
Cite as: P. Zhou et al., Sci. Transl. Med. 
10.1126/scitranslmed.abi9215 (2022).  

 

	  RESEARCH ARTICLES 
 

First release: 8 February 2022  www.science.org/journal/stm  (Page numbers not final at time of first release) 1 

INTRODUCTION 
Severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) has led to the current global pandemic (1–3). SARS-
CoV-2 is a virus that belongs to the coronaviridae family of 
which six members have previously crossed into humans 
from animal reservoirs and established widespread infections 
(4, 5). These include four endemic human coronaviruses 
(HCoVs) (HCoV-229E, HCoV-HKU1, HCoV-OC43, HCoV-
NL63) responsible for non-severe, seasonal infections (4) as 
well as SARS-CoV-1 and MERS-CoV (Middle East Respiratory 
Syndrome CoV) that are associated with high morbidity and 
mortality in humans (6, 7). Among the seven HCoVs, SARS-
CoV-2 closely resembles SARS-CoV-1 and, to lesser degree, 
MERS-CoV. Together with HCoV-HKU1 and HCoV-OC43, 
these viruses belong to the β-coronavirus genus (4, 5). SARS-
CoV-2 is highly transmissible in humans and causes corona-
virus disease-2019 (COVID-19), associated with severe respir-
atory failure leading to high morbidity and a reported 

mortality of about 0.7 to 2% of infected individuals worldwide 
(2, 8, 9). There are considerable concerns that future corona-
virus spillovers will trigger new pandemics (10–15). 

Coronavirus pandemic preparedness may consider re-
sponses through establishment of techniques for rapid gen-
eration of specific reagents to counter the emerging 
coronavirus and control spread. An alternative is to seek to 
identify broadly neutralizing antibodies (bnAbs) to corona-
viruses and use molecular information gleaned on their 
epitopes to rationally design pan-coronavirus vaccines (16–
18). Pan-coronavirus vaccines and antibodies could be stock-
piled ahead of the emergence of a new coronavirus and used 
to rapidly contain the virus. BnAbs and pan-coronavirus vac-
cines that target more conserved regions of the virus may also 
be more effective against antigenically variant viruses, such 
as have been described for the variants of concern in the 
COVID-19 pandemic (19–22). 

All HCoVs possess a surface envelope spike glycoprotein 
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Broadly neutralizing antibodies (bnAbs) to coronaviruses (CoVs) are valuable in their own right as 
prophylactic and therapeutic reagents to treat diverse CoVs and, importantly, as templates for rational 
pan-CoV vaccine design. We recently described a bnAb, CC40.8, from a coronavirus disease 2019 (COVID-
19)-convalescent donor that exhibits broad reactivity with human beta-coronaviruses (β-CoVs). Here, we 
showed that CC40.8 targets the conserved S2 stem-helix region of the coronavirus spike fusion machinery. 
We determined a crystal structure of CC40.8 Fab with a SARS-CoV-2 S2 stem-peptide at 1.6 Å resolution 
and found that the peptide adopted a mainly helical structure. Conserved residues in β-CoVs interacted 
with CC40.8 antibody, thereby providing a molecular basis for its broad reactivity. CC40.8 exhibited in vivo 
protective efficacy against SARS-CoV-2 challenge in two animal models. In both models, CC40.8-treated 
animals exhibited less weight loss and reduced lung viral titers compared to controls. Furthermore, we 
noted CC40.8-like bnAbs are relatively rare in human COVID-19 infection and therefore their elicitation may 
require rational structure-based vaccine design strategies. Overall, our study describes a target on β-CoV 
spike proteins for protective antibodies that may facilitate the development of pan-β-CoV vaccines. 
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that mediates interaction with host cell receptors and enables 
virus fusion (4, 23). SARS-CoV-2 (similar to SARS-CoV-1) uti-
lizes the receptor binding domain (RBD) in the S1 subunit of 
the spike protein to engage human angiotensin converting 
enzyme 2 (hACE2) on host cells for cell entry and infection 
(23–27). The SARS-CoV-2 spike glycoprotein is the primary 
target of neutralizing antibodies (nAbs) (28–31). On the spike 
protein, the RBD is highly immunogenic and is recognized by 
the majority of nAbs (28, 32–43), and thus is a major focus of 
current nAb-based vaccine design efforts (28, 44, 45). How-
ever, due to sequence diversity, cross-reactivity to the RBD 
region is limited, especially among emerging coronaviruses 
with pandemic potential (10–13). The most potent nAbs in 
humans during natural infection are typically raised to 
epitopes overlapping the ACE2 binding site (32, 33, 42, 45, 
46). As the rapid spread of the SARS-CoV-2 virus continues, 
these epitopes are coming under strong immune selection 
pressure at the population level, leading to the selection of 
SARS-CoV-2 neutralization escape variants (19–22, 47–49). 
The relevant mutations may result in reduced effectiveness 
of vaccine-induced antibody responses in humans since such 
responses also tend to target RBD epitopes overlapping the 
ACE2 binding site, and because all currently approved vac-
cines are based on the wild-type virus. The most striking ex-
ample that illustrates the capability of the RBD to mutate 
without majorly affecting the ability of the virus to engage 
host receptor is the variability of the RBD across the two fam-
ilies of HCoVs: SARS-CoV-2/1 (β-HCoVs) and HCoV-NL63 (α-
HCoV) (23–27, 50). These HCoVs possess divergent RBDs, but 
all use the ACE2 receptor for viral entry suggesting that 
SARS-CoV-2, and potentially other emerging sarbecoviruses 
with human pandemic potential, can tolerate changes in this 
domain with limited fitness cost. Therefore, we believe that 
other sites on the spike protein should be explored as targets 
of bnAbs. 

We recently isolated a SARS-CoV-1/2 cross-neutralizing 
antibody from a COVID-19 donor, CC40.8, that exhibits broad 
cross-reactivity with human β-CoVs (51). Here, we show that 
the CC40.8 bnAb targets an S2 stem-helix epitope, which is 
part of the coronavirus fusion machinery. We first identified 
a long 25-mer S2 peptide from HCoV-HKU1 that bound 
CC40.8 with high affinity and then determined the crystal 
structure of CC40.8 with the SARS-CoV-2 S2 peptide. The S2 
stem peptide adopts a largely helical structure that is embed-
ded in a groove between the heavy and light chain comple-
mentarity determining regions (CDRs) of the antibody. Key 
epitope contact residues were further validated, by alanine 
scanning, to be important for peptide binding and for virus 
neutralization. These contact residues are largely conserved 
between β-CoVs, consistent with the cross reactivity of 
CC40.8. In SARS-CoV-2 challenge models, CC40.8 showed in 
vivo protective efficacy by reducing weight loss and lung 

tissue viral titers. Although two recent studies have described 
S2-stem nAbs isolated from mice and mice transgenic for hu-
man Ig (52, 53), CC40.8 represents a human HCoV S2-stem 
directed bnAb isolated from natural infection (51) and may 
facilitate development of antibody-based interventions and 
prophylactic pan-sarbecovirus and pan-β-coronavirus vac-
cine strategies. 

RESULTS 
CC40.8 binds a conserved peptide from the S2 region 

of β-coronaviruses. 
We recently isolated a bnAb, CC40.8, from a 62-year-old 

SARS-CoV-2 convalescent donor from peripheral blood mon-
onuclear cell (PBMC) samples collected 32 days post-infec-
tion (51). CC40.8 bnAb neutralizes SARS-CoV-1 and SARS-
CoV-2 and exhibits broad reactivity against β-coronaviruses, 
notably the endemic coronavirus HCoV-HKU1 (Fig. 1A and B) 
(51). Here, we observed that CC40.8 bnAb can effectively neu-
tralize clade 1b and clade 1a ACE2 receptor-utilizing sarbe-
coviruses (Fig. 1A, fig. S1). In addition, the CC40.8 bnAb was 
consistently effective against the current SARS-CoV-2 vari-
ants of concern (VOCs) (Fig. 1A, fig. S1). The effectiveness of 
CC40.8 bnAb with SARS-CoV-2 VOCs is consistent with a lack 
of mutations in the S2 stem helix region in the current VOCs 
(21). To assess the cell-cell inhibition ability of CC40.8 bnAb, 
we conducted experiments in HeLa cells expressing SARS-
CoV-2 spike protein or hACE2 receptor. We observed that 
CC40.8 bnAb can prevent cell-cell fusion of HeLa cells ex-
pressing SARS-CoV-2 spike protein with HeLa cells express-
ing the hACE2 receptor (fig. S2). 

Using negative-stain electron microscopy (ns-EM), we 
previously showed that the CC40.8 antibody targets the base 
of the S2 subunit on HCoV spike proteins, but epitope flexi-
bility precluded determination of a high-resolution structure 
(51). Here, we pursued epitope identification, first by peptide 
mapping. Using HCoV-HKU1 S2 subunit overlapping bioti-
nylated peptides (15-residue long with a 10-residue overlap) 
for binding to CC40.8, we identified that the stem-helix re-
gion in the S2 fusion domain contains the epitope (Fig. 1C, 
fig. S3). Then, through screening with peptides of various 
lengths that include the epitope, we identified a 25-residue 
peptide that showed the strongest binding by biolayer inter-
ferometry (BLI, Fig. 1D). The peptide corresponds to residues 
1226-1250 from the HCoV-HKU1 S2 sequence. 

Next, we tested BLI binding of CC40.8 bnAb with peptides 
encompassing similar S2-domain regions of other HCoVs. We 
observed that the antibody binds to the β- but not to the α-
HCoV S2-domain peptides (Fig. 1D). This pattern is con-
sistent with the differential binding of CC40.8 bnAb to differ-
ent families of HCoV spike proteins (Fig. 1B) (51). Sequence 
alignment of the S2 stem-helix domain region showed strong 
conservation between SARS-CoV-1 and SARS-CoV-2 with 
more modest conservation across the seasonal β-CoVs, 
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consistent with cross-reactive binding patterns (Fig. 1E to G). 
To determine whether CC40.8 bnAb affinity maturation 

was important for cross-reactive binding or neutralization, 
we generated an inferred germline (iGL) version of CC40.8 
with corresponding antibody V-D-J germline genes (fig. S1B), 
as described previously (54, 55). Although the CC40.8 bnAb 
iGL Ab version retained binding to spike proteins and the 
stem-helix peptides of β-CoVs, the neutralizing activity was 
lost against sarbecoviruses (fig. S1, C to E), suggesting that 
affinity maturation is critical for neutralization, but cross-re-
active breadth is germline-encoded. Interestingly, the CC40.8 
iGL bnAb showed binding to MERS-CoV spike protein that 
CC40.8 bnAb fails to bind and exhibited some weak polyreac-
tivity (fig. S1, fig. S4), suggesting that naive B cells targeting 
this epitope may begin with a broader reactivity to CoV spike 
proteins. 

The epitope of CC40.8 bnAb was defined by the crys-
tal structure of a peptide-antibody complex. 

To investigate the molecular nature of the CC40.8 bnAb 
epitope, we determined the 1.6 Å resolution crystal structure 
of the antibody Fab fragment with the SARS-CoV-2 25-mer S2 
peptide (Fig. 2A, table S1). The peptide adopts a largely heli-
cal structure that traverses a wide hydrophobic groove 
formed between the heavy and light chains of the Fab (fig. 
S5). The buried surface area on the peptide is about 1150 Å2 
(669 Å2 conferred by the heavy chain and 488 Å2 by the light 
chain) and is largely contributed by hydrophobic residue in-
teractions at the paratope-epitope interface, although some 
hydrogen bonds and salt bridges are contributed by CDRHs1 
to 3, FRH1, and CDRLs1 to 3 (Fig. 2A to C, fig. S6). Two pep-
tide stretches of 1142QPELD1146 and 1151ELDKYF1156 and several 
nearby residues, F1148 N1158, H1159, form the epitope of the bnAb 
(Fig. 2B and C). Notably, hydrophobic residues in 
1151ELDKYF1156 of the stem region, as well as two upstream res-
idues, L1145 and F1148, form the core of the epitope that inter-
acts with a hydrophobic groove in the antibody lined by 
heavy chain residues (V33, Y35, W47, Y56, Y58, M96 and 
V101) and light chain residues (Y32, Y34, L46 and Y49) (Fig. 
2C and fig. S6). Antibody germline and mutated residues both 
contribute to epitope recognition (fig. S6). Consistent with 
our findings, two recent independent studies have shown 
that heterologous CoV spike protein immunizations in mice 
or mice transgenic for the human Ig locus can induce cross-
reactive serum neutralizing antibodies that target the con-
served S2 spike epitope similar to the stem-helix epitope 
identified in our study, and some isolated mAbs also show 
broad reactivity to coronavirus spike proteins (52, 53). 

The residues important for CC40.8 interaction with virus 
were also investigated by alanine scanning mutagenesis of 
SARS-CoV-2 and HCoV-HKU1 peptides and spike protein by 
antibody binding and by neutralization of SARS-CoV-2 spike 
protein mutants (Fig. 2D and E, fig. S7). The contact residues 

determined by crystallography were also found to be im-
portant for peptide binding and neutralization with the S2 
helical residues, L1145, E1151, F1148 and Y1155, being the most criti-
cal (fig. S7). We noted some differences in CC40.8 dependence 
on S2 residue substitutions for virus neutralization and spike 
protein binding, which may reflect differences in confor-
mation or glycosylation between recombinant and native 
membrane-associated spike protein (56, 57). The conserva-
tion of those residues identified by crystallography and ala-
nine scanning as most critical for interaction of CC40.8 with 
virus is high (Fig. 2F) across human β-coronaviruses and re-
lated sarbecoviruses that infect various animal species, thus 
providing a structural basis for broad cross-reactivity of the 
antibody. 

The CC40.8 epitope region houses an N-linked glycan 
(N1158) that is highly conserved across coronaviruses and may 
restrict access to this bnAb epitope. To investigate, we substi-
tuted the T1160 residue on SARS-CoV-2 virus spike protein with 
an alanine residue to eliminate the AsnHisThr (NHT) N-
linked glycan attachment site. A modest increase in neutrali-
zation sensitivity of the T1160A variant relative to wild-type 
virus was observed (Fig. 2E, fig. S7), suggesting that any steric 
obstruction of the epitope by the N1158 glycan is limited. 

The CC40.8 bnAb epitope appears to be only partially ex-
posed on the pre-fusion HCoV spike protein (fig. S8). Previ-
ously, a SARS-CoV-2 S2 stem-targeting neutralizing antibody, 
B6, was isolated from a mouse immunized with spike protein 
(52). Here we compared the structures of antibodies CC40.8 
and B6 (fig. S9, A to E). Both antibodies target a similar 
epitope on the SARS-CoV-2 spike protein, the conserved S2 
stem helix region, but with different angles of approach; a 
longer peptide was visualized as the epitope for CC40.8. The 
post-fusion spike protein requires a large conformational 
change in the S2 stem region, and the superimposed CC40.8 
(fig. S8C) and B6 (52) would clash with the post-fusion con-
formation. On the other hand, if bound to a spike protein in 
the pre-fusion state, both antibodies would clash with the ad-
jacent protomer (fig. S9, D and E), suggesting a possible neu-
tralization mechanism where the antibodies may induce 
disruption of the S2 stem 3-helix bundle, and bind to an in-
termediate state of the spike protein (fig. S8C). This hypoth-
esis is further supported by comparing the binding of CC40.8 
to S2P and HexaPro (S6P). The two proline mutations (S2P) 
were introduced to stabilize the SARS-CoV-2 S trimer in its 
pre-fusion state (26, 58), whereas additional proline substitu-
tions to the HexaPro or S6P construct further stabilized the 
SARS-CoV-2 spike trimer (59). Here we show that the S6P-
stabilized version exhibited much weaker binding to CC40.8 
compared to S2P (fig. S9F), further suggesting that destabili-
zation or partial disruption of the pre-fusion S trimer is a pos-
sible explanation for neutralization by S2 stem-targeting 
antibodies, such as CC40.8 or B6. Our previous EM study of 
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the complex of HCoV-HKU1 S (S2P) and CC40.8 Fab [Fig. 5D 
in ref (51)] showed high flexibility of the epitope and multiple 
antibody approach angles, which also suggested disruption of 
the 3-helix bundle and induction of flexibility in the S2 stem 
region. 

CC40.8 antibody protects against weight loss and re-
duces viral burden in SARS-CoV-2 challenge in vivo. 

To determine the in vivo efficacy of CC40.8, we conducted 
passive antibody transfer followed by SARS-CoV-2 challenge 
in human ACE2 (hACE2) mice and in Syrian hamsters. 
CC40.8 mAb at 4 different doses (300μg, 100μg, 50μg and 
10μg per animal) was intra-peritoneally (i.p.) administered 
into groups (6 animals per group) of hACE2 mice (Fig. 3A) 
(60). An RBD nAb (CC12.1; 300 μg/animal) positive control 
and a Zika-specific antibody (SMZAb1; 300 μg/animal) nega-
tive control were administered i.p. into control animal 
groups. All CC40.8- and control mAb-treated animals were 
challenged with SARS-CoV-2 (USA-WA1/2020) by intranasal 
(i.n.) administration of a virus dose of 2 × 104 plaque forming 
units (PFU), 12 hours post-antibody infusion (Fig. 3A). The 
animals were weighed daily to monitor weight changes, as an 
indicator of disease due to infection and serum samples were 
collected to determine the transferred human antibody con-
centrations (fig. S10). Animals were euthanized at day 5 and 
lung tissues were collected to determine the SARS-CoV-2 ti-
ters by quantitative polymerase chain reaction (qPCR) and by 
plaque assays. The CC40.8 bnAb-treated animals showed sig-
nificantly reduced weight loss as compared to the SMZAb1-
treated control group animals (P<0.0001, Fig. 3B, fig. S10), 
suggesting a protective role for CC40.8. Remarkably, the ani-
mals treated with the lowest dose of CC40.8 bnAb (10 μg/an-
imal) also showed significant protection against weight loss 
(P = 0.0005, Fig. 3B, fig. S10). As expected, the positive control 
RBD nAb, CC12.1 significantly protected against weight loss 
(P<0.0001, Fig. 3B, fig. S10). Consistent with these results, 
SARS-CoV-2 specific viral RNA copies and viral titers in day 
5 lung tissues were significantly reduced in the CC40.8-
treated animals compared to the SMZAb1 control group ani-
mals (P<0.0001, Fig. 3C and D). 

We also investigated the protective efficacy of CC40.8 
mAb by intra-peritoneally (i.p.) administering into a group of 
5 Syrian hamsters (at 2 mg per animal) and subsequently 
challenging with SARS-CoV-2 (USA-WA1/2020 dose of 1 × 106 
PFU) (fig. S11). SMZAb1 Zika mAb was used as a control. Con-
sistent with hACE2 mouse experiments, the CC40.8 bnAb-
treated animals showed substantially reduced weight loss 
and reduced SARS-CoV-2 titers in day 5 lung tissues demon-
strating its protective role (fig. S11). Altogether, the findings 
reveal that CC40.8, despite relatively low in vitro neutraliza-
tion potency, shows a substantial degree of protective efficacy 
against SARS-CoV-2 infection in vivo. Consistent with these 
results, a recently isolated S2 stem bnAb, S2P6, has also been 

shown to protect against SARS-CoV-2 challenge despite rela-
tively low neutralization potency (61). Furthermore, this phe-
nomenon of a surprisingly high degree of protection afforded 
by antibodies directed to epitopes close to the spike protein 
membrane and part of the fusion machinery has been de-
scribed earlier for HIV (62). 

The conserved stem-helix epitope defined by bnAb 
CC40.8 is infrequently targeted following SARS-CoV-2 
infection. 

To investigate how frequently the CC40.8 epitope is tar-
geted following SARS-CoV-2 infection, we tested the binding 
of serum samples from 60 COVID-19 convalescent donors to 
25-mer peptides of HCoVs corresponding to the stem-helix 
bnAb epitope. We observed that 6 of 60 (10%) individuals ex-
hibited some degree of cross-reactive binding with β-HCoV 
S2 stem peptides (Fig. 4A). We further tested the binding of 
cross-reactive serum samples with SARS-CoV-2 S2 stem pep-
tide alanine scan variants spanning the CC40.8 epitope and 
observed the presence of CC40.8-like epitope-targeting anti-
bodies (Fig. 4B). The binding of cross-reactive serum Abs re-
vealed dependence on five common stem helix residues 
including a conserved hydrophobic core formed by F1148, L1152, 
Y1155 and F1156 (Fig. 4B). To determine the contribution of S2-
stem directed antibodies in overall SARS-CoV-2 neutraliza-
tion by serum Abs in cross-reactive COVID-19 donors, we con-
ducted competition experiments with the SARS-CoV-2 S2 
stem-helix peptide. Peptide competition showed no or mini-
mal effects on the SARS-CoV-2 neutralization (Fig. 4C and D), 
suggesting that stem-helix targeting cross-reactive nAbs min-
imally contribute to the overall polyclonal serum neutraliza-
tion in these COVID-19 convalescent donors. 

DISCUSSION 
The development of effective pan-coronavirus vaccine 

strategies that can mitigate future outbreaks from new 
emerging coronaviruses is important (16, 18). Two major 
challenges are the identification of broadly neutralizing anti-
body (bnAb) targets on CoV spike proteins and the develop-
ment of vaccine strategies that can reproducibly elicit 
durable and protective pan-CoV bnAbs. The approach of 
identifying conserved bnAb surface protein targets by isolat-
ing bnAbs from natural infection and utilizing their molecu-
lar information in structure-guided immunogen design has 
greatly contributed to the development of vaccine strategies 
against a range of complex pathogen surfaces (63–70). 

The spike S1 subunit shows considerable variation on 
HCoVs, whereas the S2 subunit is relatively more conserved, 
especially across the β-HCoVs, and appears to be promising 
for developing pan-CoV bnAb vaccine strategies. Accordingly, 
we recently isolated a SARS-CoV-1/2 cross-neutralizing Ab, 
CC40.8, that exhibits broad reactivity with human β-CoVs 
(51). In this study, using epitope mapping and structural stud-
ies, we determined the spike epitope recognized by CC40.8. 
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The epitope is located in the S2 stem-helix region, which is 
conserved across β-coronaviruses and may thus serve as a 
promising target for pan-β-coronavirus vaccine strategies. 
The epitope is highly enriched in hydrophobic residues as 
well as some charged residues. The bnAbs targeting this re-
gion may neutralize by sterically interfering with the fusion 
machinery (52, 53), suggesting a potential target for fusion 
inhibitors (71–73). CC40.8 bnAb represents a human bnAb di-
rected to the HCoV S2 stem helix (51). Two more S2 stem hu-
man bnAbs, S2P6 and CV3-25, have also been reported 
recently (61, 74) that target a similar S2 stem epitope region. 
Knowledge from these nAbs will be important for developing 
broad vaccine strategies for β-coronaviruses. 

We noted that cross-reactive antibodies directed to the 
CC40.8 S2 stem-helix epitope are much less frequently elic-
ited in human coronavirus natural infections as compared to 
strain-specific neutralizing antibody responses (28). How-
ever, a few recent studies using more sensitive antibody de-
tection assays have suggested a higher prevalence of 
polyclonal stem-helix region-directed antibodies in COVID-19 
donors and their possible association with reduced disease 
severity (75–77). Regardless, the small subset of individuals in 
our sample cohort that do make cross-reactive Abs, seem to 
exhibit broad reactivity to human β-coronaviruses, which is 
promising for pan-β-coronavirus vaccine strategies. In prin-
ciple, the paucity of these cross-reactive antibodies could be 
due to poor accessibility of the S2 stem-helix epitope on the 
native spike protein relative to other epitopes, low frequency 
of bnAb-encoding B cell precursors in humans, or complex 
secondary B cell maturation pathways. Low epitope accessi-
bility is clearly a potential contributor to low immunogenic-
ity. Low precursor frequency seems unlikely, at least for 
CC40.8-like antibodies given that this antibody uses a com-
mon VH gene segment (IGHV3-23) and CDRH3 length (10 
amino acids) (78). Analysis of CC40.8 antibody variable re-
gions by the Armadillo tool (79) revealed the presence of sev-
eral improbable somatic mutations that are predicted to 
contribute to difficulty in elicitation of CC40.8-like antibod-
ies. Thus, isolation of multiple cross-reactive pan-CoV S2 
stem bnAb lineages, understanding their maturation path-
ways, and identifying common antibody framework motifs, 
are likely to be important for rational vaccine design ap-
proaches (80). Encouragingly, two recent studies have de-
scribed a similar CoV S2 domain bnAb epitope being targeted 
by cross-reactive mAbs isolated from heterologous CoV spike 
protein immunizations in mice and mice transgenic for the 
human Ig locus (52, 53). These data suggest that such bnAbs 
could be induced by both immunization with designed vac-
cines as well as coronavirus infection in humans. Nonethe-
less, it would need to be ascertained how many sequential 
immunizations would be needed to broaden the breadth of 
these nAb responses. 

Interestingly, despite relatively low neutralization po-
tency, CC40.8 showed robust in vivo protective efficacy 
against SARS-CoV-2 challenge. The findings illustrate that ex-
tra-neutralizing effector functions of S2 stem bnAbs may be 
important and need to be investigated to determine their role 
in viral suppression or clearance. Indeed, recent studies have 
revealed that cross-reactive antibodies to endemic CoVs 
could serve as a marker for survival after severe disease (81, 
82) or protection against COVID-19 (83). 

Although we show CC40.8 S2 stem-helix bnAb confers in 
vivo protection against SARS-CoV-2 infection, our study has 
limitations. First, our CC40.8 protection studies were focused 
on SARS-CoV-2 infection and testing the protective efficacy 
of CC40.8 against a broad range of betacoronaviruses will be 
important. Second, we showed CC40.8 protects against SARS-
CoV-2 in two small animal models and investigating its pro-
tective efficacy in non-human primate models is also eventu-
ally desirable. Third, CC40.8 bnAb showed remarkable 
protection even at very low antibody concentrations despite 
its low neutralization potency, hence warranting future stud-
ies to investigate the role of other factors such as antibody 
effector function that may contribute to CC40.8-mediated 
protection against coronaviruses. 

Overall, we describe a cross-neutralizing human bnAb 
epitope on β-CoVs and provide molecular details that help 
explain its broad reactivity. The identification of this con-
served epitope in the coronavirus spike protein should facili-
tate bnAb-epitope based vaccine development and antibody-
based intervention strategies not only to SARS-CoV-2, but 
against existing human coronaviruses and other corona-
viruses that could emerge with pandemic potential. 

MATERIALS AND METHODS 
Study Design 
The objective of the study was to evaluate a previously dis-

covered SARS-CoV-2 spike protein stem-helix antibody, 
CC40.8, for binding to and neutralization of diverse sarbe-
coviruses and SARS-CoV-2 Variants of Concern, structurally 
define its epitope site and test its protective efficacy. For in 
vitro binding and neutralization studies, CC40.8 and control 
mAbs were tested in duplicate and experiments were re-
peated independently for rigor and reproducibility. We did 
not use any statistical methods to predetermine sample sizes 
for the animal studies. All hACE2-trangenic mouse or ham-
ster experiments used 5 or 6 animals per group. A positive or 
a negative control mAb-treated animal group was included in 
the in vivo SARS-CoV-2 challenge experiments. Male and fe-
male, age matched (8-week old) animals were randomly as-
signed in CC40.8 bnAb-treated or control mAb-treated 
animal groups for the SARS-CoV-2 challenge studies. All im-
munological and virological measurements were performed 
blinded. Animals were euthanized at day five post infection 
to measure weight loss and lung viral load. The serum 
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antibody titers of the passively transferred antibody were de-
termined daily for the SARS-CoV-2 challenge experiment in 
the hACE2 mice. No datapoints were excluded as outliers in 
any experiment. 

Human cohort information 
Plasma from convalescent COVID-19 donors were kindly 

provided through the “Collection of Biospecimens from Per-
sons Under Investigation for 2019-Novel Coronavirus Infec-
tion to Understand Viral Shedding and Immune Response 
Study” UCSD IRB# 200236. Samples were collected based on 
COVID-19 diagnosis regardless of gender, race, ethnicity, dis-
ease severity, or other medical conditions. The gender for in-
dividuals was evenly distributed across the human cohort. All 
human donors were assessed for medical decision-making ca-
pacity using a standardized, approved assessment, and vol-
untarily gave informed consent prior to being enrolled in the 
study. The summary of the demographic information of the 
COVID-19 donors is listed in table S2. 

Pseudovirus production and generation of mutant 
spike proteins 

Under biosafety level 2 and 3 conditions, MLV-gag/pol 
(Addgene #14887) and pCMV-Fluc (Addgene #170575) were 
co-transfected into HEK293T cells along with plasmids en-
coding full-length or variously truncated spike proteins from 
SARS-CoV-1, WIV1, SHC014, PANG17, MERS-CoV and SARS-
CoV-2 (SARS-CoV-2 variants of concern (B.1.1.7 (alpha), 
B.1.351 (beta), P.1 (gamma) and B.1.617.2 (delta)) using 
Lipofectamine 2000 (Thermo Fisher Scientific cat.# 
11668019) to produce single-round of infection competent 
pseudo-viruses. The media was changed using fresh Dulbec-
co's Modified Eagle Medium (DMEM) with 10% heat-inacti-
vated FBS, 4mM L-Glutamine and 1% P/S 16 hours post 
transfection. The supernatant containing MLV-pseudotyped 
viral particles was collected 48 hours post transfection, ali-
quoted and frozen at -80°C for the neutralization assay. 
Amino-acid point mutations in SARS-CoV-2 spike protein-en-
coding plasmids were made by using site-directed mutagen-
esis kit (New England Biolabs cat.# E0554S) according to the 
manufacturer’s instructions. All the mutations were verified 
by DNA sequence analysis (Eton Bioscience). 

Neutralization assay 
Pseudotyped viral neutralization assay was performed as 

previously described with minor modifications (Modified 
from TZM-bl assay protocol (84)). In sterile 96-well half-area 
plates (Corning cat.# 3688), 25 μl of virus was immediately 
mixed with 25 μl of three-fold serially diluted monoclonal an-
tibodies (mAb) (starting concentration of 300 μg/ml) or seri-
ally diluted plasma from COVID-19 donors and incubated for 
one hour at 37°C to allow for antibody neutralization of the 
pseudotyped virus. Synthesized peptides were optionally 
added in the mixture for testing inhibition of neutralization. 
10,000 HeLa-hACE2 cells (as previously generated (33)) per 

well (in 50 μl of media containing 20 μg/ml Dextran) were 
directly added to the antibody virus mixture. Plates were in-
cubated at 37°C for 42 to 48 hours. Following the infection, 
HeLa-hACE2 cells were lysed using 1x luciferase lysis buffer 
(25mM Gly-Gly pH 7.8, 15mM MgSO4, 4mM EGTA, 1% Triton 
X-100). Luciferase intensity was then read on a Luminometer 
with luciferase substrate according to the manufacturer’s in-
structions (Promega cat.# E2620). Percentage of neutraliza-
tion was calculated using the following equation: 100 X (1 – 
(mean fluorescent intensity (MFI) of sample – average MFI 
of background) / average of MFI of probe alone – average MFI 
of background)). Fifty percent maximal inhibitory concentra-
tions (IC50), the concentrations required to inhibit infection 
by 50% compared to the controls, were calculated using the 
dose-response-inhibition model with 5-parameter Hill slope 
equation in GraphPad Prism 7 (GraphPad Software) 

Flow cytometry-based Cellular-ELISA (CELISA) 
binding 

Binding of monoclonal antibody to various human coro-
navirus (HCoV) spike proteins expressed on the surface of 
HEK293T cells was determined by flow cytometry, as de-
scribed previously (85). Briefly, HEK293T cells were trans-
fected with different plasmids encoding full-length HCoV 
spike proteins and were incubated for 36 to 48 hours at 37°C. 
Post incubation cells were trypsinized to prepare a single cell 
suspension and were distributed into 96-well plates. Mono-
clonal antibodies were prepared as 5-fold serial titrations in 
FACS buffer (1x phosphate-buffered saline (PBS), 2% fetal bo-
vine serum (FBS), 1 mM EDTA), starting at 10 μg/ml, 6 dilu-
tions. 50 μl/well of the diluted samples were added into the 
cells and incubated on ice for 1 hour. The plates were washed 
twice in FACS buffer and stained with 50 μl/well of 1:200 di-
lution of R-phycoerythrin (PE)-conjugated mouse anti-hu-
man IgG Fc antibody (SouthernBiotech cat.# 9040-09) and 
1:1000 dilution of Zombie-NIR viability dye (BioLegend cat.# 
423105) on ice in dark for 45 min. After another two washes, 
stained cells were analyzed using flow cytometry (BD Lyrics 
cytometers), and the binding data were generated by calcu-
lating the percent (%) PE-positive cells for antigen binding 
using FlowJo 10 software. 

Expression and purification of HCoV spike proteins 
and SARS-CoV-2 spike protein mutants 

To express the soluble spike ectodomain proteins, the 
HCoV spike protein encoding plasmids were transfected into 
FreeStyle293-F cells (Thermo Fisher Scientific cat.# R79007). 
For general production, 350 μg of plasmids were transfected 
into 1L FreeStyle293-F cells at the density of 1 million cells 
per mL. 350 μg plasmids in 16 ml Opti-MEM (Thermo Fisher 
Scientific cat.# 31985070) were filtered and mixed with 1.8 mL 
40K PEI (1mg/mL) in 16 ml Opti-MEM. After gently mixing 
the two components, the combined solution rested at room 
temperature for 30 min and was poured into 1L FreeStyle293-
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F cell culture. The cell cultures were centrifuged at 2500xg 
for 15 min on day 4 after transfection, and the supernatants 
were filtered through the 0.22 μm membrane. The His-tagged 
proteins were purified with the HisPur Ni-NTA Resin 
(Thermo Fisher Scientific cat.# 88221). Each column was 
washed with at least 3 bed volumes of wash buffer (25 mM 
Imidazole, pH 7.4), followed by elution with 25 ml of the elu-
tion buffer (250 mM Imidazole, pH 7.4) at slow gravity speed 
(about 4 s per drop). The eluates were buffer exchanged into 
PBS by using Amicon tubes, and the proteins were concen-
trated afterwards. The proteins were further purified by size-
exclusion chromatography using a Superdex 200 Increase 
10/300 GL column (GE Healthcare cat.# GE28-9909-44). The 
selected fractions were pooled and concentrated again for 
further use. 

BioLayer Interferometry (BLI) binding 
The determination of monoclonal antibody binding with 

spike proteins or selected peptides was conducted in an Octet 
K2 system (ForteBio). The anti-human IgG Fc capture (AHC) 
biosensors (ForteBio cat.# 18-5063) were used to capture IgG 
first for 60 s. After providing baseline in Octet buffer for an-
other 60 s, the sensors were transferred into HCoV spike pro-
teins at various concentrations for 120 s for association, and 
into Octet buffer for disassociation for 240 s. Alternatively, 
the hydrated streptavidin biosensors (ForteBio cat.# 18-5020) 
first captured the N-terminal biotinylated peptides diluted in 
Octet buffer (PBS plus 0.1% Tween-20) for 60 s, then trans-
ferred into Octet buffer for 60 s to remove unbound peptide 
and provide the baseline. Then the sensors were immersed in 
diluted monoclonal antibody IgG for 120 s to provide associ-
ation signal, followed by transferring into Octet buffer to test 
for disassociation signal for 240 s. The data generated was 
analyzed using the ForteBio Data Analysis software for cor-
rection, and the kinetic curves were fit to 1:1 binding mode. 
Note that the IgG: spike protomer binding can be a mixed 
population of 2:1 and 1:1, such that the term ‘apparent affin-
ity’ dissociation constants (KD

App) are shown to reflect the 
binding affinity between IgG antibodies and spike trimers 
tested. 

HEp2 epithelial cell polyreactive assay 
Reactivity to human epithelial type 2 (HEp2) cells was de-

termined by indirect immunofluorescence on HEp2 slides 
(Hemagen, cat.# 902360) according to manufacturer’s in-
structions. Briefly, monoclonal antibody was diluted at 50 
μg/mL in PBS and then incubated onto immobilized HEp2 
slides for 30 min at room temperature. After washing 3 times 
with PBS buffer, one drop of fluorescein isothiocyanate 
(FITC)-conjugated goat anti-human IgG was added onto each 
well and incubated in the dark for 30 min at room tempera-
ture. After washing, the coverslip was added to HEp2 slide 
with glycerol and the slide was photographed on a Nikon flu-
orescence microscope to detect FITC signal. 

Polyspecificity reagent (PSR) ELISA 
Solubilized CHO cell membrane protein (SMP) was coated 

onto 96-well half-area high-binding ELISA plates (Corning, 
cat.# 3690) overnight at 4°C. After washing with PBS plus 
0.05% Tween-20 (PBST), plates were blocked with 3% bovine 
serum albumin (BSA) for 2 hours at 37°C. Antibody samples 
were diluted at 10 μg/mL in 1% BSA with 3-fold serial dilution 
and then added in plates to incubate for 1 hour at 37°C. After 
3 thorough washes with PBST, alkaline phosphatase-conju-
gated goat anti-human IgG Fc secondary antibody (Jackson 
ImmunoResearch, cat.# 109-055-008) was added to the plate 
and incubated for 1 hour at 37°C. After a final wash, phospha-
tase substrate (Sigma-Aldrich, cat.# S0942-200TAB) was 
added into each well. Absorption was measured at 405 nm. 

Peptide scanning by ELISA binding 
N-terminal biotinylated overlapping peptides correspond-

ing to the complete sequence of HCoV-HKU1 S2 subunit (res-
idue number range: 761-1355 (GenBank: AAT98580.1) were 
synthesized at A&A Labs (Synthetic Biomolecules). Each pep-
tide was 15 residue long with a 10 amino acid overlap. For 
ELISA binding, 96-well half-area plates (Corning cat. # 3690) 
were coated overnight at 4°C with 2 μg/ml of streptavidin in 
PBS. Plates were washed 3 times with PBST and blocked with 
3% (wt/vol) BSA in PBS for 1 hour. After removal of the block-
ing buffer, the plates were incubated with peptides in 1% BSA 
plus PBST for 1.5 hours at room temperature. After a washing 
step, monoclonal antibody or serum samples diluted in 1% 
BSA/PBST were added into each well and incubated for 1.5 
hours. DEN3 human antibody was used as a negative control. 
After the washes, a secondary antibody conjugated with alka-
line phosphatase-conjugated goat anti-human IgG Fc second-
ary antibody (Jackson ImmunoResearch, cat.# 109-055-008) 
diluted 1:1000 in 1% BSA/PBST, was added to each well and 
incubated for 1 hour. The plates were then washed and devel-
oped using alkaline phosphatase substrate pNPP tablets 
(Sigma-Aldrich, cat.# S0942-200TAB) dissolved in stain 
buffer. The absorbance was recorded at an optical density of 
405 nm (OD405) using a VersaMax microplate reader (Molec-
ular Devices), where data were collected using SoftMax soft-
ware version 5.4. 

Cell-cell fusion inhibition assay 
HeLa stable cell lines were generated through transduc-

tion of lentivirus carrying genes encoding either human 
ACE2 (hACE2) and enhanced green fluorescent protein 
(EGFP) or nuclear localization signal (NLS)-mCherry and 
SARS-CoV-2 spike protein. The pBOB construct carrying 
these genes was co-transfected into HEK293T cells along with 
lentiviral packaging plasmids pMDL, pREV, and pVSV-G 
(Addgene #12251, #12253, #8454) by Lipofectamine 2000 
(Thermo Fisher Scientific, cat.# 11668019) according to the 
manufacturer’s instructions. Supernatants were collected 48 
hours after transfection, then were transduced to pre-seeded 
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HeLa cells. 12 hours after transduction, stable cell lines were 
collected, scaled up and stored for cell-cell fusion assay. 
10,000 NLS-mCherry+ HeLa cells expressing SARS-COV-2 
spike protein were seeded into 96-well half-well plates on the 
day before the assay. The culture medium was removed by 
aspiration before the assay. 50 μl of 50 μg/ml CC40.8 and 
DEN3 mAbs diluted in DMEM with 10% heat-inactivated 
FBS, 4mM L-Glutamine and 1% P/S were then added to the 
pre-seeded cells and incubated for 1 hour in an incubator. 50 
μl of 10,000 EGFP+hACE2+ HeLa cells were added to the 
plates and incubated for 2 hours before taking images under 
the microscope. 

Sequence alignments of coronavirus spike stem re-
gions 

The spike sequences of SARS-CoV-2, SARS-CoV-1, RaTG13, 
SHC014, Rs4081, Pang17, RmYN02, Rf1, WIV1, Yun11, BM48-
31, BtKY72, HCoV-HKU1, HCoV-OC43, MERS-CoV, MHV, 
HCoV-229E and HCoV-NL63 were downloaded from the Gen-
Bank and aligned against the SARS-CoV-2 reference sequence 
using BioEdit (https://bioedit.software.informer.com). 

Expression and purification of CC40.8 Fab 
To generate Fab, CC40.8 IgG was digested by Papain 

(Sigma-Aldrich cat.# P3125) for 4 hours at 37°C, then was in-
cubated with Protein-A beads at 4°C for 2 hours to remove 
the Fc fragments. CC40.8 Fab was concentrated afterwards 
and further purified by size-exclusion chromatography using 
a Superdex 200 Increase 10/300 GL column (GE Healthcare 
cat.# GE28-9909-44). The selected fractions were pooled and 
concentrated again for further use. 

Crystallization and structural determination 
A mixture of 9 mg/ml of CC40.8 Fab and 10× (molar ratio) 

SARS-CoV-2 stem peptide was screened for crystallization us-
ing the 384 conditions of the JCSG Core Suite (Qiagen) on our 
robotic CrystalMation system (Rigaku) at Scripps Research. 
Crystallization trials were set-up by the vapor diffusion 
method in sitting drops containing 0.1 μl of protein and 0.1 
μl of reservoir solution. Optimized crystals were then grown 
in drops containing 0.1 M sodium acetate buffer at pH 4.26, 
0.2 M ammonium sulfate, and 28% (w/v) polyethylene glycol 
monomethyl ether 2000 at 20°C. Crystals appeared on day 7, 
were harvested on day 15 by soaking in reservoir solution sup-
plemented with 20% (v/v) glycerol, and then flash cooled and 
stored in liquid nitrogen until data collection. Diffraction 
data were collected at cryogenic temperature (100 K) at Stan-
ford Synchrotron Radiation Lightsource (SSRL) on the 
Scripps/Stanford beamline 12-1, with a beam wavelength of 
0.97946 Å, and processed with HKL2000 (86). Structures 
were solved by molecular replacement using PHASER (87). A 
model of CC40.8 was generated by Repertoire Builder 
(https://sysimm.ifrec.osaka-u.ac.jp/rep_builder/) (88). Itera-
tive model building and refinement were carried out in COOT 
(89) and PHENIX (90), respectively. Epitope and paratope 

residues, as well as their interactions, were identified by ac-
cessing PISA at the European Bioinformatics Institute 
(https://www.ebi.ac.uk/pdbe/prot_int/pistart.html) (91). 

Animal Study 
8-week old transgenic hACE2 mice were given an i.p. an-

tibody injections 12 hours pre-infection. Mice were infected 
through intranasal installation of 2X104 total plaque-forming 
units (PFU) per animal of SARS-CoV-2 (USA-WA1/2020) in 25 
μL of DMEM. Mice were bled on days 1, 2, 3, and 5 for serum 
antibody detection and weighed for the duration of the study. 
At day 5 post-infection, animals were euthanized, and lungs 
were harvested for quantitative polymerase chain reaction 
(qPCR) viral titer analysis and plaque live virus analysis. Sim-
ilar experimental procedures were conducted for the protec-
tion study in 8-week old Syrian hamsters except that a higher 
SARS-CoV-2 (USA-WA1/2020) challenge dose (106 total PFU 
per animal) was used. The research protocol was approved 
and performed in accordance with Scripps Research IACUC 
Protocol #20-0003 

Antibody detection in hACE2 serum samples by 
ELISA 

Serum samples were obtained at day 1, 2, 3, and 5 to quan-
tify mAb titers. Unconjugated F(ab')2 fragment of goat anti-
human F(ab')2 fragment (Jackson ImmuoResearch cat.# 109-
006-097) was coated to the ELISA plates overnight, then 
washed by PBS plus 1% Tween-20 three times. After being 
blocked by 3% BSA for 2 hours at 37°C, mouse serum dilution 
series and CC40.8 mAb dilution series for a standard curve 
were applied to the plates and reacted for 1 hour at 37°C. Af-
ter three thorough washes with PBS plus 1% Tween-20, alka-
line phosphatase-conjugated goat anti-human IgG Fc 
secondary antibody (Jackson ImmunoResearch, cat.# 109-
055-008) was added to the plates before washing 3 times with 
PBS plus 1% Tween-20 and AP substrate applied for detec-
tion. The plates were read at 405nm and data were analyzed 
by CurveExpert. 

SARS-CoV-2 RNA Quantification 
Viral RNA was isolated from lung tissue and subsequently 

amplified and quantified in a reverse transcription (RT)-
qPCR reaction. Lung tissue was extracted at day 5 post infec-
tion and placed in 1 mL of trIzol reagent (Invitrogen). The 
samples were then homogenized using a Bead Ruptor 12 
(Omni International). Tissue homogenates were then spun 
down and the supernatant was added to an RNA purification 
column (Qiagen). Purified RNA was eluted in 60 μL of DNase-
, RNase-, endotoxin-free molecular biology grade water (Mil-
lipore). RNA was then subjected to reverse transcription and 
quantitative PCR using the CDC’s N1 (nucleocapsid) primer 
sets (Forward 5′-GAC CCC AAA ATC AGC GAA AT-3′; Re-
verse 5′-TCT GGT TAC TGC CAG TTG AATCTG-3′) and a 
fluorescently labeled (FAM) probe (5′-FAM-ACC CCG CAT 
TAC GTT TGGTGG ACC-BHQ1-3′) (Integrated 
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DNATechnologies) on a BioRad CFX96 Real-Time instru-
ment. For quantification, a standard curve was generated by 
diluting 2.5X106 PFU RNA equivalents of SARS-CoV-2. Every 
run utilized eleven 5-fold serial dilutions of the standard. 
SARS-CoV-2-negative mouse lung RNA and no templates 
were both included as negative controls for the extraction 
step as well as the qPCR reaction. 

Viral load measurements 
SARS-CoV-2 titers were measured by homogenizing or-

gans in DMEM plus 2% fetal calf serum using 100 μm cell 
strainers (Myriad cat.# 2825-8367). Homogenized organs 
were titrated 1:10 over six steps and layered over Vero-E6 
cells. After 1 hour of incubation at 37°C, a 1% methylcellulose 
in DMEM overlay was added, and the cells were incubated 
for 3 days at 37°C. Cells were fixed with 4% paraformaldehyde 
and plaques were counted by crystal violet staining. 

Statistical Analysis 
Raw, individual-level data are presented in Data File S1. 

Statistical analysis was performed using Graph Pad Prism 8 
for Mac (Graph Pad Software). Groups of data were compared 
using the Kruskal-Wallis non-parametric test. Dunnett's mul-
tiple comparisons test were also performed between experi-
mental groups. Data were considered statistically significant 
at p < 0.05. 

SUPPLEMENTARY MATERIALS 
www.science.org/doi/10.1126/scitranslmed.abi9215 
Figs. S1 to S11 
Tables S1 and S2 
References (93–98) 
MDAR Reproducibility Checklist 
Data file S1 
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Fig. 1. Identification of the CC40.8 bnAb epitope on the coronavirus spike protein by epitope mapping. (A) Neutralization of 
clade 1b (SARS-CoV-2 and Pang17) and clade 1a (SARS-CoV-1, WIV1 and SHC014) ACE2-utilizing sarbecoviruses by CC40.8 mAb 
isolated from a COVID-19 donor (left) is shown. CC40.8 neutralizing activity against SARS-CoV-2 (WT-Wuhan) and SARS-CoV-2 
variants of concern [B.1.1.7 (alpha), B.1.351 (beta), P.1 (gamma) and B.1.617.2 (delta)] is shown on the right. (B) Left: Cellular 
ELISA (CELISA) data show binding of CC40.8 mAb with β-HCoV spikes expressed on 293T cells. Binding to HCoV spikes is 
recorded as % positive cells using flow cytometry. CC40.8 mAb shows cross-reactive binding with 4 out of 5 human β-HCoV 
spikes. Right: BioLayer Interferometry (BLI) binding of CC40.8 mAb with human β-HCoV soluble spike proteins. Apparent binding 
constants (KD

App) for each Ab-antigen interaction are indicated. KD
App <10−12M indicates that no off-rate could be measured. The 

raw experimental curves are shown as dashed lines, and the solid lines are the fits. (C) Epitope mapping of CC40.8 with HCoV-
HKU1 S2 subunit overlapping peptides is shown. A series of HCoV-HKU1 S2 (GenBank: AAT98580.1) overlapping biotinylated 
peptides (15-residues long with a 10-residue overlap) were tested for binding to CC40.8 mAb by ELISA. OD405, optical density at 
405nm. CC40.8 showed binding to the 95th 15-mer peptide corresponding to the HCoV-HKU1 S2 stem-helix region (residue 
position range: 1231-1245). An antibody to dengue virus, DEN3, was used as a control. (D) BLI data are shown for CC40.8 binding 
to the HCoV-HKU1 95th 15-mer stem peptide (blue) and HCoV-HKU1 stem peptide variants with 5 additional residues either at the 
N-(20-mer: brick red) or C-(20-mer: orange) terminus or added at both termini (25-mer: red). CC40.8 showed strongest binding 
to the 25-residue stem peptide corresponding to HCoV-HKU1 S2 residues 1226-1250. The kinetic curves are fit with a 1:1 binding 
mode. (E) BLI data are shown for CC40.8 binding to 25-mer stem peptides derived from different HCoV spikes. CC40.8 showed 
binding to the β- but not to the α-HCoV S2 stem peptides. The HCoV-HKU1 S2 residues 1226-1250 correspond to residues 1140-
1164 on SARS-CoV-2 spike. The kinetic curves are fit with a 1:1 binding mode. (F) A SARS-CoV-2 spike protein cartoon depicts the 
S2-stem epitope region in green at the base of the prefusion spike ectodomain. (G) Sequence conservation of the CC40.8 stem-
helix epitope is shown for SARS-CoV-1/2, HCoV-HKU1 and HCoV-OC43 human β-CoV spike proteins. Conserved identical 
residues are highlighted with blue boxes, and similar residues are in cyan boxes [amino acids scored greater than or equal to 0 in 
the BLOSUM62 alignment score matrix (92) were counted as similar here]. An N-linked glycosylation site is indicated with a “#” 
symbol. 
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Fig. 2. Crystal structure of CC40.8 antibody in complex with the SARS-CoV-2 stem peptide, and S2 stem bnAb 
epitope residues and conservation across CoVs. (A) An overall view of the CC40.8-peptide complex structure is 
shown at 1.6 Å resolution. Heavy and light chains of CC40.8 are shown in orange and yellow semi-transparent 
surfaces, respectively, with the heavy (H) and light (L) chain complementary determining regions (CDRs) shown as 
tubes. The SARS-CoV-2 stem-helix peptide is shown as a green tube for the peptide backbone. (B) An overview of 
the CC40.8 antibody and S2 stem-peptide interaction is shown. Heavy (H) and light (L) chains of CC40.8 are shown 
in orange and yellow, respectively, whereas the SARS-CoV-2 stem peptide is in green. Hydrogen bonds and salt 
bridges are represented by black dashed lines. (C) Details of the interactions between CC40.8 and the SARS-CoV-
2 stem peptide are shown. Residues conserved in SARS-CoV-1, SARS-CoV-2, and other sarbecoviruses as well as 
seasonal β-CoVs HCoV-HKU-1, and HCoV-OC43 are labeled with asterisks (*). (D) BLI data are shown for binding of 
CC40.8 bnAb to SARS-CoV-2 stem-helix peptide (top) and soluble spike protein alanine mutants (bottom) spanning 
the whole epitope. The stem peptide or spike protein mutants that substantially affect CC40.8 bnAb binding are 
shown in assorted colors in comparison to wild-type (WT, red). (E) Neutralization of SARS-CoV-2 and the stem-helix 
alanine mutants spanning the whole epitope by CC40.8 is shown. The WT virus is shown in red and virus mutants 
that substantially affect CC40.8 bnAb neutralization are shown in assorted colors. The bold and dashed color curves 
indicate substitutions that, respectively, led to a decrease or an increase in the IC50 neutralization titers compared 
to WT virus. (F) Sequence conservation is shown for the CC40.8 stem-helix epitope on SARS-CoV-1/2, 
sarbecoviruses infecting other animal species, human β-CoVs and mouse hepatitis virus (MHV). The stem region 
forming the helix is indicated by black dashes and residues involved in interaction with CC40.8 antibody are 
indicated by red dots (cutoff distance = 4 Å). Larger dots indicate residues that are essential for CC40.8 interaction 
as defined by alanine scanning mutagenesis where mutation decreased neutralization IC50 by at least 10-fold or a 
complete knock-out (details are shown in fig. S7). Conserved identical residues are highlighted with blue boxes, and 
similar residues are in cyan boxes [amino acids scored greater than or equal to 0 in the BLOSUM62 alignment score 
matrix (92) were counted as similar here]. An N-linked glycosylation site is indicated with a “#” symbol. The region 
that presents a helical secondary structure in the CC40.8/peptide structure is indicated on top of the panel. 
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Fig. 3. CC40.8 reduces weight loss, lung viral load, and viral replication following SARS-CoV-2 challenge 
in the hACE2 mouse model. (A) CC40.8 was administered intraperitonially (i.p.) at four different doses (300 
μg, 100 μg, 50 μg, and 10 μg) per animal into hACE2 receptor-expressing mice (6 animals per group). Control 
animals received CC12.1 RBD nAb (300 μg per animal) or a Zika-specific mAb, SMZAb1 (300 μg per animal). 
Each group of animals was challenged intranasally (i.n.) 12 hours after antibody infusion with 2 × 104 PFU of 
SARS-CoV-2 (USA-WA1/2020). Animal weight was monitored daily as an indicator of disease progression 
and lung tissue was collected on day 5 for viral load and viral burden assessment. (B) Percent weight change 
in CC40.8 or control antibody-treated animals after SARS-CoV-2 challenge is shown. Percent weight change 
was calculated from day 0 for all animals. Data are presented as mean ± SEM. (C) SARS-CoV-2 viral RNA 
loads based on the qPCR analysis of lung tissue at day 5 after infection are shown. Data are presented as 
mean ± SEM. (D) SARS-CoV-2 infectious virus titers (PFU) are shown as determined by plaque assay from 
lung tissue at day 5 after infection. Data are presented as mean ± SEM. Statistical comparisons between 
groups were performed using a Kruskal-Wallis non-parametric test followed by Dunnett's multiple 
comparisons. *p <0.05, **p <0.01, ***p <0.001; ****p < 0.0001; ns, p >0.05. 
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Fig. 4. Frequency of CC40.8 S2 epitope-targeting serum antibodies in human COVID-19 donors. (A) The heatmap 
shows ELISA binding reactivity profiles of convalescent COVID-19 serum samples with 25-mer peptides corresponding 
to the CC40.8 bnAb S2 epitope on human β-(SARS-CoV-2, SARS-CoV-1, MERS-CoV, HCoV-HKU1, HCoV-OC43) and 
α-(HCoV-NL63 and HCoV-229E) coronaviruses. The extent of binding (represented as OD405 values) is color coded 
with red indicating strong reactivity. CC40.8 mAb was the positive control for the binding assay and PBS-BSA solution 
served as the negative control. Six out of 60 COVID-19 convalescent donors showed cross-reactive binding to various 
HCoV spike stem-helix peptides. (B) ELISA-based alanine scan epitope mapping is shown for convalescent COVID-19 
serum samples from CC6, CC21, CC40, CC48, CC57 and CC65 donors with SARS-CoV-2 stem peptides (25mer). 
CC40 serum showed dependence on similar SARS-CoV-2 stem-helix residues as the CC40.8 mAb. SARS-CoV-2 stem-
helix residue positions targeted (decrease in ELISA binding compared to WT stem peptide) by multiple cross-reactive 
COVID-19 serum samples are shown in gray. Five residues, F1148, E1151, L1152, Y1155 and F1156 were commonly targeted by 
the cross-reactive COVID-19 serum Abs. These residues form the stem-helix bnAb core epitope. (C) SARS-CoV-2 
neutralization by CC40.8 in the presence of competing SARS-CoV-2 stem peptide is shown. Neutralization data are 
presented for SARS-CoV-2 by CC40.8 mAb, CC40.8 mAb pre-incubated with SARS-CoV-2 stem peptide (60 μg/ml) 
and stem peptide-only control. The SARS-CoV-2 stem peptide inhibits the neutralizing activity of CC40.8 mAb. (D) 
SARS-CoV-2 neutralization by cross-reactive COVID-19 serum samples was evaluated in the presence of competing 
SARS-CoV-2 stem peptide. Neutralization of SARS-CoV-2 by serum from COVID-19 convalescent donors, CC6, CC21, 
CC40, CC48, CC57, CC65, pre-incubated with SARS-CoV-2 stem peptide (60 μg/ml) and stem peptide-only controls 
was measured. The SARS-CoV-2 stem peptide had minimal effects on neutralization by these COVID-19 convalescent 
donor serum antibodies. 
 


