-2 receptor binding 301 

domain (RBD, residues 328-528), the soluble human ACE2 construct (residues 19-615), and the 302 

SARS-CoV RBD (residues 315-514), each followed by a 6xHis tag and an AviTag, were similarly 303 

cloned in to the same vector. For expression, PB-CMV expression constructs were mixed with 304 

Opti-MEM media (Gibco) containing 293fectin reagent (Thermo Fisher) and the mixture 305 

incubated for 5 min before addition to the shaker flask containing 106 Freestyle 293-F cells/mL 306 

grown in suspension in Freestyle 293 expression media (Thermo Fisher). Expression was allowed 307 

to continue for 6 days before purification.   308 

 309 

Protein purification and in vitro biotinylation 310 

Expressed proteins were harvested from expression medium by binding to Ni-NTA affinity resin 311 

eluted with 1X PBS containing 300 mM imidazole and 0.1% (v/v) protease inhibitor cocktail 312 

(Sigma), then further purified by size-exclusion chromatography.  For the RBDs and ACE2, a 313 
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Superdex 200 Increase (GE healthcare) column was used.  For the spike ectodomain, a Superose 314 

6 Increase (GE healthcare) column was used.  Purified proteins were site-specifically biotinylated 315 

in a reaction with 200 µM biotin, 500 µM ATP, 500 µM MgCl2, 30 µg/mL BirA, 0.1% (v/v) protease 316 

inhibitor cocktail and not more than 100 µM of the protein-AviTag substrate. The reactions were 317 

incubated at 30 °C for 2 hours and biotinylated proteins then purified by size-exclusion 318 

chromatography. 319 

 320 

Phage panning 321 

A validated, synthetic, phage-displayed antibody library24 was panned on SARS-CoV-2 spike RBD 322 

in solution. In each round, phage library was first depleted on neutravidin immobilized in wells 323 

of a 96 Maxisorp plate from a 2 µg/mL solution incubated with shaking overnight at 4 oC, then 324 

incubated with 50 nM biotinylated RBD in solution for two hours at RT. Protein-phage complexes 325 

were captured in wells coated with neutravidin as above for 15 min at RT, then washed with 1X 326 

PBS pH7.4 containing 0.05% Tween and phage eluted for 5 min with 0.1 M HCl before neutralizing 327 

with 1M Tris pH 8.0. Eluted phage were amplified, purified, then panned against target for a total 328 

of 5 rounds, before isolation, amplification and sequencing of individual phage clones as 329 

previously described24.  330 

 331 

Enzyme linked immunosorbent assays  332 

For ELISAs, plates were coated with neutravidin, as above, then blocked with 0.2% BSA in PBS for 333 

1 hr. Biotinylated target protein was captured from solution by incubation in neutravidin-coated 334 

and BSA-blocked wells for 15 min with shaking at RT before addition and 30 min incubation of 335 

binding phage or antibody. Plates were washed then incubated with an appropriate secondary 336 

antibody before development with TB substrate as described35.  337 

 338 

Tetravalent Antibody Construction  339 

DNA fragments encoding heavy chain Fab regions (VH-CH1; terminating at threonine 238, 340 

Kabat numbering) were amplified by PCR from the IgG expression constructs. Tetravalent 341 

antibody constructs were generated by fusing these fragments with their respective IgG heavy 342 
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chain in the pSCSTa mammalian expression vector using Gibson assembly (NEB). Fab-IgG 343 

constructs were arranged by fusing a heavy chain Fab domain to the N-terminus of the IgG via a 344 

S(G4S)3 linker. IgG-Fab constructs were arranged by fusing a heavy chain Fab domain to the C-345 

terminus using a G(G4S)2GGGTG linker. For both formats, the Fc region terminated at glycine 447 346 

(Kabat numbering).  347 

 348 

Antibody Production  349 

IgG and tetravalent antibodies were produced in Expi293F (ThermoFisher) by transient 350 

transfection, by diluting heavy and light chain construct DNA in OptiMem serum-free media 351 

(Gibco) before the addition of and incubation with FectoPro (Polyplus Transfection) for 10 min. 352 

For IgG expression, equivalent amounts of plasmids encoding heavy chain and light chains were 353 

transfected, whereas for tetravalent modalities, a ratio of 2:1 light chain to heavy chain plasmids 354 

was used. Following addition of the DNA complex to Expi293F cell and a 5-day expression period, 355 

antibodies were purified using rProtein A Sepharose (GE Healthcare), then buffer exchanged and 356 

concentrated using Amicon Ultra-15 Centrifugal Filter devices (Millipore). IgGs were stored in PBS 357 

(Gibco), while tetravalent antibodies were stored in a 10 mM L-Histidine, 0.9% sucrose, 140 mM 358 

NaCl, pH 6.0 buffer. 359 

 360 

Size-exclusion chromatography 361 

Fifty micrograms of protein were injected onto a TSKgel BioAssist G3SWxl (Tosoh) fitted with a 362 

guard column using an NGC chromatography system and a C96 autosampler (Biorad). The column 363 

was preequilibrated in a PBS mobile phase and protein retention was monitored by absorbance 364 

at 215 nm during a 1.5 CV isocratic elution in PBS.  365 

 366 
Biolayer interferometry  367 

The binding kinetics and estimation of apparent affinity (KD) of antibodies against SARS CoV-2 368 

spike RBD were determined by biolayer interferometry experiments performed on an Octet HTX 369 

instrument (ForteBio) at 1000 rpm and 25 oC. Biotinylated CoV-2 spike protein was first captured 370 

on streptavidin biosensors from a 2 µg/mL solution to achieve a binding response of 0.4-0.6 nm 371 

and unoccupied sites quenched with 100 µg/mL biotin. Antibodies were diluted with assay buffer 372 
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(PBS, 1% BSA, 0.05% Tween 20) and 67 nM of an unrelated biotinylated protein of similar size 373 

was used as negative control. Following equilibration with assay buffer, loaded biosensors were 374 

dipped for 600 s into wells containing 3-fold serial dilutions of each antibody from 67 nM and 375 

subsequently were transferred for 600 s back into assay buffer. Binding response data were 376 

reference subtracted and were fitted with 1:1 binding model using ForteBio’s Octet Systems 377 

software 9.0. 378 

 379 

Differential scanning fluorimetry  380 

Thermostability of expressed antibodies were determined by differential scanning fluorimetry 381 

(DSF) using Sypro Orange as described36 instead using a 1 µM solution of antibody and 382 

temperature range from 25-100 oC in 0.5o increments. 383 

 384 

Generation of SARS-CoV-2 pseudovirus  385 

To generate SARS-CoV-2 pseudovirus, human embryonic kidney 293 (HEK 293)(ATCC) cells were 386 

seeded in a 6-well plate at 0.3x106 cells/well in DMEM (ThermoFisher) supplemented with 10% 387 

FBS and 1% penicillin-streptomycin (Gibco) and grown overnight at 37 °C, 5% CO2. HEK 293 cells 388 

were then co-transfected with 1 µg of pNL4-3.luc.R-E- plasmid (luciferase expressing HIV-1 with 389 

defective envelop protein) (NIH AIDS Reagent Program) and 0.06 µg of CMV-promoter driven 390 

plasmid encoding SARS-CoV-2 wild type or mutant spike variants using LipofectamineÔ 2000 391 

transfection reagent (ThermoFisher). Pseudovirus was harvested by collecting supernatant 48 h 392 

after transfection and filter sterilized (0.44 µm, Millipore Sigma, Cat. No. SLHA033SS). 393 
 394 
 395 
Pseudovirus Entry Assay  396 

HEK 293 cells (ATCC) stably over-expressing full-length human ACE2 protein were seeded in 96 397 

well white polystyrene microplates (Corning, Cat. No. CLS3610) at 0.03x106 cells/well in DMEM 398 

(10% FBS and 1% Pen-Strep), and grown overnight at 37 °C, 5% CO2. To test the inhibition of 399 

pseudovirus entry of antibodies, the desired concentrations of antibodies were mixed with 400 

pseudoviruses, incubated at room temperature for 10 min, and were used to infect cells. The 401 

cells were incubated at 37 °C, 5% CO2 for 6 h, then the medium was replaced with fresh DMEM 402 
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(10% FBS and 1% Pen-Strep), and again every 24 h up to 72 h. To measure the luciferase signal 403 

(virus uptake), DMEM was removed and cells were replaced in DPBS (ThermoFisher) and mixed 404 

with an equal volume of ONE-GloÔ EX Luciferase Assay System (Promega). Relative luciferase 405 

units were measured using a BioTek Synergy Neo plate reader (BioTek Instruments Inc.). The data 406 

was then analyzed by GraphPad Prism Version 8.4.3 (GraphPad Software, LLC.).  407 

 408 

SARS-CoV-2 focal reduction neutralization assay  409 

SARS-CoV-2 strain 2019 n-CoV/USA_WA1/2020 was obtained from the Centers for Disease 410 

Control (USA) and Prevention (gift of Natalie Thornburg). Virus stocks were produced in Vero 411 

CCL81 cells (ATCC) and titrated by focus-forming assay on Vero E6 cells37. Serial dilutions of mAbs 412 

were incubated with 102 focus-forming units (FFU) of SARS-CoV-2 for 1 h at 37°C. MAb-virus 413 

complexes were added to Vero E6 cell monolayers in 96-well plates and incubated at 37°C for 1 414 

h. Subsequently, cells were overlaid with 1% (w/v) methylcellulose in MEM supplemented with 415 

2% FBS. Plates were harvested 30 h later by removing overlays and fixed with 4% PFA in PBS for 416 

20 min at room temperature. Plates were washed and sequentially incubated with 1 µg/mL of 417 

CR302238 anti-S antibody and HRP-conjugated goat anti-human IgG in PBS supplemented with 418 

0.1% saponin and 0.1% BSA. SARS-CoV-2-infected cell foci were visualized using TrueBlue 419 

peroxidase substrate (KPL) and quantitated on an ImmunoSpot microanalyzer (Cellular 420 

Technologies). Data were processed using Prism software (GraphPad Prism 8.0). 421 

 422 

SARS-CoV-2 micro neutralization assay 423 

SARS-CoV-2 strain 2019-nCoV/Italy-INMI1 was obtained from the National Institute for Infectious 424 

Diseases Lazzaro Spallanzani IRCCS (Italy) and passaged in Vero E6 cells39 before determining the  425 

tissue culture infectious dose (TCID50) as described40.  Antibodies were serially diluted two-fold 426 

in serum-free medium and mixed with an equal volume of 100X the TCID50/well SARS-CoV-2 427 

virus then incubated at 37°C for 30 min. Sub-confluent Vero E6 cell monolayers in tissue culture 428 

plates were infected with virus-serum mixtures in duplicate and incubated at 37°C in % CO2 for 429 

two days. The supernatant of each plate was then carefully discarded and cell viability 430 
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determined by crystal violet assay reading the absorbance at 595 nm (Synergy HTX Biotek) as 431 

described41.  432 

 433 

X-ray crystallography 434 

For the x-ray crystallographic work, the SARS-CoV-2 RBD (residues 328-528) was expressed with 435 

a C-terminal 6xHis tag from HEK293F GnT1-minus cells. The Fabs were expressed from HEK293F 436 

cells. The RBD was purified from the expression media by metal-affinity chromatography using 437 

Ni-NTA beads (Qiagen). The Fabs were purified from the expression media using rProtein A 438 

Sepharose Fast Flow beads (GE healthcare).  The RBD was treated with endoglycosidase H42 and 439 

Carboxypeptidase A (Sigma-Aldrich), to remove the N-glycans and the C-terminal 6xHis tag.  The 440 

RBD and Fabs were then further purified by ion-exchange and hydrophobic interaction 441 

chromatography.  Before crystallization, the RBD-Fab complexes were purified using size-442 

exclusion chromatography on a Superdex 200 Increase column (GE Healthcare).  For both Fab 443 

15033 and Fab 15033-7, the optimized crystallization conditions contained 1.2-1.6 M (NH4)2SO4 444 

and 8-18% glycerol.  X-ray diffraction data were collected at 100 K on beamline 08IB-1 at the 445 

Canadian Light Source. The diffraction data were integrated and scaled using the XDS package43. 446 

The structures were solved by molecular replacement using the program Phaser44. A homology 447 

model of the VH-VL region was produced by the SysImm Repertoire Builder server 448 

(https://sysimm.org/rep_builder, 449 

https://pubs.rsc.org/en/content/articlehtml/2019/me/c9me00020h). The CDR loops were then 450 

deleted from this VH-VL model. The constant (CH1-CL) region search model and the RBD search 451 

model were both derived from PDB entry 6W4138. The three models were used to solve the 452 

structure my molecular replacement. The atomic models were built using Coot45 and refined with 453 

Phenix.refine46.  454 

 455 

 456 

457 
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FIGURES  458 

Figure 1. Characterization of anti-RBD Abs by ELISA. 459 
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Figure 1. Characterization of anti-RBD Abs by ELISA. (A) Binding of unique Fab-phage 
clones (x-axis) to immobilized RBD blocked by solution-phase ACE2 (y-axis). Signal was 
normalized to the signal in the absence of ACE2. (B) CDR sequences of Abs for which 
the binding to RBD was strongly blocked by ACE2. Positions that are highly variable in 
the immune repertoire are shown and are numbered according to the IMGT 
nomenclature47. Sequences in 15033-7 that differ from 15033 are shaded grey. (C) 
Serial dilutions of IgGs (x-axis) binding to immobilized S protein trimer (y-axis).  The 
EC50 values derived from the curves are shown in Table 1 and values are representative 
of 2 independent experiments. (D) Binding of biotinylated ACE2 (y-axis) to immobilized 
S protein blocked by solution-phase IgG (x-axis). Signal was normalized to the signal in 
the presence of a non-binding control IgG and error bars shown as the standard error 
of the mean of duplicate samples. (E) Assessment of non-specific binding (y-axis) of 
IgGs (x-axis) to immobilized antigens or a goat anti-human Fc Ab (positive control). 
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Figure 2. Structural analysis of Fabs bound to the RBD.  487 
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Figure 2. Structural analysis of Fabs bound to the RBD. (A) The crystal structure of 
Fab 15033-7 (light chain, magenta; heavy chain, cyan) in complex with the SARS-
CoV-2 RBD (grey). (B) Side chain interactions between CDR-L3 residues and the RBD. 
Superposed CDR-L3 loops of Fabs 15033 and 15033-7 are colored light or dark 
purple, respectively, and the RBD residues they contact are colored light or dark 
grey, respectively. CDR-L3 residues are numbered with the sequence in Fab 15033 
or 15033-7 to the left or right of the number, respectively. Hydrogen bonds are 
indicated by dashed lines. (C) The structural epitope and paratope. The RBD (left) 
and Fab 15033-7 (right) are shown in an open book view and residues within 4.0 Å 
of the cognate ligand are shown as colored surfaces. For the RBD, residues in the 
ACE2-binding site are also shown as colored surfaces, and the following color 
scheme was used: red, contacts with both Fab 15033-7 and ACE2; blue, contacts 
with Fab 15033-7 only; yellow, contacts with ACE2 only. Fab 15033-7 residues that 
contact the RBD are colored magenta or cyan if they reside in the light or heavy 
chain, respectively. The CDR-L3 residues that differ between 15033-7 and 15033 are 
shown as red spheres. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 1, 2020. ; https://doi.org/10.1101/2020.10.31.362848doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.31.362848


 20 

Figure 3. Design and characterization of tetravalent nAbs. 516 
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Figure 3. Design and characterization of tetravalent nAbs. (A) Schematic of the 
bivalent IgG format, and the tetravalent Fab-IgG and IgG-Fab formats. Paratopes 
are shown in red, linkers are shown in black, and disulfide bonds are shown as 
yellow spheres. (B) BLI sensor traces for nAbs binding to immobilized S protein 
trimer. (C) Analytical gel filtration of nAbs. (D) SDS-PAGE analysis of nAbs under 
non-reducing (top) or reducing conditions (bottom) and are representative of n=2 
independent preparations.  
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Figure 4. Neutralization of SARS-CoV-2 virus and pseudotyped VLPs. 545 
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Figure 4. Neutralization of SARS-CoV-2 virus and pseudotyped VLPs. (A) Neutralization of 
SARS-CoV-2 strain 2019 n-CoV/USA_WA1/2020 by bivalent and tetravalent nAbs. The virus was 
pre-treated with serial dilutions of nAb (x-axis) and infection of ACE2-expressing Vero E6 cells 
was measured relative to untreated control (y-axis). Samples were run in duplicate and results 
and are representative of n=2 independent experiments. Error bars indicate standard error of 
the mean. (B) Neutralization of a panel of pseudotyped VLPs displaying SARS-CoV-2 S proteins 
with single alanine mutations in or near the ACE2-binding site (y-axis). The VLPs were treated 
with 50 nM of the indicated nAb (x-axis) and uptake by ACE2-expressing HEK-293 cells was 
measured in triplicate and results are representative of n=2 independent experiments. The 
heat map shows uptake normalized to uptake in the absence of nAb. Boxed cells indicate VLPs 
that represented escape mutants for a given nAb, as defined by >5% uptake with nAb 
treatment compared with untreated control (the percent uptake is shown in each cell). 
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Table 1. Characteristics of lead IgG and tetravalent antibodies  573 
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