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Abstract 13 

After first emerging in December 2019 in China, severe acute respiratory syndrome 2 (SARS-14 

CoV-2) has since caused a pandemic leading to millions of infections and deaths worldwide. 15 

Vaccines have been developed and authorized but supply of these vaccines is currently limited. 16 

With new variants of the virus now emerging and spreading globally, it is essential to develop 17 

therapeutics that are broadly protective and bind conserved epitopes in the receptor binding 18 

domain (RBD) or the whole spike of SARS-CoV-2. In this study, we have generated mouse 19 

monoclonal antibodies (mAbs) against different epitopes on the RBD and assessed binding and 20 

neutralization against authentic SARS-CoV-2. We have demonstrated that antibodies with 21 

neutralizing activity, but not non-neutralizing antibodies, lower viral titers in the lungs when 22 

administered in a prophylactic setting in vivo in a mouse challenge model. In addition, most of 23 

the mAbs cross-neutralize the B.1.351 as well as the B.1.1.7 variants in vitro.  24 

 25 

Importance 26 

Crossneutralization of SARS-CoV-2 variants by RBD-targeting antibodies is still not well 27 

understood and very little is known about the potential protective effect of non-neutralizing 28 

antibodies in vivo. Using a panel of mouse monoclonal antibodies, we investigate both of these 29 

aspects. 30 

 31 

Introduction 32 

SARS-CoV-2 first emerged in late 2019 in the province of Hubei in China, spread rapidly 33 

throughout the globe, and has since caused the ongoing coronavirus disease 2019 (COVID-19) 34 

pandemic (1, 2). Millions of infections have occurred globally and over two million deaths have 35 

been caused by this novel coronavirus. Over a hundred vaccines are currently in clinical 36 

development with three vaccines authorized for use in humans under the emergency use 37 

authorization (EUA) in the United States by the Food and Drug Administration (FDA) and 38 
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several additional ones approved in Europe, Latin America and Asia. Furthermore, several 39 

monoclonal antibodies (mAbs) as cocktails and an antiviral, remdesivir, have been authorized for 40 

use in humans as therapeutics and numerous others including antivirals are in development (3-6). 41 

SARS-CoV-2, a positive-sense single-stranded RNA virus from the Coronaviridae family, is 42 

closely related to SARS-CoV-1 which caused a major outbreak in 2002-2004. Both viruses use 43 

the same receptor for entry into host cells, human angiotensin converting enzyme (hACE2) (7, 44 

8). The receptor binding domain (RBD) which is part of the spike protein of the virus can bind to 45 

hACE2 and mediate entry and thus, the spike protein makes for an excellent target for vaccines 46 

and therapeutics (9). It has been observed that serum from infected individuals as well as from 47 

vaccinated individuals contains a high level of antibodies against the spike protein and this serum 48 

shows high neutralizing activity (10-12). Antibodies induced by natural infection with SARS-49 

CoV-2 correlate with protection and vaccination has been shown to be highly efficacious and 50 

effective as well. However, it is still crucial to develop therapeutics that can be used to treat 51 

individuals that are infected with SARS-CoV-2, particularly those at high risk for severe disease. 52 

While mAbs have been developed and approved for use, there remains a significant concern 53 

from the virus acquiring mutations that would lead to escape rendering the mAbs and vaccines 54 

inefficient in blocking virus and stopping replication of the virus in the body. Several lineages of 55 

SARS-CoV-2 with distinct and sometimes additional mutations in the spike protein have 56 

emerged over the last year)(13). Mutations in the RBD region of the spike protein are a serious 57 

concern as most neutralizing antibodies target the RBD and block entry. Another region heavily 58 

mutated in the new circulating variant viruses is the N-terminal domain (NTD) which is also a 59 

target of neutralizing antibodies(14). Hence, the efficacy of vaccines and therapeutics could be 60 

compromised as more and more mutations in the NTD and RBD occur and persist in nature (15, 61 

16). 62 

In this study, we isolated and characterized fourteen mouse mAbs against the RBD of SARS-63 

CoV-2 and assessed their binding to recombinant RBD and spike protein as well as tested their 64 

ability to neutralize live virus. In addition, we tested if non-neutralizing mAbs can lower viral 65 

loads in a mouse challenge model. Due to the new variants of concern which have been detected, 66 

we also tested if mAbs can bind mutant RBDs that contain single amino acid changes as well as 67 

multiple mutations found in B.1.1.7, B.1.351 and P.1 RBDs. Lastly, we tested our panel of 68 

neutralizing mAbs against the B.1.1.7 virus isolate as well as B.1.351 virus isolate.  69 

Results 70 

Generation of monoclonal antibodies. After two vaccinations of BALB/c mice with 71 

recombinant RBD protein supplemented with poly I:C, murine hybridoma technology was used 72 

to generate hybridoma cell lines that secreted RBD-specific monoclonal antibodies (17-19). 73 

Fourteen unique hybridoma lines were isolated and picked that produced IgGs (Table 1). Twelve 74 

monoclonal antibodies belonged to the IgG1 isotype while two monoclonal antibodies were from 75 

the IgG2a subclass.  76 

All antibodies bind the RBD of SARS-CoV-2 and six mAbs can neutralize live virus. Once 77 

all antibodies were purified from hybridoma supernatant, a standard enzyme-linked 78 
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immunosorbent assay (ELISA) was performed to assess binding of the monoclonal antibodies to 79 

the RBD of SARS-CoV-2 (Figure 1A), full spike of SARS-CoV-2 (Figure 1B), and RBD of 80 

SARS-CoV-1 (Figure 1C). All antibodies bound well to SARS-CoV-2 RBD and most had very 81 

low minimal binding concentrations (MBC). Of note, the MBC values for KL-S-1B5 and KL-S-82 

2A1 (0.1 ug/ml) against SARS-CoV-2 RBD were higher than the rest of the antibodies, 83 

indicating lower affinity. Next, antibodies were tested in an ELISA against the full spike protein 84 

of SARS-CoV-2 (Figure 1B). It is interesting to note that while most mAbs bound well with low 85 

MBC values, KL-S-1B5, KL-S-1D11 and KL-S-2A1 had higher MBC values against spike 86 

compared to the RBD of SARS-CoV-2. It is possible that the epitope of these antibodies is 87 

partially occluded on the full spike compared to the RBD protein when expressed alone. To 88 

determine if antibodies were cross-reactive to the RBD of SARS-CoV-1, an ELISA was 89 

performed (Figure 1C). Most mAbs could not bind the RBD of SARS-CoV-1 except KL-S-90 

1E10, KL-S-2A5, KL-S-3G9, and KL-S-3A5. To assess the functionality of the mAbs, all 91 

fourteen mAbs were tested in a microneutralization assay with authentic SARS-CoV-2 for their 92 

ability to neutralize live virus (Figure 1D). Six mAbs (43%) neutralized live virus well with low 93 

IC50 values (0.1-1 ug/ml) indicating that low concentrations are capable of blocking virus entry 94 

and/or replication. Notably, KL-S-1D2 and KL-S-3A7 are extraordinarily low IC50 values lower 95 

than 1 ug/ml.  96 

Antibodies can lower viral titers in vivo in a mouse challenge model. To further study the 97 

biological functionality of these mAbs, all mAbs were tested in vivo. Hence, an animal model 98 

was utilized to test if antibodies are able to block viral entry and thus lower titers in the lung. 99 

Since mouse ACE2 does not facilitate entry of SARS-CoV-2, an adenovirus that expresses the 100 

human ACE2 gene was used to first transduce mice (20, 21). Five days later, monoclonal 101 

antibodies were administered at 10 mg/kg two hours prior to infection with SARS-CoV-2 and 102 

lungs were collected on day 3 and day 5 post infection to assess viral titers via a plaque assay. 103 

Only neutralizing mAbs were able to confer a protective benefit and lowered viral titers in the 104 

lungs (Figure 2A-B). On day 3, the group that received KL-S-1D2 and KL-S-2C3 had 105 

significantly less virus in the lungs compared to other groups highlighting the antibodies’ ability 106 

to protect in vivo. KL-S-1F7, KL-S-1H12 and KL-S-2F9 treated animals had approximately two 107 

logs less virus in their lung compared to the negative control on day 3 (Figure 2A). The negative 108 

control used here was an irrelevant purified antibody, binding to influenza virus H10 109 

hemagglutinin (18). On day 5, groups that received the six neutralizing mAbs had little to no 110 

virus in their lungs (Figure 2B). One mouse in the KL-S-2C3 group and one mouse in the KL-S-111 

2F9 showed residual virus in the lungs which could be a caveat of animal model used. None of 112 

the non-neutralizing antibodies conferred any protective benefit and all of these mAbs belonged 113 

to the IgG1 isotype.  114 

Neutralizing antibodies eliminate viral presence in the lungs and little differences were 115 

found between the groups in terms of lung pathology. In addition to assessment of viral titers 116 

in the lungs in a prophylactic setting, we also wanted to test if mAbs can protect from 117 

inflammation and/or tissue damage in the lungs or lead to enhanced disease which has been 118 

noted for SARS-CoV-1 (22). Lungs were harvested on day 4 post vaccination from all the 119 

antibody groups (n=2) and subjected to pathological analysis (Histowiz) such as hematoxylin and 120 
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eosin (H&E) staining as well as immunohistochemistry (IHC) using an antibody specific for the 121 

nucleoprotein of SARS-CoV-2. A 5-point grading scheme that took into account six different 122 

parameters (“perivascular inflammation”, “bronchial/bronchiolar epithelial 123 

degeneration/necrosis”, “bronchial/bronchiolar inflammation”, “intraluminal debris”, “alveolar 124 

inflammation” and “congestion/edema”) was utilized to score lung sections. Interestingly, mice 125 

from all groups treated with antibodies displayed some pulmonary histopathological lesions of 126 

interstitial pneumonia (Figure 3). This could be a result of the high dose (10
5
 PFU per mouse) of 127 

SARS-CoV-2 used. The group that received only the AdV-hACE2 exhibited some microscopic 128 

lesions of perivascular, peri-bronchiolar and alveolar inflammation and had much lower scores 129 

compared to the antibody groups that received AdV-hACE2 plus SARS-CoV-2 (Supplementary 130 

figure 1). This demonstrates that there is some mild inflammation associated with intranasal 131 

administration of AdV-hACE2 alone and this has been observed in earlier studies (20). 132 

Histopathological lesions were uniformly absent in the mock group that received no treatment 133 

and were basically just naïve mice. Clinical scores were slightly higher for groups KL-S-1E10, 134 

KL-S-2A5 and KL-S-3A5. Both of these antibodies are non-neutralizing, but this could be a 135 

result of external variables in the experimental setup.  136 

In terms of the nucleoprotein staining via IHC, it is clear that all neutralizing mAbs except KL-S-137 

1H12 blocked entry and thus, very little staining for nucleoprotein was observed on day 4. This 138 

correlates well with the lung titers found in figure 2 as antibodies blocked viral entry/replication 139 

and lowered viral load in the lungs.  140 

Antibodies maintain binding to most variant RBDs. Several variants of concern (VOC) with 141 

mutations in their RBD are circulating. In addition, studies on mAbs escape, in vitro evolution of 142 

the spike and clinical isolates from immunosuppressed patients have reported a variety of single 143 

mutations that may influence antibody binding to RBD. We expressed a number of these RBDs 144 

including N439K, Y453F, E484K, N501Y (B.1.1.7) and the RBDs of B.1.351 and P.1 and 145 

performed ELISAs on them using our mAbs. Such analysis can demonstrate the epitope of the 146 

antibody or the single amino acid that is crucial in its native state for binding. The neutralizing 147 

mAbs and non-neutralizing mAbs are shown separately (Figure 4A and Figure 4B) KL-S-1D2 148 

maintained binding to all RBDs but lost complete binding to K487R RBD (Figure 4A). This 149 

could be a very crucial amino acid for the antibody to maintain its footprint on the RBD. KL-S-150 

2C3 bound at only 30% to the N487R RBD compared to wild type RBD. KL-S-1H12 lost a lot 151 

of binding to E484K, F486A, F490K and the B.1.351 RBD (Figure 4A). KL-S-1D11, KL-S-152 

1F7, KL-S-2F9, KL-S-2G9 and KL-S-3A7 were able to bind all mutant RBDs at a level of 50% 153 

or even more compared to wild type RBD (Figure 4A). KL-S-1E10 and KL-S-2A1 lost binding 154 

to a large number of mutant RBDs (Figure 4B). The ability to bind all RBDs could be a function 155 

of antibody affinity which, when high, can allow the antibody to maintain its footprint. In 156 

general, neutralizing mAbs had comparable binding to both wild type and most mutant RBDs. 157 

To ensure that the ELISA setup was comparable, an anti-histidine antibody was used as a 158 

positive control. 159 

Four mAbs maintain neutralizing activity to B.1.351 virus while all six mAbs neutralize 160 

B.1.1.7 virus. Since binding may not be directly related to neutralization, we wanted to assess if 161 
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antibodies that were generated by vaccination of mice with wild type RBD can neutralize new 162 

variant viruses. These variant viruses carry mutations in the RBD and can escape neutralization 163 

by monoclonal antibodies easily if their native epitope has been disrupted (6, 16). Notably, all 164 

antibodies that neutralized wild type SARS-CoV-2 were also able to neutralize the B.1.1.7 virus 165 

and this is not surprising as the only mutation present in the RBD of this virus is N501Y (Figure 166 

4C). However, KL-S-1D2 and KL-S-1H12 completely lost neutralizing activity towards B.1.351 167 

virus while the remaining four neutralizing mAbs maintained activity to this virus, although to 168 

various degrees (Figure 4C). KL-S-1D2 bound the RBD of B.1.351 at around 70% compared to 169 

wild type but loss of neutralization could be due to the epitope being presented differently on the 170 

full spike compared to RBD alone, leading to a loss of affinity. KL-S-1H12 showed much lower 171 

binding to E484K RBD as well as the B.1.351 RBD and this lower binding capability might be 172 

the reason for the loss of neutralization. The IC50 value for KL-S-1F7 was 1.7 ug/ml for the wild 173 

type virus, 1.4 ug/ml for the B.1.1.7 virus and 4.3 ug/ml for the B.1.351 virus. The IC50 value 174 

for KL-S-2C3 was 1.1 ug/ml for the wild type virus, 2.2 for the B.1.1.7 virus, and 5.5 ug/ml for 175 

the B.1.351 virus (Figure 4C).  176 

Three antibodies block ACE2 from binding the RBD. To study where the neutralizing 177 

antibodies bind on the RBD, structural analysis was performed, and negative stain three 178 

dimensional reconstructions were obtained for four of the neutralizing antibodies (Figure 5). 179 

KL-S-1H12 and KL-S-2F9 did not form stable complexes and were therefore not amenable to 180 

image analysis, which could be a result of pH changes or low affinity/avidity of the Fab. KL-S-181 

2C3 (Figure 5A), KL-S-1D2 (Figure 5B), and KL-S-3A7 (Figure 5C) overlap with the ACE2 182 

binding site, consistent with blockade of ACE2 binding to the RBD. The antibodies approach at 183 

different angles and appear to belong to Class 1 (KL-S-3A7 and KL-S-1D2) and Class 2 (KL-S-184 

2C3) RBD epitopes (23). KLS-1F7 binds lower on the RBD to a similar epitope as S309 (Figure 185 

5D) (24).  186 

 187 

Discussion.  188 

The RBD of the spike protein of SARS-CoV-2 is relatively plastic and can tolerate extensive 189 

mutations, at least in vitro. The plasticity of the RBD is alarming because extensive changes in 190 

the RBD could reduce the efficacy of current vaccines and additional booster vaccinations with 191 

updated vaccines may be needed for protection in the future (15, 16). We tested all 14 isolated 192 

mAbs for binding to a whole panel of mutant RBDs. While some mAbs lost binding for many 193 

mutant RBDs, other mAbs maintained binding well across the board. However, binding was not 194 

in all cases directly linked to neutralization. All of the neutralizing mAbs maintained binding and 195 

neutralizing activity to B.1.1.7 (N501Y) relatively well. However, two mAbs lost neutralizing 196 

activity against B.1.351 and one of these mAbs only showed a relatively low reduction in 197 

binding to E484K and B.1.351 RBDs. The second one showed a stronger reduction in binding 198 

which agrees better with loss of neutralizing activity. Other hotspots for loss of binding for 199 

neutralizing antibodies included amino acid positions 487 and 490.  200 
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For four of the neutralizing mAbs low resolution structures were solved using single particle 201 

EM. They included KL-S-1D2 which lost neutralizing activity to B.1.351. Our low resolution 202 

structural analysis precludes interpretation of molecular interactions but the reduction or loss of 203 

neutralization of B1.1.7 and B.1.351 by KL-S-1D2 suggests that N501 and E484 form critical 204 

interactions.  205 

Protection in vivo by neutralizing mAbs could be a function of Fc-Fc receptor interaction. This 206 

has been shown for other mAbs developed against SARS-CoV-2 which showed less protection 207 

in vivo when the Fc was mutated (25). While the role of Fc-FcR interactions based effector 208 

functions for SARS-CoV-2 targeting antibodies is not fully understood yet, it is likely that these 209 

effector functions contribute to protection (26). This has also been demonstrated for influenza 210 

viruses as well as ebolaviruses (27, 28). We tested all isolated mAbs for their protective effect in 211 

a mouse model and found that the only correlation with protection was neutralizing activity 212 

while non-neutralizing antibodies had no effect. However, there is an important caveat that needs 213 

to be discussed for this experiment. All non-neutralizing antibodies that we isolated were of the 214 

IgG1 subtype, which in mice, is known to have low affinity for activating FcRs. This is in 215 

contrast to murine IgG2a and IgG2b which have high affinity for these FcRs. Therefore, we can 216 

only conclude that non-Fc-FcR based interactions do not contribute to protection by non-217 

neutralizing antibodies. In fact, the two antibodies that provided the best protection, especially on 218 

day 3, KL-S-1D2 and KL-S-2C3, are both of the IgG2a subtype. While KL-S-1D2 showed the 219 

best in vitro neutralization of all isolated mAbs, which could cause this phenotype, KL-S-2C3’s 220 

in vitro activity was lower but still showed stronger activity in vivo than other mAbs. This could 221 

be seen as evidence that Fc-FcR interactions, especially engagement with activating FcRs, which 222 

is an important component of protection. Of note, the vast majority of antibodies induced in 223 

humans to SARS-CoV-2 spike by natural infection or vaccination are IgG1 and in humans – 224 

unlike in mice - IgG1 has strong affinity for activating FcRs (29). 225 

In summary, we describe several antibodies to the SARS-CoV-2 RBD that maintain strong 226 

neutralizing activity against the B.1.1.7 as well as B.1.351 variant. These mAbs, if humanized, 227 

may be further developed into ‘variant resistant’ therapeutics. 228 
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 255 

Materials and Methods 256 

Cells and viruses. Vero.E6 cells (ATCC CRL-1586) were maintained in Dulbecco’s modified 257 

Eagle’s medium (DMEM; Life Technologies) which was supplemented with 10% fetal bovine 258 

serum (FBS; Corning) as well as antibiotics (100 units/ml penicillin–100 μg/ml streptomycin 259 

[Pen-Strep; Gibco]), and buffer solution [1 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 260 

acid (HEPES); Gibco]. SARS-CoV-2 was exclusively handled in a BSL3 facility and passaged in 261 

Vero.E6 for three days and the supernatant from infected cells was clarified via centrifugation at 262 

1000 g for 5 mins. The virus stock was titered in Vero.E6 cells as well.  263 

Generation of monoclonal antibodies. All animal work was performed by adhering to 264 

institutional regulation as well as Institutional Animal Care and Use Committee (IACUC) 265 

guidelines. Six to eight weeks old, female, mice (Jackson Laboratories) were immunized with 3 266 

ugs of purified RBD of SARS-CoV-2 mixed with 10 ugs of poly I:C (Invivogen) twice with 3 267 

weeks interval (17, 29). All immunizations were administered via the intramuscular route. 268 

Finally, mice were immunized again with 100 ugs of RBD along with 10 ugs of poly I:C. Three 269 

days later, the mouse was sacrificed and the spleen was extracted in a sterile manner. The 270 

splenocytes were washed with phosphate buffered saline (Life Technologies; PBS) and then 271 

fused with SP2/o myeloma cells (ATCC) using polyethylene glycol (Sigma-Aldrich catalog # 272 

P7181). Hybridoma supernatants were screened in an enzyme-linked immunosorbent assay 273 

(ELISA) assay as described in the below section. Desirable hybridomas that secreted IgG were 274 

selected and expanded. Supernatants was collected at the end, filtered using a 0.22 um filter and 275 

then purified via Protein G Sepharose (GE Health) using gravity flow (18, 27, 28, 30-34).  276 

ELISA. Ninety-six well, flat-bottom, Immulon 4 HBX plates (Thermo Scientific) were coated 277 

overnight at 4°C with 50 uls/well of a 2 ug/ml solution of each respective protein in PBS. The 278 

next day, coating solution was discarded. One hundred uls per well of 3% non-fat milk prepared 279 
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in PBS containing 0.1% of Tween-20 (Fisher Bioreagents; T-PBS) was added to the plates for 280 

one hour at room temperature (RT) to block the plates. Antibody dilutions were prepared in 1% 281 

non-fat milk in T-PBS. The starting concentration used for each antibody was 30 ug/ml and 282 

three-fold dilutions were subsequently prepared. After the blocking solution had been on the 283 

plates for 1 hour, the antibody dilutions were added for 1 hour at RT. Next, the plates were 284 

washed thrice with 250 uls per well of T-PBS. The secondary solution was also prepared in 1% 285 

non-fat milk in T-PBS. For mouse antibodies, anti-mouse IgG conjugated to horseradish 286 

peroxidase (Rockland) was used at a dilution of 1:3000. For human antibodies, anti-human IgG 287 

Fab was used at the same dilution. After 1 hour, plates were washed thrice with 250 uls per well 288 

of T-PBS and developing solution was prepared using SigmaFast o-phenylenediamine 289 

dihydrochloride (OPD). One hundred uls per well of developing solution was added for exactly 290 

ten minutes after which the reaction was stopped by addition of 50 uls per well of 3M HCl 291 

(Fisher Bioreagents). Optical density at 490 nanometers was measured using a plate reader, 292 

BioTek Synergy H1. All data was analyzed using GraphPad Prism 7. An anti-histidine antibody 293 

was used for ELISAs as positive control (Takara, catalog # 631212).  294 

Microneutralization assay. All antibodies were tested for neutralization capability in a 295 

neutralization assay with authentic SARS-CoV-2 isolate USA-WA1/2020 (BEI Resources NR-296 

52281), isolate hCoV-19/South Africa/KRISP-K005325/2020 (BEI Resources NR-54009), and 297 

hCoV-19/England/204820464/2020 (BEI Resources NR-54000) in the BSL-3 facility. All 298 

viruses were obtained from BEI resources and propagated in Vero.E6 cells. Twenty-thousand 299 

Vero.E6 cells were seeded in a 96-well cell culture plate and used the next day. Antibody 300 

dilutions were prepared starting at 30 ug/ml and 3-fold subsequent dilutions were prepared. The 301 

protocol has been described earlier (21, 29, 35, 36). Cells were stained for the nucleoprotein and 302 

quantified. Percent inhibition was calculated and IC50s were obtained (35). All viruses were 303 

subjected to deep sequencing to ensure that no mutations had taken place in culture. The 304 

polybasic cleavage site changed to WRAR in the B.1.351 during passage in cell culture (as 305 

known for this virus at BEI Resources) and no other unexpected mutations occurred. 306 

In vivo mouse challenge studies. All work with SARS-CoV-2 was performed in a BSL-3 307 

facility. Six -to 8-weeks old, female, BALB/c mice (Jackson Laboratories) were administered an 308 

adenovirus containing human ACE2 (AdV-hACE2) via the intranasal route at 2.5x10
8
 plaque 309 

forming units (PFUs) per mouse in a final volume of 50 uls. Five days later, each respective 310 

antibody was administered via the intraperitoneal route at 10 mg/kg in 100 uls volume. Two 311 

hours later, mice were infected with 10
5 

PFUs of SARS-CoV-2 intranasally. Mice were 312 

humanely sacrificed on day 3 and day 5 to assess viral titer in the lungs. Lungs were 313 

homogenized using a BeadBlaster 24 (Benchmark) homogenizer. Each lung homogenate was 314 

tested in a classical plaque assay as described earlier (27, 30). 315 

Plaque assay. To assess viral titer in the lungs, each homogenate was diluted in 1X minimal 316 

essential medium (10X MEM; Life Technologies) supplemented with glutamine, 35% bovine 317 

serum albumin (BSA; MP Biomedicals), antibiotics, and HEPES as described earlier (29, 37). 318 

Three-hundred thousand Vero.E6 cells were seeded per well in a 12-well cell culture plate and 319 

used the next day when the cells were approximately 90% confluent. Media was removed from 320 
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cells and dilutions were added to the plates and incubated at 37 degree C incubator for 1 hour. 321 

Next, the virus dilutions were removed, and cells were overlaid with 2% oxoid agar mixed with 322 

2X MEM. After 3 days, cells were fixed with 10% paraformaldehyde (Polysciences) for 24 hours 323 

and then stained with anti-spike antibodies and plaques were counted.  324 

Histology and immunohistochemistry (IHC). Mice were administered anesthesia and 325 

euthanized by exsanguination of the femoral artery. Lungs were inflated and flushed with 10% 326 

formaldehyde by injecting a needle through the trachea on day 4 post infection with SARS-CoV-327 

2. Fixed lung samples were sent for processing to a commercial company, Histowiz. Sections 328 

were analyzed, images were taken, and sections were also scored by a pathologist. Scores were 329 

assigned by the pathologist based on six parameters, as mentioned in the results section. Both 330 

H&E staining as well as IHC was performed. An anti-SARS-CoV nucleoprotein antibody 331 

(Novus Biologicals cat. NB100–56576) was used for IHC.  332 

Expression and purification of recombinant spike proteins for electron microscopy. The 333 

SARS-CoV-2 spike construct used for EM studies contains the mammalian-codon-optimized 334 

gene encoding residues 1-1208 of the spike followed by a C-terminal T4 fibritin trimerization 335 

domain, a HRV3C cleavage site and an 8x-His tag subcloned into the eukaryotic-expression 336 

vector pcDNA3.4. Amino acid mutations were introduced in the S1/S2 cleavage site (RRAR to 337 

GSAS) along with other stabilizing mutations including the HexaPro mutations (38). The spike 338 

trimers were expressed and purified as described previously (39). 339 

Negative stain EM sample preparation and data collection. Spike protein was complexed 340 

with purified Fab at three times molar excess per trimer and incubated for thirty minutes at room 341 

temperature. Complexes were diluted to 0.02mg/ml in TBS and 3µl applied to a 400mesh Cu 342 

grid, blotted with filter paper, and stained with 2% uranyl formate for 30 seconds. Images were 343 

collected on a Tecnai Spirit microscope operating at 120 kV with a FEI Eagle CCD (4k) camera. 344 

Particles were picked using DogPicker and 3D classification was done using Relion 3.0 (40, 41). 345 

 346 
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 510 

Figure legends 511 

Figure 1. All mAbs bind to recombinant RBD and six mAbs neutralize SARS-COV-2. (A) 512 

Binding of all isolated mAbs (n=14) via an ELISA assay was assessed against recombinant RBD 513 

protein and the MBC values are shown. The positive control used was a human antibody against 514 

SARS-CoV-1 RBD, CR3022 while the negative control used was a mouse anti-influenza H10 515 

antibody. Binding of all isolated mAbs was also tested on ELISA against the spike protein of 516 

SARS-CoV-2 (B) as well as SARS-CoV-1 RBD (C).  (D) Neutralization activity of all mAbs 517 

was tested in a microneutralization assay with authentic SARS-CoV-2 (USA-WA1/2020) 518 

starting at 30 ug/ml and testing subsequent 3-fold dilutions. The cells were stained for 519 

nucleoprotein of SARS-CoV-2 and the IC50 values were calculated via non-linear regression fit. 520 

All experiments were performed with duplicates.  521 

Figure 2. Only neutralizing mAbs lower viral loads in vivo in a AdV-hACE2 mouse 522 

challenge model. The protective efficacy of the mAbs was assessed in vivo in a prophylactic 523 

setting. Mice were administered 2.5* 10
8
 PFUs per mouse of AdV-hACE2 and five days later, 524 

mice were administered each mAb (n=4) at 10 mg/kg and challenged with 10
5 
PFUs of SARS-525 

CoV-2. Viral titers in the lungs were assessed at day 3 (A) and day 5 (B) via a plaque assay. 526 

Mice in the negative control group received a mouse anti-influenza H10 antibody.  527 

Figure 3. Immunopathological effects post mAb administration in the lungs. (A) In order to 528 

assess if antibodies can have any negative immunopathological effects, lungs were harvested 529 

from each antibody group (n=2) as shown. Two mice received only the AdV-hACE2 while two 530 

mice were naïve. An anti-nucleoprotein antibody was used to check for presence of virus in the 531 

lungs. (B)  532 

Figure 4. Binding of mAbs to variant RBDs as well cross-neutralization of B.1.1.7 and 533 

B.1.351 variant viruses. All fourteen antibodies (A-B) were tested in ELISA assays for binding 534 

to RBDs that contain single or multiple mutations found in new variants. The line at 100% 535 

indicates binding to wild type and binding to each mutant RBD is graphed as percent binding 536 

compared to wild type. A negative control mAb, anti-influenza H10, was run against all the 537 

RBDs to ensure that there is no unspecific binding. A positive control, anti-histidine antibody, 538 

was used to ensure that the RBD proteins that have a hexa-histidine tag are coated properly. 539 

Neutralizing mAbs (A) and non-neutralizing mAbs (B) are shown separately. (C) A 540 

microneutralization assay was performed to test whether the neutralizing mAbs can also 541 

neutralize new variant viruses, B.1.1.7 and B.1.351. IC50 values of the six neutralizing mAbs for 542 
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each virus are shown. (D) Remdesivir was also run on a neutralization assay against the wild 543 

type virus, B.1.1.7 isolate as well as B.1.351 isolate.  544 

Figure 5. Negative stain EM analysis of Fabs bound to SARS-CoV-2 S trimer. 3D 545 

reconstructions of Fabs (A) KL-S-2C3 (Blue), (B) KL-S-1D2 (pink), (C) KL-S-3A7 (green) and 546 

(D) 1F7 (orange) bound to SARS-CoV-2 stabilized trimer (grey). A model of spike trimer bound 547 

to ACE2 receptor (PDB# 7KNB) is fit into each density to illustrate their potential for blocking 548 

receptor binding. 549 

 550 

Supplementary figure 1. Clinical scores from the lung sections from each antibody group (n=2) 551 

are shown. All sections were scored by an independent veterinary pathologist. In addition to 552 

negative control, one control group received only AdV-hACE2 while naïve mice were also 553 

included as mock control. Scale bar represents 500 um.  554 

 555 

 556 

 557 

Table 1 558 

mAb Isotype 

KL-S-1B5 IgG1 

KL-S-1D2 IgG2a 

KL-S-1D11 IgG1 

KL-S-1E10 IgG1 

KL-S-1F7 IgG1 

KL-S-1H12 IgG1 

KL-S-2A1 IgG1 

KL-S-2A5 IgG1 

KL-S-2C3 IgG2a 

KL-S-2F1 IgG1 

KL-S-2F9 IgG1 

KL-S-2G9 IgG1 

KL-S-3A5 IgG1 

KL-S-3A7 IgG1 

 559 
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