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Abstract 21 

 Three highly pathogenic betacoronaviruses have crossed the species barrier and 22 

established human-to-human transmission causing significant morbidity and mortality in 23 

the past 20 years. The most current and widespread of these is SARS-CoV-2. The 24 

identification of CoVs with zoonotic potential in animal reservoirs suggests that 25 

additional outbreaks are likely to occur.  Evidence suggests that neutralizing antibodies 26 

are important for protection against infection with CoVs. Monoclonal antibodies targeting 27 

conserved neutralizing epitopes on diverse CoVs can form the basis for prophylaxis and 28 

therapeutic treatments and enable the design of vaccines aimed at providing pan-29 

coronavirus protection. To this end, we previously identified a neutralizing monoclonal 30 

antibody, CV3-25 that binds to the SARS-CoV-2 fusion machinery, neutralizes the 31 

SARS-CoV-2 Beta variant comparably to the ancestral Wuhan Hu-1 strain, cross 32 

neutralizes SARS-CoV-1 and displays cross reactive binding to recombinant proteins 33 

derived from the spike-ectodomains of HCoV-OC43 and HCoV-HKU1.  Here, we show 34 

that the neutralizing activity of CV3-25 is also maintained against the Alpha, Delta and 35 

Gamma variants of concern as well as a SARS-CoV-like bat coronavirus with zoonotic 36 

potential by binding to a conserved linear peptide in the stem-helix region on 37 

sarbecovirus spikes. A 1.74Å crystal structure of a CV3-25/peptide complex 38 

demonstrates that CV3-25 binds to the base of the stem helix at the HR2 boundary to 39 

an epitope that is distinct from other stem-helix directed neutralizing mAbs. Thus, CV3-40 

25 defines a novel site of sarbecovirus vulnerability that will inform pan-CoV vaccine 41 

development. 42 

 43 
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Introduction 44 

Coronaviruses (CoVs) are a large family of viruses that infect many species of 45 

birds and mammals, including humans. They are subdivided into four genera; alpha, 46 

beta, gamma and delta. Two alpha CoVs, NL63 and 229E, and two beta CoVs (OC43 47 

and HKU1) are endemic in the human population and cause mild respiratory cold like 48 

symptoms (Cui et al., 2019).  Three separate zoonotic transmissions of highly 49 

pathogenic beta CoVs to humans have been documented in the last two decades.  50 

Middle East respiratory syndrome coronavirus (MERS-CoV) first emerged in 51 

Saudi Arabia in 2012 and has since been detected in 27 countries (Zaki et al., 2012).  52 

There have been ∼2,574 reported MERS cases resulting in 884 deaths (35.4% mortality 53 

rate). Most cases of MERS are attributed to zoonotic transmission from camels causing 54 

clusters of human-to-human transmission among subjects who have close contact, 55 

usually in health care settings (Killerby et al., 2020).  56 

SARS-CoV-1 was first identified as the causative agent of atypical respiratory 57 

syndrome called Severe Acute Respiratory Syndrome in China in 2002. SARS-CoV-1 58 

subsequently spread to 29 countries and infected 8098 people causing 774 deaths 59 

(9.5% mortality rate). More recently, the highly transmissible SARS-CoV-2 virus 60 

emerged in China and rapidly spread through the global population. SARS-CoV-2 has 61 

infected ~185 million people and caused over 4  million deaths (Dong et al., 2020). 62 

SARS-CoV-2 and SARS-CoV-1 are members of the sarbecovirus subgenus and share 63 

~80% amino acid sequence identity (Wan et al., 2020). SARS-CoV-2 is highly similar to 64 

a bat CoV, RaTG13 (Zhou et al., 2020). Several other SARS-like bat coronaviruses 65 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which 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 preprintthis version posted August 3, 2021. ; https://doi.org/10.1101/2021.08.02.454829doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.02.454829
http://creativecommons.org/licenses/by-nc-nd/4.0/


have been identified that have zoonotic potential (Cui et al., 2019) suggesting that both 66 

viruses likely originated in bats. 67 

CoV infection is mediated by the viral spike protein (S) which is a membrane 68 

anchored class I fusion protein expressed on the virion surface and is an important 69 

target of host immune responses elicited by infection or vaccination. S is comprised of 70 

two distinct functional subunits; a N-terminal, membrane distal subunit designated S1 71 

and a C-terminal, membrane proximal subunit designated S2. The S2 domain houses 72 

the fusion machinery that undergoes large structural rearrangements to mediate fusion 73 

of the host and viral membranes. The S1 domain serves to stabilize the S2 subunit in 74 

the pre-fusion state and facilitates the attachment to ligands on host cells through the 75 

receptor binding domain (RBD)(Tortorici and Veesler, 2019). Cell fusion requires 76 

conformational changes induced by receptor binding, as well as further proteolytic 77 

cleavage of the S2 subunit to liberate the fusion peptide and trigger conformational 78 

changes, which can occur at the cell membrane or following viral endocytosis (Millet 79 

and Whittaker, 2015).  80 

Despite the overall structural similarity of their S proteins, human coronaviruses 81 

use diverse entry receptors (Tortorici and Veesler, 2019, Walls et al., 2020, Wrapp et 82 

al., 2020). 229E uses human aminopeptidase N (hAPN), while HKU1 and OC43 cell-83 

entry depends on 9-O-acetylated sialic acids (Vlasak et al., 1988, Tortorici and Veesler, 84 

2019, Yeager et al., 1992). NL63, SARS-CoV-1 and SARS-CoV-2 use angiotensin 85 

converting enzyme 2 (ACE2) (Hoffmann et al., 2020, Li et al., 2003, Walls et al., 2020, 86 

Hofmann et al., 2005). SARS-CoV-2 also uses heparan sulfate as an attachment factor 87 

to promote infection (Clausen et al., 2020).  MERS-CoV utilizes sialoside receptors as 88 
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attachment factors and dipeptidyl peptidase 4 (DPP4) as an entry receptor (Park et al., 89 

2019, Raj et al., 2013). 90 

Due to extensive CoV genetic diversity, wide range of animal hosts, and potential 91 

for zoonotic transmission there is a need for vaccines and therapeutic agents that can 92 

prevent or limit future outbreaks (Ghai et al., 2021, Woo et al., 2009). Neutralizing 93 

antibodies elicited by vaccination or natural infection are an important correlate of 94 

protection against subsequent CoV infection (McMahan et al., 2020, Khoury et al., 95 

2021, Lumley et al., 2021). Further, passive delivery of monoclonal neutralizing 96 

antibodies can be used as a countermeasure to prevent CoV-related illness (Weinreich 97 

et al., 2021). 98 

The primary targets of neutralizing antibodies are within the S1 subunit: the 99 

receptor binding domain (RBD) and the N-terminal domain (NTD) (McCallum et al., 100 

2021, Piccoli et al., 2020, Stamatatos et al., 2021, Cerutti et al., 2021, Brouwer et al., 101 

2020, Rogers et al., 2020, Cao et al., 2010, Rockx et al., 2008, Hwang et al., 2006, 102 

Prabakaran et al., 2006, Sui et al., 2004, Traggiai et al., 2004, Ying et al., 2014, Tang et 103 

al., 2014, Jiang et al., 2014, Niu et al., 2018, Eguia et al., 2020, Kistler and Bedford, 104 

2021, Liu et al., 2020, Chi et al., 2020). Due to the diversity in receptor usage and 105 

variability of spike sequences across CoVs, RBD and NTD directed mAbs are often 106 

virus specific. Even within the same CoV, mutant variants can evade neutralization by 107 

monoclonal antibodies (mAbs) and polyclonal sera. Indeed, mutations found in the RBD 108 

and NTD of SARS-CoV-2 variants of concern are responsible for increased resistance 109 

to serum and monoclonal antibodies. It has been speculated such variants could erode 110 

vaccine efficacy over time. The RBD and NTD of other CoVs appear to be subject to 111 
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and evade immune pressure as well (Kistler and Bedford, 2021, Eguia et al., 2020). In 112 

contrast, S2 is more functionally and structurally conserved among CoVs (Tortorici and 113 

Veesler, 2019, Shah et al., 2021). However, it is sub-dominant with respect to 114 

neutralizing antibody responses as the majority of S2-binding mAbs isolated from 115 

SARS-CoV-2 infected donors are non-neutralizing (Rogers et al., 2020, Brouwer et al., 116 

2020, Sakharkar et al., 2021, Jennewein et al., 2021, Andreano et al., 2021).  117 

We recently described the isolation of a neutralizing anti-S2 mAb, CV3-25 from a 118 

SARS-CoV-2 infected donor (Jennewein et al., 2021). The neutralizing potency of CV3-119 

25 is unaffected by mutations found in the Beta (B.1.351) SARS-CoV-2 variant and can 120 

neutralize SARS-CoV-1. CV3-25 also displays cross-reactivity with recombinant spike 121 

proteins derived from the betaCoVs, OC43 and HKU1. Here, we demonstrate that the 122 

neutralizing activity of CV3-25 is unaffected by mutations found in the Alpha, Delta and 123 

Gamma variants and show that it can neutralize a SARS-like bat CoV, WIV1 (Ge et al., 124 

2013). We identified a linear epitope overlapping the stem-helix/HR2 region containing 125 

the epitope of CV3-25. A crystal structure of CV3-25 with a 19mer peptide revealed that 126 

CV3-25 binds to a solvent-exposed linear epitope that partially unwinds the stem-helix. 127 

The CV3-25 epitope is distinct from other mAbs targeting the stem helix region (Sauer 128 

et al., 2021, Pinto et al., 2021, Zhou et al., 2021), thus defining a novel site of conserved 129 

vulnerability that will enable pan-CoV vaccine design. 130 

 131 

 132 

Results 133 
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CV3-25 neutralizes SARS-CoV-2 variants and a SARS-like bat coronavirus. 134 

We previously reported that CV3-25 neutralizes the Wuhan-Hu-1 and  Beta (B.1.351) 135 

variants of SARS-CoV-2 with comparable potency (Jennewein et al., 2021).  Here we 136 

evaluated the ability of CV3-25 to neutralize additional SARS-CoV-2 variants Alpha 137 

(B.1.1.7), Delta (B.1.617.2) and Gamma (P.1) and a more distantly related SARS-like 138 

bat coronavirus, WIV1, which uses ACE2 as an entry receptor and can infect human 139 

cell lines. (Ge et al., 2013, Rambaut et al., 2020, Tegally et al., 2020, Faria et al., 2021). 140 

Therefore, W1V1 represents a bat CoV with pandemic potential. CV3-25 neutralized all 141 

variants and WIV1 with comparable potency (Fig. 1A). In contrast, the RBD-directed 142 

CV30 mAb showed reduced potency against the Beta and Gamma variants of concern, 143 

both of which harbor mutations in the RBD at position 417 that makes direct contact 144 

with CV30 (Hurlburt et al., 2020, Faria et al., 2021, Tegally et al., 2020) (Fig. 1B). WIV1 145 

was completely resistant to CV30-mediated neutralization. Combined with the 146 

observation that CV3-25 also neutralizes SARS-CoV-1, these data indicate that it binds 147 

to an epitope on S2 that is unaffected by mutations found in these variants. 148 

CV3-25 binds to a linear epitope on the SARS-CoV-2 stem helix.  149 

A handful of S2-directed neutralizing mAbs that display varying degrees of CoV 150 

cross-binding and/or neutralizing activity have been isolated. A semi-conserved site of 151 

vulnerability defined by the 3A3 mAb maps to the membrane-distal end of the pre-fusion 152 

S2 subunit and several mAbs have been found to bind the stem helix at the base of the 153 

S2 spike (Huang et al., 2021, Wang et al., 2021, Pinto et al., 2021, Zhou et al., 2021, 154 

Song et al., 2020). Based on the ability of CV3-25 to neutralize diverse sarbecovirueses 155 

(Fig. 1) and the fact that it can bind the ectodomains from additional betacoronaviruses 156 
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SARS-CoV-1, OC43, and HKU1 (Jennewein et al., 2021), we hypothesized that CV3-25 157 

was binding to one of these semi-conserved regions. To test this, we evaluated the 158 

ability of the stem helix-directed mAb B6 (Sauer et al., 2021) to bind to the recombinant 159 

SARS-CoV-2 spike in the presence of CV3-25. B6 neutralizes pseudoviruses 160 

expressing the spike proteins from MERS-CoV, HCoV-OC43 and the MERS-like bat 161 

CoV HKU4. It binds to but does not neutralize SARS-CoV-1 and SARS-CoV-2 (Sauer et 162 

al., 2021). B6 readily bound to the S2P protein as measured by biolayer interferometry 163 

(BLI) but was unable to bind to an S2P-CV3-25 complex indicating that the antibodies 164 

compete for binding to the SARS-CoV-2 spike (Fig. 2A).  165 

B6 binds to a linear peptide spanning amino acids 1147-1157 of the SARS-CoV-166 

1/SARS-CoV-2 stem helix (Sauer et al., 2021). To test whether CV3-25 binds to a 167 

similar epitope, CV3-25 binding to overlapping 15mer linear peptides spanning the stem 168 

helix region (1143-1162) from SARS-CoV-2 was measured by ELISA (Fig. 2B-C). CV3-169 

25 bound to two peptides encompassing amino acids 1149-1163 and 1153-1167, with 170 

stronger binding to the latter (Fig. 2C). CV3-25 did not bind to any of the other SARS-171 

CoV-2 peptides or to a control peptide from HIV-1 Env. CV3-25 binding was specific, as 172 

CV2-10, an S2 directed mAb that does not compete with CV3-25 binding (Jennewein et 173 

al., 2021), did not bind either peptide. To confirm binding to this peptide region, we 174 

synthesized a peptide spanning 1145-1167 and verified that CV3-25 bound to the 175 

peptide with ~5nM affinity using biolayer interferometry (BLI). The measured affinity of 176 

CV3-25 for the peptide is lower than it is for a recombinant stabilized spike protein (~0.6 177 

nM) (Fig. 2F and Table S2). We note that the association rate of binding to the peptide 178 

does not fit well to a 1:1 binding model (Fig. 2E) which may reflect several 179 
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conformations sampled by the immobilized peptide (a heterogenous ligand) and affect 180 

the accuracy of the CV3-25 peptide binding measurement. 181 

Structure of CV3-25 reveals a novel site of vulnerability in S2  182 

To gain insight into the nature of the CV3-25 peptide interaction, the antigen 183 

binding fragment (Fab) of CV3-25 was complexed with a synthesized peptide of the C-184 

terminal end of the stem helix (residues 1149-1167). A crystal structure of the Fab-185 

peptide complex was obtained to a resolution of 1.74 Å (Supplementary Table 1). The 186 

structure showed that binding to this peptide is almost entirely heavy chain dependent 187 

(Fig. 3A and B). The N-terminal end of the peptide forms an α-helix that is engaged by 188 

the CDRH1 and CDRH2. The CDRH3 extends under the base of the α-helix directing 189 

the extended C-terminal portion of the peptide up into the CDRH1 before turning 190 

downward to interact with the light chain. The Fab binds the peptide with a total buried 191 

surface area (BSA) of ~594 Å2, of which ~516 Å2 is from the heavy chain and ~78 Å2 192 

from the light chain (Fig. 3C).    193 

Alanine scanning of a stem helix peptide was conducted to assess the relative 194 

contributions of the interactions observed in the crystal structure (Fig. 3D). This analysis 195 

revealed that mutating Lys1157, any of the residues in 1160TSPDV1164, or Leu1166 inhibited 196 

or greatly reduced binding (Fig. 3D). This data agrees well with the structural data. 197 

Lys1157 buries ~133 Å2 upon binding, the highest amount of BSA on the peptide, and 198 

forms hydrogen bonds with two Asp residues in the CDRH2 (Fig. 3E). 1160TSPDV1164 is 199 

the segment of peptide just after the helix that interacts with CDRH3 before curving up 200 

to interact with CDRH1 and then the light chain.  201 
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Reversion of CV3-25 to the inferred germline (iGL) version abrogated CV3-25 202 

neutralizing activity despite showing comparable binding to SARS-CoV-S2P under avid 203 

conditions (Jennewein et al., 2021). Although the majority of the mAb-peptide contacts 204 

are through the CDRH3, Arg31 in the CDRH1 buries the most surface area (75 Å2) in the 205 

CV3-25-peptide structure (Fig. 3C). Arg31 forms a water-mediated interaction with 206 

Asp1153 and a π-stacking interaction with Phe1156 on the peptide. The germline encoded 207 

Ser at the position would be incapable of forming these interactions providing a 208 

rationale for the lack of neutralizing activity of iGL-CV3-25. 209 

Structural alignment of the stem helix peptides in the CV3-25 and B6 structures 210 

show that CV3-25 binds more C-terminal than B6 in the stem helix (Fig. 4A) in 211 

agreement with the binding to overlapping linear peptides (Fig.2C). The stem helix 212 

residues that are shared in the structures adopt almost identical conformations (Fig. 213 

4A). B6 binds to the hydrophobic face of the amphipathic helix that is predicted to be on 214 

the interior of the stem helix bundle of the pre-fusion trimer (Sauer et al., 2021). In 215 

contrast, CV3-25 binds to the solvent-exposed hydrophilic face of the helix. An 216 

alignment of the CV3-25 stem helix to a cryoEM structure of the native prefusion spike 217 

with the stem helix structure resolved (PDBID: 6XR8)(Cai et al., 2020) indicates that the 218 

CV3-25-bound stem helix unwinds a full turn, with the helix terminating Pro1162 moving 219 

~13Å into the interior of the helix bundle (Fig. 4B). The unwinding and repositioning of 220 

the stem-helix by CV3-25 would create a clash between residues 1162PDVDL1166 and the 221 

CDRH1 and CDRH3 of B6. There are additional potential clashes between the CDRH3 222 

on CV3-25 and CDRH2 on B6. Collectively these provide a structural basis for the 223 

observed competition between B6 and CV3-25 binding to SARS-CoV-2 S2P, which was 224 
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confirmed using a linear SARS-CoV-2 peptide (Fig. S2). CV3-25 binding to the stem 225 

helix peptide also prevented subsequent binding of the CC40.8 mAb (Fig. S2), which 226 

binds to an epitope that is nearly identical to B6 and weakly neutralizes SARS-CoV-1 227 

and SARS-CoV-2 (Zhou et al., 2021, Song et al., 2020). CryoET analysis of the SARS-228 

CoV-2 spike on the surface of intact virions shows an extended stalk region 229 

downstream of the stem helix (Turonova et al., 2020, Ke et al., 2020). However, all 230 

presently available CryoEM structures of the stabilized or membrane solubilized native 231 

spikes show poor resolution of the stem helix region and density for the downstream 232 

region including HR2 is missing (Walls et al., 2020, Wrapp et al., 2020, Cai et al., 2020). 233 

A model of the full length spike ectodomain, including HR2 was determined using 234 

homology modelling and molecular dynamic (MD) simulation (Casalino et al., 2020). 235 

Aligning the CV3-25-stem helix structure to this model shows good agreement (Fig. 4C). 236 

In both the modeled and CV3-25-peptide structures, the stem helix ends at the 237 

glycosylated Asn1158, and the extended C-terminal end of the CV3-25 bound peptide 238 

adopts a similar conformation to the MD model. 239 

The linear peptide in the CV3-25 structure contains one putative N-linked 240 

glycosylation site at Asn1158. This glycan is not predicted to clash with CV3-25 binding to 241 

the peptide, but in the 6XR8 trimer with the extended stem helix, the glycan on one of 242 

the adjacent protomers would potentially clash with the heavy chain of the antibody (Fig. 243 

4B). In the MD model, the glycan on the adjacent protomer shifts so that it is no longer 244 

clashing with the heavy chain (Fig. 4C). Additionally, the alignment of the model also 245 

suggests that the light chain of CV3-25 could potentially bind to the region just 246 
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downstream of the stem helix at the start of HR2, 1168DISGINASVVN1178 (Fig. 4D), a 247 

region that shows some sequence conservation amongst coronaviruses (Fig. 4E). 248 

 Superimposition of the CV3-25/peptide structure onto the post-fusion structure of 249 

SARS-CoV-2 spike (PDBid: 6XRA) reveals a different conformation of the CV3-25 250 

epitope (Fig. 4F) (Cai et al., 2020). In the post-fusion conformation, the stem helix in this 251 

epitope unwinds a full turn, relative to the CV3-25 bound peptide, with the remainder of 252 

the stem-helix elongating into a more linear structure. The overall RMSD between the 253 

CV3-25 bound peptide and this region in the post-fusion spike is 9.757 Å2 over 15 Cα 254 

atoms and is therefore unlikely to be compatible with CV3-25 binding. Thus, CV3-25 255 

may prevent the transition of the SARS-CoV-2 spike from the pre-fusion to the post-256 

fusion form. In line with this notion, CV3-25 inhibits spike mediated syncytia formation in 257 

vitro (Ullah et al., 2021). 258 

Cross-reactivity of CV3-25 with the stem helix of other CoVs 259 

Several of the CV3-25 contact residues are conserved in beta CoVs (Fig. 4E). 260 

We therefore evaluated the ability of CV3-25 to bind peptides derived from additional 261 

Beta-CoVs spanning the stem helix region by ELISA. CV3-25 bound equally well to 262 

peptides derived from SARS-CoV-1/2/WIV1, MERS-CoV, and HCoV-OC43.  CV3-25 263 

binding was slightly weaker to a peptide derived from HCoV-HKU1 (Fig. 5A), consistent 264 

with HKU1 having fewer conserved contact residues (Fig. 4E). Qualitative binding to 265 

SARS-CoV-1/2/WIV1, MERS-CoV, HCoV-OC43 and HCoV-HKU1 was confirmed by 266 

BLI (Fig. S3).  This analysis also revealed a lack of binding to corresponding peptides 267 

from the alpha CoVs HCoV-229E and HCoV-NL63 (Fig. S3), consistent with a lack of 268 
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CV3-25 binding to recombinant HCoV-229E and HCoV-NL63 spike proteins (Jennewein 269 

et al., 2021). 270 

  In contrast, the stem-helix directed mAbs B6 and CC40.8 showed differential 271 

binding to these peptides. B6 bound most strongly to the peptide from MERS-CoV, 272 

followed by HCoV-OC43, SARS-CoV-2 and HCoV-HKU1 (Fig. 5B), while CC40.8 273 

exhibited the strongest binding to HCoV-HKU1, followed by MERS and HCoV-OC43 274 

(Fig. 5C). We were unable to detect binding of CC40.8 to the SARS-CoV-2 peptide at 275 

the concentration tested here. To assess whether CV3-25 could bind to the linear 276 

epitope presented on these peptides in the context of a full-length spike protein, we 277 

expressed the membrane anchored, wildtype spike proteins from SARS-CoV-2, SARS-278 

CoV-1, WIV1, HCoV-OC43, HCoV-HKU1, and MERS-CoV on the surface of 293 cells 279 

and stained them with fluorescently labeled CV3-25. We included B6, CC40.8, CV30 280 

and AMMO1 mAbs for comparison.  CV3-25 bound to SARS-CoV-2, SARS-CoV-1, 281 

WIV1, consistent with its ability to bind to the stem helix peptide from these spike 282 

proteins and neutralize the corresponding pseudoviruses (Fig. 5E-G). Despite binding to 283 

the stem helix peptide from MERS-CoV, HCoV-OC43 and HCoV-HKU1, and stabilized 284 

soluble versions of the corresponding spike ectodomains (Fig. S4), CV3-25 did not 285 

recognize cell-surface expressed spikes (Fig. 5H-J). In line with the lack of binding, 286 

CV3-25 failed to neutralize a MERS-CoV pseudovirus or authentic HCoV-OC43 (Fig. 5K 287 

and M). Similarly, a monovalent Fab was unable to neutralize HCoV-OC43, indicating 288 

that the lack of neutralization was not due to steric shielding of the epitope from full 289 

length IgG (Fig. 5L). CV3-25 was also unable to neutralize authentic HCoV-NL63, an 290 

alpha CoV (Fig. S5). We conclude that although the CV3-25 epitope is present, it is not 291 
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equally accessible in the native conformation of the spike protein among the various 292 

beta CoVs examined here.  293 

Somatic mutation leads to stronger cross-reactive binding by CV3-25 294 

To assess the role of somatic mutation in CV3-25 cross-reactivity we measured 295 

the binding of iGL-CV3-25 to the same linear peptides from SARS-CoV-2, MERS-CoV, 296 

HCoV-OC43 and HCoV-HKU1 by ELISA (Fig. 5D). Although the binding to the peptide 297 

from SARS-CoV-1/2 and WIV1 was comparable and strong, the binding was severely 298 

reduced to MERS and OC43, and to a lesser extent to HKU1. Thus, somatic mutations 299 

acquired by CV3-25 lead to broad CoV-peptide reactivity. 300 

  301 
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Discussion 302 

The devastating loss of life, economic and social impacts of the SARS-CoV-2 303 

pandemic underscores the need to prevent future CoV outbreaks. The fact that SARS-304 

CoV-2 is the third highly pathogenic CoV to cause significant loss of human life in the 305 

past two decades suggests that future CoV outbreaks are plausible if not inevitable. 306 

Since neutralizing antibodies are likely important for protection against CoV infection, 307 

the isolation and characterization of mAbs targeting conserved neutralizing epitopes 308 

present across CoV variants and strains can inform the design of pan-CoV vaccines 309 

that can prevent or blunt future outbreaks. 310 

So far, six neutralizing mAbs targeting the stem-helix region, elicited by 311 

immunization in mice, or humanized mice (B6, 1.6C7 and 28D9), or isolated from 312 

SARS-CoV-2 infected humans (CC40.8, S2P6, CV3-25), have been described (Sauer 313 

et al., 2021, Wang et al., 2020, Zhou et al., 2021, Pinto et al., 2021, Jennewein et al., 314 

2021). All show varying degrees of cross-reactivity and cross-neutralizing activity 315 

against CoVs. Among these mAbs, three S2P6, CC40.8 and B6 have previously been 316 

structurally characterized. All form a hydrophobic groove that cradles the hydrophobic 317 

face of the amphipathic SARS-CoV-2 stem helix (residues AA 1147-1156 for B6, 318 

residues 1142-1159 for CC40.8 and residues 1146-1159 for S2P6). Alanine scanning of 319 

a stem helix peptide from MERS S suggests that the 1.6C7 and 28D9 mAbs which were 320 

isolated from humanized mice immunized sequentially with recombinant S from OC43, 321 

SARS and MERS, bind to a similar epitope region (Wang et al., 2021). In contrast to the 322 

other stem helix mAbs, CV3-25 binds to a distinct S2 epitope C terminal and on the 323 
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opposite face of the amphipathic stem helix thus defining an additional site of 324 

vulnerability on pathogenic beta CoVs.  325 

Very little high-resolution structural information is available about the 326 

conformation of the stem helix, and region C-terminal to the stem-helix. As such, we can 327 

only speculate as to why CV3-25 binds well to recombinant spike ectodomains and 328 

linear peptides from the MERS-CoV, HCoV-OC43 and HCoV-HKU1 Beta CoVs, but 329 

fails to bind full-length cell-surface expressed spikes or neutralize the corresponding 330 

viruses/pseudoviruses. CryoEM structures of stabilized NL63, MERS-CoV, SARS-CoV, 331 

and SARS-CoV-2 spike proteins only resolve the N-terminus of the stem-helix region 332 

(Walls et al., 2020, Walls et al., 2019, Wrapp et al., 2020, Kirchdoerfer et al., 2018, 333 

Yuan et al., 2017, Gui et al., 2017, Pallesen et al., 2017).  Moreover, complexes of 334 

mAbs B6, S26P and CC40.8 with stabilized spikes from MERS, SARS-CoV-2 and 335 

HKU1 are also poorly resolved by EM suggesting that this region undergoes significant 336 

conformational heterogeneity on recombinant proteins (Song et al., 2020, Sauer et al., 337 

2021, Pinto et al., 2021). Subtomogram averaging of virion-anchored SARS-CoV-2 338 

spikes show evidence of flexible hinges in the stalk region (Ke et al., 2020, Turonova et 339 

al., 2020). The stalk has been likened to a leg with a hip, knee and ankle joint where the 340 

stem helix region corresponds to the upper leg (Turonova et al., 2020). CV3-25 would 341 

bind to the dynamic <knee= region and may only recognize one of many conformations 342 

adopted by the SARS-CoV-2 spike. If so, it’s possible that a similar conformation is not 343 

sampled by membrane-anchored MERS, HKU1 or OC43 spikes.   344 

Alternatively, the CV3-25 epitope could be less exposed in the context of the 345 

MERS, OC43 and HKU1 membrane-anchored spikes as compared to their 346 
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corresponding stabilized ectodomains or the membrane-anchored sarbecovirus spikes.  347 

We note however, that the smaller size Fab domain of CV3-25 was unable to neutralize 348 

the OC43 virus. 349 

 It has been proposed that the B-cell lineages that gave rise to the stem helix 350 

mAbs CC40.8 and S26P were initiated by previous OC43 and HKU1 infection, 351 

respectively (Song et al., 2020, Pinto et al., 2021). Despite binding to linear peptides 352 

from HKU1 and to a lesser extent OC43, the absence of CV3-25 reactivity with 353 

membrane-anchored spikes from endemic HCoVs suggests that the CV3-25 progenitor 354 

B cell was activated by the SARS-CoV-2 virus rather than a prior HCoV-infection.  355 

The neutralizing potency of CV3-25 is not affected by mutations found in SARS-356 

CoV-2 variants of concern, which harbor mutations that escape from many anti-NTD 357 

and anti-RBD antibodies. Moreover, the CV3-25 epitope is strictly conserved among 358 

SARS-CoV-1, SARS-CoV-2 and WIV1; the antibody neutralizes pseudoviruses 359 

expressing all three spikes, and displays anti-viral activity in K18-hACE2 mice, 360 

particularly when Fc receptors are engaged (Ullah et al., 2021).  361 

We propose that the CV3-25 epitope is highly relevant to the development of a 362 

pan-sarbecovirus vaccine. The fact that CV3-25 binds a linear epitope indicates that it 363 

may be possible to design small scaffold based, or subunit vaccines that present the 364 

CV3-25 epitope while avoiding eliciting an immunodominant response to non-365 

neutralizing epitopes on S2 and elsewhere on the spike. The observation that CV3-25 366 

competes for binding with B6 and CC40.8 despite binding to discrete linear epitopes, 367 

indicates that multiple scaffold design strategies may need to be employed to target 368 

these two conserved sites of CoV vulnerability in the stem-helix region in order to 369 
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provide broad neutralizing coverage against diverse CoV. Similarly, a therapeutic 370 

combination of non-competing stem-helix mAbs may provide broad neutralizing 371 

coverage against emergent pathogenic CoVs since CV3-25 neutralizes diverse 372 

sarbecoviruses, and B6 neutralizes multiple merbecoviruses and OC43, a member of 373 

the embecovirus subgenus (Sauer et al., 2021) 374 

  375 
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 376 

Material and Methods 377 

Cell Lines 378 

All cell lines were incubated at 37°C in the presence of 5% CO2. 293-6E (human 379 

female, RRID:CVCL_HF20) and 293T cells (human female, RRID:CVCL_0063) cells 380 

were maintained in Freestyle 293 media with gentle shaking.  HEK-293T-hACE2 381 

(human female, BEI Resources Cat# NR-52511) were maintained in DMEM containing 382 

10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin 383 

(cDMEM). HCT-8 [HRT-18] cells (human male, ATCC CCL-244) were maintained in 384 

RPMI containing 10% horse serum, 2 mM L-glutamine, 100 U/ml penicillin, and 100 385 

µg/ml streptomycin. LLC-MK2 cells (Macaca mulatta, ATCC CCL-7) were maintained in 386 

cDMEM. Huh7 cells (human male, a gift from Dr. Ram Savan, Department of 387 

Immunology University of Washington) were maintained in cDMEM. 388 

Recombinant CoV proteins and mAbs 389 

Two stabilized versions of the recombinant SARS-CoV-2 spike protein (S2P and S6P) 390 

and the SARS-CoV-2 RBD were produced in 293E cells and purified as previously 391 

described (Seydoux et al., 2020, Jennewein et al., 2021). Plasmids encoding the 392 

stabilized versions of HCoV-OC43 (619-M66-303: CMV51p> HCoV-OC43 S-2P-T4f-3C-393 

His8-Strep2x2, Addgene plasmid # 166015) and HCoV-HKU1 (R619-M89-303: 394 

CMV51p> HCoV-HKU1 S-2P-T4f-3C-His8-Strep2x2, Addgene plasmid # 166014) were 395 

gifts from Domonic Esposito. The proteins were expressed in 293E cells and purified 396 

using Ni-NTA affinity resin followed by size exclusion chromatography on a superose 6 397 
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column as described in(Esposito et al., 2020). Recombinant CV3-25, CV30, B6 and 398 

AMMO1 were expressed in 293 cells and purified using protein A resin as previously 399 

described (Sauer et al., 2021, Jennewein et al., 2021, Snijder et al., 2018). 400 

Generation of plasmids expressing SARS-CoV-2 spike variants and MERS-CoV. 401 

To generate a plasmid encoding the SARS-CoV-2 spike P.1 variant (pHDM-SARS-CoV-402 

2-Spike-P.1) primers were designed that anneal 5’ of the L18 codon and just 3’ of the 403 

V1176F codon on the pHDM-SARS-CoV-2 Spike Wuhan-Hu-1 plasmid (BEI Resources 404 

Cat# NR-52514) and used to amplify cDNA corresponding to the N and C termini of the 405 

spike protein and the plasmid backbone using Platinum SuperFi II DNA Polymerase 406 

(Thermofisher Cat# 12368010) according to the manufacturer’s instructions. cDNA 407 

encoding the rest of the spike protein including the Δ242-243 deletion and the L18F, 408 

T20N, P26S, D138Y, R190S, K417T, E484K, N501Y, D614G, H655Y, T1027I, and 409 

V1176F mutations was synthesized as two gBlocks (Integrated DNA technologies). The 410 

first had 30nt of homology with the PCR amplified vector backbone at the 5’ end. The 411 

second included 30nt of homology with the 3’ end of the first block at the 5’ end and 412 

30nt of homology with the PCR amplified vector backbone at the 3’ end. The gBlocks 413 

and PCR product were ligated together using InFusion HD cloning Plus (TakaraBio 414 

Cat#638920). To generate a plasmid encoding the SARS-CoV-2 spike B.1.1. variant 415 

(pHDM-SARS-CoV-2-Spike-B.1.1.7) primers were designed that anneal 5’ of the H69 416 

codon and just 3’ of the D1118 codon on the pHDM-SARS-CoV-2 Spike Wuhan-Hu-1 417 

plasmid (BEI Resources Cat# NR-52514) and used to amplify cDNA corresponding to 418 

the N and C termini of the spike protein and the plasmid backbone using Platinum 419 

SuperFi II DNA Polymerase (Thermofisher Cat# 12368010) according to the 420 
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manufacturer’s instructions. cDNA encoding the rest of the spike protein including the 421 

H69-V70 and Y144 deletions, N501Y, A570D, D614G, P681H, T716I, S982A and 422 

D1118H mutations. A plasmid encoding the SARS-CoV-2 Spike B.1.617.2 (pCMV3-423 

SARS-CoV-2-Spike-B.1.617.2) was purchased from Sinobiological (Cat# VG40804-UT). 424 

To generate a plasmid encoding the MERS-CoV-2 spike (pHDM-MERS-CoV-Spike) 425 

codon-optimized cDNA corresponding to the MERS-CoV S protein (Riyadh_14_2013, 426 

GenBank: AHI48572.1) flanked on the 5’ end by 30nt of homology upstream of and 427 

including the EcoRI site and flanked on the 3’ end by 30nt of homology downstream of 428 

and including the HindIII site on the pHDM-SARS-CoV-2 Spike Wuhan-Hu-1 plasmid 429 

was synthesized by Twist Biosciences. The synthesized DNA was cloned into the 430 

pHDM-SARS-CoV-2 Spike Wuhan-Hu-1 plasmid that was cut with EcoRI and HindIII 431 

and gel purified to remove the SARS-CoV-2 Spike cDNA using InFusion HD cloning 432 

Plus. The sequences of the cDNA of all the spike expression constructs were verified by 433 

Sanger sequencing (Genewiz Inc.). 434 

Peptides 435 

Peptides were synthesized by Genscript or A&A Labs with, or without a biotin molecule 436 

conjugated to the amino-terminus via aminohexanoic acid.  437 

Pseudovirus neutralization assay 438 

HIV-1 derived viral particles were pseudotyped with full length wildtype S from Wuhan 439 

Hu1, B.1.351, B.1.1.7, P.1, WIV1, or MERS-CoV using a previously described reporter 440 

system (Crawford et al., 2020). Briefly, plasmids expressing the HIV-1 Gag and pol 441 

(pHDM540 Hgpm2, BEI Resources Cat# NR-52517), HIV-1Rev (pRC-CMV-rev1b, BEI 442 
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Resources Cat# NR-52519), HIV-1 Tat (pHDM-tat1b, BEI resources NR-52518), SARS-443 

CoV-2 spike (pHDM-SARS-CoV-2 Spike Wuhan-Hu-1, pHDM-SARS-CoV-2 Spike-444 

B.1.1.7, SARS-CoV-2 Spike-P.1, pHDM-SARS-CoV-2 Spike-B.1.351 (Stamatatos et al., 445 

2021), pCMV3-SARS-CoV-2-Spike-B.1.617.2,  pTWist-WIV1-CoV (a gift from Alejandro 446 

Balazs (Addgene plasmid # 164438 ; http://n2t.net/addgene:164438 ; 447 

RRID:Addgene_164438), or  pHDM-MERS-CoV Spike and a luciferase/GFP reporter 448 

(pHAGE-CMV-Luc2-IRES542 ZsGreen-W, BEI Resources Cat# NR-52516) were co-449 

transfected into 293T cells at a 1:1:1:1.6:4.6 ratio using 293 Free transfection reagent 450 

according to the manufacturer’s instructions. Pseudoviruses lacking a spike protein 451 

were also produced as a control for specific viral entry. Pseudoviron production was 452 

carried out at 32 ˚C for 72 hours after which the culture supernatant was harvested, 453 

clarified by centrifugation and frozen at -80˚C.  454 

293 cells stably expressing human HEK-293T-hACE2, for SARS-CoV-2 pseudoviruses, 455 

or Huh-7 cells for MERS-CoV pseudoviruses were seeded at a density of 4x103 456 

cells/well in a 100 µL volume in 96-well flat bottom black-walled, clear bottom tissue 457 

culture plates (Greiner CELLSTAR Cat# 655090). The next day, mAbs were serially 458 

diluted in 70 µL of cDMEM in 96-well round bottom master plates in duplicate wells. 30 459 

µL of serially diluted mAbs from the master plate were replica plated into 96-well round 460 

bottom plates.  An equal volume of viral supernatant was added to 96-well round bottom 461 

plates containing identical serial dilutions from the same master plate, and incubated for 462 

60 min at 37 ˚C. Meanwhile 50 μL of cDMEM containing 6 µg/mL polybrene was added 463 

to each well of 293T-ACE2 or Huh-7 target cells and incubated for 30 min. The media 464 

was aspirated from target cells and 100 µL of the virus-antibody mixture was added. 465 
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The plates were incubated at 37˚C for 72 hours. The supernatant was aspirated and 466 

replaced with 100 μL of Steady-Glo luciferase reagent (Promega Cat# E2510) and read 467 

on a Fluoroskan Ascent Fluorimeter. Control wells containing virus but no antibody 468 

(cells + virus) and no virus or antibody (cells only) were included on each plate. 469 

Percent neutralization for each well was calculated as the RLU of the average of the 470 

cells + virus wells, minus test wells (cells + mAb + virus), and dividing this result 471 

difference by the average RLU between virus control (cells + virus) and average RLU 472 

between wells containing cells alone, multiplied by 100. The antibody concentration that 473 

neutralized 50% or 80% of infectivity (IC50 and IC80 for mAbs) was interpolated from 474 

the neutralization curves determined using the log(inhibitor) vs. response -- Variable 475 

slope (four parameters) fit using automatic outlier detection in GraphPad Prism 476 

Software.   477 

Biolayer interferometry (BLI) 478 

BLI experiments were performed on an Octet Red instrument at 30°C with shaking at 479 

500-1000 rpm.  480 

Kinetics analysis:  481 

Streptavidin (SA) biosensors (Fortebio) were immersed Kinetics Buffer (KB: 1X PBS, 482 

0.01% Tween 20, 0.01% BSA, and 0.005% NaN3, pH 7.4)  containing 10µg/ml of 483 

biotinylated peptides for 150s, followed by immersion in KB for 60s to achieve a 484 

baseline reading. Probes were then immersed in KB containing serially diluted CV3-25 485 

Fab for a 300s association phase, followed by a 300s dissociation phase in KB. The 486 

background signal from each analyte-containing well was measured using empty 487 
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reference sensors and subtracted from the signal obtained with each corresponding 488 

mAb loaded sensor. Kinetic analyses were performed at least twice with an 489 

independently prepared analyte dilution series. Curve fitting was performed using a 1:1 490 

binding model and the ForteBio data analysis software. Mean kon, koff values were 491 

determined by averaging all binding curves that matched the theoretical fit with an R2 492 

value of ≥0.98. 493 

Binding competition assays: SA biosensors were immersed in KB containing 10µg/ml of 494 

biotinylated peptides for 300s, followed by a 20s baseline in KB buffer. Probes were 495 

then immersed in KB containing 20µg/ml CV3-25, AMMO1, B6 or CC40.8 for a 300s 496 

association phase, followed by a 20s baseline in KB buffer and then immersed into KB 497 

containing 20µg/ml CV3-25, AMMO1, B6 or CC40.8 for a 300s association phase. 498 

ELISA 499 

MaxiSorp microtiter plates (Thermo Scientific Cat#464718) were coated with 300ng/well 500 

of streptavidin (New England Biolabs Catalog #: N7021S) overnight at room 501 

temperature. Plates were washed 4X with PBS with 0.02% Tween-20 (wash buffer), 502 

then incubated with 60 μL/well of 3% BSA and 0.02% Tween-20 in PBS (blocking 503 

buffer) for 1 hr at 37°C. After washing 4X with wash buffer, 380 ng/well of biotinylated 504 

peptides diluted in blocking buffer were incubated for 1 hr at 37°C. Plates were washed 505 

4X in wash buffer and then mAbs were  serially diluted  in blocking buffer, added to the 506 

plate and incubated for 1 hr at 37°C. Plates were washed 4X in wash buffer and the 507 

secondary antibody Goat anti-Human Ig-HRP (Southern Biotech, Cat# 2010-05), was 508 

added and incubated at 37°C for 1 hr. Plates were washed 4X wash buffer, and then 509 

30μL/well of SureBlue Reserve TMB Peroxidase Substrate (Seracare KPL, Cat# 5120-510 
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0080) was added and incubated for 3 min followed by addition of 30μL of 1 N H2SO4 to 511 

stop the reaction. The optical density at 450nm was measured using a SpectraMax i3x 512 

plate reader (Molecular Devices). All wash steps were performed using a BioTek 513 

405/TSMicroplate Washer. 514 

Production of CV3-25 Fab 515 

Purified recombinant CV3-25 IgG was mixed with LysC (NEB) at a ratio of 1μg LysC per 516 

10mg of IgG and incubated at 37°C for 18h with nutation. The cleaved product was 517 

incubated with 1mL of Protein A resin (GoldBio) per 10mg of initial IgG and incubated at 518 

room temp for 1 hr to bind any uncleaved IgG and digested Fc. The purified Fab was 519 

further purifed by SEC using a HiLoad 16/600 Superdex 200pg column. 520 

Crystal screening and structure determination  521 

CV3-25 Fab was incubated with 1.5 molar excess of the synthetic stem helix peptide 522 

spanning residues 1149-1167 (Genscript). Initial crystal screening was performed by 523 

sitting-drop vapor-diffusion in the MCSG Crystallization Suite (Anatrace) using a NT8 524 

drop setter (Formulatrix). Poor diffraction crystals grew in MCSG-3 well B1 and were 525 

optimized using the Additive Screen (Hampton Scientific). Diffracting crystals were 526 

obtained in a mother liquor (ML) containing 0.1M Na Acetate:HCl, pH 4.5, 2.0M 527 

(NH4)SO4, 0.1M Strontium Chloride. The crystals were cryoprotected by soaking in ML 528 

supplemented with 26% glycerol. Diffraction data were collected at Advanced Light 529 

Source beamline 5.0.2 at 12286keV. The data set was processed using XDS (Kabsch, 530 

2010) and data reduction was performed using AIMLESS in CCP4 (Winn et al., 2011) to 531 

a resolution of 1.74Å. Initial phases were solved by molecular replacement using 532 
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Phaser in Phenix (Adams et al., 2010) with a search model of Fab 4AB007 (PDBid: 533 

5MVZ) divided into Fv and Fc portions. Model building was completed using COOT 534 

(Emsley and Cowtan, 2004) and refinement was performed in Phenix with the final 535 

refinement run through the PDB_REDO server (Joosten et al., 2014). The data 536 

collection and refinement statistics are summarized in Supplementary Table 1. 537 

Structural figures were made in Pymol (Schrodinger, LLC). 538 

Cell surface SARS-CoV-2 S binding assay.  539 

cDNA corresponding to AA 15-1336 of HCoV-OC43 was PCR amplified from pCAGGS-540 

Flag-HCoV-OC43 Spike (a kind gift from Dr. Marceline Côté, University of Ottawa) and 541 

cloned into the pTT3 vector using InFusion cloning (Clontech). A Kozak consensus 542 

sequence and the TPA leader sequence (MDAMKRGLCCVLLLCGAVFVSPSAS) was 543 

added to the 5’ end of the cDNA during PCR amplification. cDNA for the HKU1 spike 544 

was PCR amplified from pCMV-HCoV-HKU1 (SinoBiological Cat# VG40606-UT) and 545 

subcloned into pTT3. 546 

pTT3-SARS-CoV-2-S (Seydoux et al., 2020), pHDM-MERS-CoV-Spike, pTWist-WIV1-547 

CoV, pHDM-MERS-CoV-1 Spike, pTT3-HKU1 or pTT3-OC43 Spike were transfected 548 

into suspension-adapted 293T cells using 293 Free transfection reagent (EMD Millipore 549 

Cat# 72181) or PEI transfection reagent (PolySciences Inc. Cat# 23966) according to 550 

the manufacturer’s instructions. Transfected cells were incubated for 24h at 37ºC with 551 

shaking. Meanwhile, 1 µg of each mAb was added to individual wells of a 96 well plate 552 

in 50 µl of FACS buffer (PBS + 2% FBS + 1mM EDTA).  553 
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Spike-transfected or mock-transfected 293T cells were resuspended at 4x106 cells/ml in 554 

FACS buffer and 50µl was added to each well of the 96 well plate. mAb-cell mixture was 555 

incubated for 30 minutes on ice. The plates were then washed once with 200µl of  556 

FACS buffer and stained with of PE-conjugated AffiniPure Fab fragment goat anti-557 

human IgG (Jackson Immunoresearch Cat# 109-117-008) at a 1:100 dilution and 558 

live/dead green fluorescent reactive dye (Thermo Fisher Cat# L34970) at a 1:1000 559 

dilution in 50 µl/well of 1X PBS. The staining reaction was incubated for 20 minutes in 560 

the dark on ice. The plates were then washed once with 200µl of FACS buffer and fixed 561 

with 50 µl of 10% formalin. The plates were centrifuged, and the formalin was removed 562 

and replaced with 250µl of FACS buffer.  The % of live PE+ cells was measured on a 563 

Guava easyCyte 5HT Flow Cytometer (Luminex). For each mAb, the % of PE+ mock 564 

transfected cells was subtracted from the % of PE+ of spike transfected cells.  565 

OC43 live virus neutralization assay. 566 

HCT-8 [HRT-18] cells (ATCC CCL-244™) were seeded at 20,000 cells/well in 96-well 567 

plates and cultivated in RPMI containing 10% horse serum and penicillin-streptomycin 568 

at 37ºC for 2 days until reaching near confluency. Fifty-fold of the fifty percent tissue 569 

culture infection doses (TCID50) of OC43 (Zeptometrix Cat#0810024CF) per well was 570 

used. Serially diluted serum or mAb was mixed with virus in serum-free RPMI and 571 

incubated for 1 h at 33ºC on a shaker at 150 rpm. Then the, virus:antibody mixture was 572 

transferred onto HCT-8 cells and the plate was incubated at 33ºC in a CO2 incubator. At 573 

day 5, cells were fixed with -20ºC-cold, 70% MeOH for 15 min. Plate was rinsed with 574 

PBS (Gibco) and blocked with PBS containing 2.5 % Blotting grade blocker (Bio-Rad) 575 

and 0.05% Tween-20 (Sigma) for 1 hr at 37ºC. After washing one time with PBS-T 576 
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(PBS, 0.05% Tween-20), plate was incubated with rabbit anti-nucleocapsid antibody 577 

(Sino Biological, Cat# 40643-T62) for 1h at room temperature on a plate shaker at 800 578 

rpm. After that, plate was washed three times with PBS-T and incubated with goat anti-579 

rabbit IgG-HRP (Jackson ImmunoResearch, Cat# 111-035-144) for 1 h at room 580 

temperature on a plate shaker at 800 rpm. After washing three times with PBS-T, the 581 

assay was developed by addition of 1-Step Ultra TMB-ELISA solution (Thermo 582 

Scientific Cat# 34028) and reaction was stopped with 2 N sulfuric acid (Fisher 583 

Scientific). Optical density at 450 and 620 nm was captured with SpectraMax M2 584 

(Molecular Devices). Neutralization was defined as the antibody concertation that 585 

reduced OD relative to virus control wells (cells + virus only) after subtraction of 586 

background OD in cells-only control wells.  587 

NL63 live virus neutralization assay. 588 

LLC-MK2 cells were seeded at 3,000 cells/well in 96-well plate and cultivated in DMEM 589 

containing 10% FBS and penicillin-streptomycin at 37ºC for 2 days until reaching near 590 

confluency. Fifty-fold of the fifty percent tissue culture infection dose (TCID50) of NL63 591 

(BEI resources Cat# NR-470) per well was used. CV3-25 was added to a final 592 

concentration of 400 µg/ml and mixed with virus in serum-free RPMI and incubated for 1 593 

h at 33ºC on a shaker at 150 rpm. Wells containing PBS and no virus were included as 594 

controls. After the virus and/or virus:antibody mixture was transferred onto LLC-MK2 595 

cells and the plate was incubated at 33ºC in CO2 incubator. Eight days later the cells 596 

were visually inspected for evidence of cytopathic effects under a light microscope.  597 

 598 
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 625 

  626 

 627 

Figure 1. CV3-25 neutralizes SARS-CoV-2 variants and a SARS-like Bat virus.  The 628 

S2-binding CV3-25 (A), RBD-binding CV30 (B) and anti-EBV mAb AMMO1 (C) were 629 

evaluated for their ability to neutralize the indicated SARS-CoV-2 variants of concern 630 

and the SARS-like bat virus WIV1.  631 
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 639 

Figure 2. CV3-25 binds to a linear peptide encompassing the C-terminus of the 640 
stem helix.  (A) Binding of the B6 mAb to SARS-CoV-2 S2P alone or a SARS-CoV-2 641 
S2P-CV3-25 complex as indicated. (B) Alignment of a set of 15mer peptides that 642 
overlap by 11 amino acids spanning residues 1133-1171 of the SARS-CoV-2 spike 643 
protein. The region that corresponds to the stem helix in the prefusion wild-type spike 644 
protein (based on the 6XR8) is shown in bold. (C) CV3-25 was tested for binding to the 645 
peptides in B, and to a 15mer peptide derived from an HIV-1 Env protein. (D) CV2-10, 646 
which also binds to S2, but does not compete with CV3-25 was tested for binding to the 647 
peptides in B. CV3-25 Fab binding was measured to the indicated stem helix peptide 648 
(E) or a stabilized SARS-CoV-2 spike protein (S6P, F) by BLI. 649 

  650 
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 651 

 652 

 653 

Figure 3. (A) Structure of CV3-25 Fab bound to stem helix peptide. CV3-25-peptide 654 

shown in ribbon structure with mAb surface representation shown in transparency. CV3-655 

25 heavy chain is shown in green and light chain in cyan. The peptide is shown in 656 

orange. (B) Details of the interactions between the Fab and the peptide. 657 

Complementary determining regions (CDRs) are labeled and colored as shown. 658 

Hydrogen bonds between Fab residues and the peptide are shown with dashed black 659 
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lines. (C) Plots of buried surface area (BSA) of each Fab residue interacting with the 660 

peptide and a sequence alignment with the corresponding V-gene. CDRs are labelled 661 

and color coded to match the structure shown in B. Residues engaged in a hydrogen 662 

bond or salt bridge are marked with an <H= or <S=, respectively. (D) Alanine scanning 663 

plot of the stem helix region that CV3-25 binds. CV3-25 binding to linear peptides 664 

corresponding to amino acids 1153-1167 of the SARS-CoV-2 spike, where each amino 665 

acid was substituted by alanine was measured by ELISA. The absorbance at 450 nm 666 

resulting from the addition of 1.25 µg of CV3-25 is shown. Each dot represents a 667 

technical replicate from three independent experiments conducted in duplicate. Full 668 

titrations are shown in Figure S1.  (E) Plot of the BSA of each stem helix peptide 669 

residue.  670 

  671 
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 672 

 673 

 674 

 675 

Figure 4.  (A) Structural alignment of stem helix peptides to CV3-25 Fab and B6 Fab 676 

(PDBid: 7M53) shown as ribbon diagram. B6 heavy chain is shown in dark blue and 677 

light chain in light blue. CV3-25 heavy chain is shown in green and light chain in cyan. 678 

The B6-bound peptide is shown in yellow and the CV3-25-bound peptide in orange. (B) 679 

Left, structural alignment of the CV3-25 structure and the stem helix structure (PDBid: 680 

6XR8) shown in cartoon representation. The 6XR8 stem helix is shown in dark gray and 681 
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the CV3-25-bound peptide is shown in orange. Asn1158 glycan is shown in yellow sphere 682 

representation. Left, the alignment with a single protomer, right, an alignment with the 683 

trimer. (C) Structural alignment of CV3-25 to MD simulation model of the stem helix and 684 

HR2 region of the spike protein (Casalino et al., 2020). Asp1158 glycan is shown in 685 

yellow sphere representation. Left, an alignment with a single protomer, right an 686 

alignment with the trimer. (D) Potential interaction area of the N-terminal end of HR2 687 

and the light chain of CV3-25 is shown in tan. (E) Sequence alignment of the stem helix 688 

region of several CoV spike proteins. The peptide bound to CV3-25 is marked by the 689 

orange bar and crucial interacting residues are marked by *. The residues conserved in 690 

the binding site are shown in red. The region that could interact with the light chain is 691 

shown with the tan bar and the conserved region is highlighted by the blue box with 692 

similar residues shown in teal. (F) Structural alignment of the CV3-25 bound peptide 693 

(orange) to the post-fusion S (black, PDBid: 6XRA). The peptide was aligned to 694 

1152LDKY1155 in the spike. Left, the alignment to the protomer. The sidechains of the 695 

residues are shown in stick representation, right, the region is shown in context of the 696 

trimer. 697 
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Figure 5. CV3-25 binds to stem helix peptides from diverse betacoronaviruses but 701 
only to cell surface-expressed sarbecovirus spike proteins. Binding of CV3-25 (A), 702 
B6 (B), CC40.8 (C) or the inferred germline version of CV3-25  (D), to linear peptides 703 
from SARS-CoV-1/2/WIV1, MERS-CoV, HCoV-OC43, and HCoV-HKU1 was measured 704 
by ELISA. Spike proteins from SARS-CoV-2 Wuhan-Hu-1 (E), SARS-CoV-1 Urbani (F), 705 
WIV1 (G), HCoV-HKU1 (H) and HCoV-OC43 (I) and MERS-CoV (J) were expressed on 706 
the surface of 293 cells, and then stained with the indicated fluorescently labeled mAbs 707 
and then analyzed by flow cytometry. The percentage of cells that stained positive with 708 
the mAbs is indicated on the y-axis. Neutralization of authentic OC43 by CV3-25 IgG or 709 
Fab (K), or human sera (L). (M) Neutralization of MERS-CoV pseudovirus by the 710 
indicated mAbs.  711 
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Supplemental Information 1054 

Supplementary Table 1. Data collection and refinement statistics for crystal structure 1055 

  CV3-25 Fab + Spike peptide 1149-1167 

Data collection   

Space group P3221 

Cell dimensions    

    a, b, c (Å) 60.173, 60.173, 285.825  

    α, β, γ ()  90, 90, 120 

Resolution (Å) 49.01-1.740 (1.77-1.74) 

Rmerge
a 0.025 (0.309) 

<I/σ(I)> 21.7 (2.7) 

 CC1/2 0.999 (0.670) 

Completeness 100 (100) 

Redundancy 1.9 (1.9) 

Refinement  

Resolution (Å) 48.96-1.74 (2.18-1.74) 

No. unique reflections 63190 (6196) 

Rwork
b/Rfree

c 18.64/20.90 (34.85/35.03) 

No. atoms 3825 

    Protein 3479 

    Water 294 

    Ligand 52 

B-factors (Å2)  36.1 

    Protein 35.24 

    Water 42.33 

    Ligand 58.63 

RMS bond length (Å) 0.012 

RMS bond angle (°)  1.57 

Ramachadran Plot Statisticsd 

Residues 455 

Most Favored region 97.54 

Allowed Region 2.46 

Disallowed Region 0.00 

Clashscore 1.43 

PDB ID                   7RAQ 
a Rmerge = [∑h∑i|Ih – Ihi|/∑h∑iIhi] where Ih is the mean of Ihi observations of reflection h. Numbers in 1056 

parenthesis represent highest resolution shell. b Rfactor and c Rfree = ∑||Fobs| - |Fcalc|| / ∑|Fobs| x 100 for 1057 

95% of recorded data (Rfactor) or 5% data (Rfree). c MolProbity (Williams et al., 2018) 1058 

1059 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which 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 preprintthis version posted August 3, 2021. ; https://doi.org/10.1101/2021.08.02.454829doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.02.454829
http://creativecommons.org/licenses/by-nc-nd/4.0/


  1060 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which 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 preprintthis version posted August 3, 2021. ; https://doi.org/10.1101/2021.08.02.454829doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.02.454829
http://creativecommons.org/licenses/by-nc-nd/4.0/


Table S2 CV3-25 binding kinetics 1061 

 KD 

(M)X10-9 
kon 

(1/Ms)X105 
Kon error 
(1/Ms)X103 

Koff 

(1/s)X10-4 
Koff error 
(1/s)X10-5 

SARS-
CoV-2 
stem helix 
peptide 

5.23 0.3 5.8 1.59 1.24 

SARS-
CoV-2 S6P 

0.66 6.0 4.23 3.89 0.72 

 1062 

 1063 

 1064 

Figure S1. CV3-25 binding to linear peptides corresponding to amino acids 1153-1167 1065 

of the SARS-CoV-2 spike, where each amino acid was substituted to alanine, was 1066 

measured by ELISA. 1067 

  1068 
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 1069 

 1070 

Fig.S2 CV3-25 competes with stem-helix directed neutralizing mAbs. The indicated 1071 

SARS-CoV-2 peptide was immobilized on a streptavidin biosensor and immersed into a 1072 

solution containing CV3-25 for 300s. The sensor was then immersed in kinetics buffer 1073 

for 30 seconds and then immersed in kinetics buffer containing B6, CC40.8 or AMMO1 1074 

as indicated. The dotted lines demarcate the initial binding, baseline, and second 1075 

binding steps. 1076 
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 1077 

Figure S3: CV3-25 binds to linear peptides from diverse Beta CoVs as measured by 1078 

BLI. Binding of CV3-25 to linear stem helix-derived peptides from the indicated CoVs 1079 

(Zhou et al., 2021) was measured by BLI.  1080 

  1081 
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 1082 

 1083 

Figure S4: CV3-25 binds to stabilized spike ectodomains from HCoV-OC43 and HCoV-1084 

HKU1 as measured by BLI as indicated.  1085 
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 1087 

 1088 

Figure S5. CV3-25 does not neutralize HCoV-NL63. LLC-MK2 cells were incubated 1089 
with 50X TCID50 NL63 with PBS or 50X TCID50 NL63 plus 400 µg/ml CV3-25, or with 1090 
400 µg/ml CV3-25 in PBS as indicated. 8 days later the cells were examined for 1091 
cytopathic effects on a light microscope. Representative images from one of four wells 1092 
for each condition are shown. 1093 
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