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The ability of coronaviruses to recombine and cross species barriers affects human
and animal health globally and is a pandemic threat*. FCoV-23is a recently emerged,

highly pathogenic recombinant coronavirus responsible for awidespread outbreak of
feline infectious peritonitis. Here we report cryogenic electron microscopy structures
oftwo FCoV-23 spike isoforms that correspond to the in-host loss of domain O observed
in clinical samples. The loss of domain O markedly enhances the fusogenicity and
kinetics of entry into cells and possibly enables biotype switching and lethality. We
show that FCoV-23 can use several aminopeptidase N orthologues as receptors and
reveal the molecular determinants of receptor species tropism, including aglycan
that modulates human receptor engagement. We define antigenic relationships
among alphacoronaviruses that infect humans and other mammalian species and
identify a cross-reactive alphacoronavirus monoclonal antibody that inhibits FCoV-23
entry. Our results pave the way for the development of vaccines and therapeutics that
target this highly pathogenic virus.

Coronaviruses circulating in wildlife pose a considerable public health
threat owingto their zoonotic potential. Moreover, cross-species trans-
mission between animals canlead to the establishment of new disease
reservoirs, which may affect both wildlife populations and agricultural
infrastructures. Companion animals, such as cats and dogs, can play
apartinthese spillover events by serving as intermediate hosts not
only for coronaviruses'? but also for viruses such as influenza® and
rabies*. The current expansion of highly pathogenic avian influenza
H5N1reservoirsinwild birds, poultry, marine mammals and dairy cows,
with occasional spillover to humans, highlights the ongoing risk of
cross-species transmission>®,

Alphacoronaviruses infect a wide range of animal species and
include porcine respiratory virus (PRCV), transmissible gastroen-
teritis virus (TGEV), feline coronaviruses (FCoVs), canine coronavi-
ruses (CCoVs) and the human pathogens HCoV-229E’, HCoV-NL63
(ref. 8) and CCoV-HuPn-2018 (which is closely related to HuCCoV_
Z19Haiti)° . Extensive recombination occurs among alpha-
coronaviruses taxonomically classified as a single virus species
(Alphacoronavirus-1), whichinfect several animal species, including
cats, dogs, pigs and potentially rabbits? ™. Two serotypes of FCoV,
designated FCoV-1and FCoV-2, are major pathogens of wild felids and
domestic cats. They are capable of anin-host biotype switch from the
relatively mild feline enteric coronavirus (FECV) to the highly patho-
genic, macrophage-tropic feline infectious peritonitis (FIP) virus'".
Although the use of antiviral drugs in cats' has helped to alleviate
the mortality burden of FIP, this treatment remains a prohibitively
expensive option for many cat owners.

All coronaviruses are decorated with several copies of ahomotrim-
ericspike (S) glycoproteinthatis the target of neutralizing antibodies,
drivesviralentry through receptor binding and membrane fusion and
contributes to pathogenesis”?°. Although many alphacoronaviruses
use aminopeptidase N (APN) as a primary receptor?, the identification
of ACE2 as the HCoV-NL63 receptor? revealed a diversity of receptor
use in this genus. Furthermore, the alphacoronavirus-specific S gly-
coprotein domain O (DO) mediates attachment to host cell-surface
carbohydrates, which may facilitate the entry process®**%. Despite the
diversity and medical and veterinary importance of these pathogens,
cross-species transmission of animal alphacoronaviruses to humans
and associated immunity remain poorly understood®,.

In 2023, a FCoV-2 virus (named FCoV-23) was newly identified as
the cause of a large outbreak of FIP in cats on the Mediterranean
island of Cyprus, and this virus led to the documented spread of an
import-related case to the UK, FCoV-23 is highly virulent, with most
cats showing signs consistent with effusive FIP, profound neurological
signsand elevated viral loadsin cells with macrophage-like morphology
in the colon®,

Genome sequencing showed that FCoV-23 recombined its S gene
and asmall region of Orf1bwith a CB/05-like virus, which hasan S gene
thatismost closely related to the NA/09 alphacoronavirus. CB/05 and
NA/09 were first identified in Italy and Greece, respectively, and are
considered pantropic hypervirulent CCoVs, with such viruses now
circulating widely in Europe and possibly other parts of the world>*°,
Althoughthe FCoV-23 genomeis highly conserved among sequenced
isolates, in-frame deletions of S DO occurred in an almost cat-specific
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manner in >90% of studied cases, which suggested the occurrence of
in-host evolution®.

The FCoV-23 S glycoprotein architecture

To reveal the 3D organization of the infection machinery of FCoV-23,
we determined cryogenic electron microscopy (cryo-EM) structures
ofaprefusion-stabilized S glycoprotein ectodomain trimer construct
comprising DO, which we designated ‘S-long’ (Fig.1a,b, Extended Data
Figs.1and 2and Supplementary Table1). FCoV-23 S-long comprises an
amino-terminal S, subunit, folding as five domains designated 0 and
A-D, and a C-terminal S, subunit (Fig. 1a,b). 3D classification of the
cryo-EM datarevealed the presence of two distinct S protein conforma-
tions: one with apopulation of trimers with three DO regions swungout,
andthe other witha population of trimers with two DO regions swung
out and one DO region in a proximal conformation. These structures
were resolved at 2.3 A and 2.7 A, respectively (Fig. 1a,b and Extended
Data Fig. 2). In both conformations, domain B (the receptor-binding
domain (RBD)) adopts a closed state (Fig.1a,b). We also determined a
2.5-A resolution cryo-EM structure of a prefusion-stabilized FCoV-23
S protein ectodomain trimer lacking DO. This structure corresponds
to the C10-DA isolate, which has a 211-amino-acid residue deletion
spanning positions 53-264 of the S-long construct (Extended Data
Figs.1and 3 and Supplementary Table 1). We designated this construct
‘S-short’, which is representative of the in-host deletion that occurs
in >90% of sequenced viruses®. For this dataset, we identified a sin-
gle conformational state that closely resembles the S-long structure
except for the absence of DO, which indicated that no major struc-
tural changes occurred with the lack of DO. The overall FCoV-23 S,
subunit architecture is reminiscent of that of the CCoV-HuPn-2018 S,
subunit, with which it can be superimposed with a root mean square
deviation (r.m.s.d.) of 0.89 A over 496 aligned Ca pairs (excluding DO).
The FCoV-23 S, subunit folds with a square-shaped tertiary structure,
typical of alphacoronavirus and deltacoronavirus S glycoproteins,
which sets them apart from the V-shaped organization observed in
these proteinsinbetacoronaviruses and gammacoronaviruses®!15263!
(Fig. 1c and Extended Data Fig. 4). The FCoV-23 S, subunit adopts a
spring-loaded prefusion conformation and also closely resembles
that of CCoV-HuPn-2018, with which it can be superimposed with a
r.m.s.d. of 1.3 A over 453 aligned Cat pairs (Fig. 1d). The absence of a
polybasic cleavage site at the S;-S, subunit junction concurs with the
classification of FCoV-23 as part of FCoV-2 (ref. 32) and with the lack of
proteolytic processing observed during S protein biogenesis, similar
to CCoV-HuPn-2018 S? (Fig. 1g,h).

Structure-based phylogenetic analysis clustered the FCoV-23 RBD
with the RBDs of CCoV-HuPn-2018, TGEV, PRCV and FCoV-2, which
underscored their close evolutionary relationships (Fig.1e). The simi-
larity further extended to the conservation of key APN-interacting
residues, including FCoV-23 S Y549/Q551 and W592 (corresponding
to CCoV-HuPn-2018 residues Y543/Q545 and W586, respectively)®>>3*,
and to the conformational masking and glycan shielding of the
receptor-binding loops by the N567 oligosaccharide (topological
equivalent to the CCoV-HuPn-2018 N561 glycan) from a neighbour-
ingRBDinthe closed S protein trimer (Fig. 1f). FCoV-23 RBD mutations
relative to other FCoV-2 sequences® map at the periphery or outside
the predicted APN-binding motif; therefore, they are not expected to
substantially affect host receptor tropism. These findings indicate
that FCoV-23 uses APN as an entry receptor through a similar binding
mode to that observed for CCoV-HuPn-2018 (ref.9), PRCV and TGEV®,
Notably, the FCoV-1UU4 RBD is more distantly related to the FCoV-23
RBD than the alphacoronavirus PEDV and HCoV-229E RBDs or por-
cine deltacoronavirus RBD despite the classification of all FCoVs as a
singleviral species (Fig. 1e). This resultis reminiscent of phylogenetic
incongruence observed for merbecoviruses* %, This extensive genetic
distance further agrees with the lack of APN utilization for FCoV-1, for
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which the receptor is unknown*?’, and for HCoV-NL63, which uses
the ACE2 receptor®.

FCoV-23 S sensitivity to host proteases

Host proteases are crucial determinants of cell tropism, host range and
pathogenesis by activating coronavirus S glycoproteins for membrane
fusion through cleavage?*#°*, To investigate the range of host cell pro-
teasesthat canactivate FCoV-23 S, we quantified the velocity of cleavage
of afluorogenic peptide comprising residues SossKRKYR|SAIE,; (Where
theverticallineindicates the position of the predicted scissile bond in
theS,’ cleavagessite) in the presence of a panel of proteases previously
showntobeinvolvedin coronavirus S activation**, Trypsin, cathep-
sin L, plasmin, PC1 and factor Xa efficiently cleaved the FCoV-23 pep-
tide, whereas minimal processing was observed with furin (Extended
DataFig. 5a-f). Furthermore, we did not observe major differences in
proteolytic sensitivity at the S,-S, junction or at the S,’ cleavage site
of FCoV-23 S-long and S-short anchored in the membrane of vesicu-
lar stomatitis virus (VSV) pseudoviruses after incubation with recep-
tor, trypsin and proteinase K. This result suggests that DO does not
extensively affect S processing (Extended Data Fig. 5g-i).

Trypsin is present in the digestive tract and can support enteric
infections®, whereas plasmin and factor Xa are systemically secreted
proteasesthatareinvolvedin theblood coagulation cascade and may
promote the broad tissue tropism of FCoV-23in cats. Plasmin cleavage
andthe presence of atyrosine residue at position P2 of the influenza A/
WSN/33 haemagglutinin cleavage site is associated with neurotropism
of this virus*. This finding may explain the neurotropism of FCoV-23
in cats given thatit also has a P2 tyrosine residue.

Lack of FCoV-23 S-mediated haemagglutination

We previously showed that the CCoV-HuPn-2018 SDO haemagglutinates
turkey, dogand humanerythrocytesinasialic-acid-dependent manner,
which suggests that cell-surface sialosides may have arolein viral entry’.
Toevaluate the ability of the FCoV-23 S to engage cell-surface sialoside
attachment factors, we incubated DO, domain A or domain Bmultiva-
lently displayed on the surface of 153-50 nanoparticles (NPs) with cat,
chicken, cow, turkey and human erythrocytes. CCoV-HuPn-2018 DO
NPs (positive control) haemagglutinated human, turkey and chicken
erythrocytes, whereas we did not detect FCoV-23 S-mediated hae-
magglutination of any of the red blood cells tested (Extended Data
Fig. 6a-f). Although the FCoV-23 DO and CCoV-HuPn-2018 DO share
only 27% amino acid sequence identity, their structures superimposed
withar.m.s.d. of 5.8 A over 197 aligned Ca pairs (out of 246 residues),
which underscorestheir structural similarity. However, structure-based
sequence alignment of these two domains highlighted numerous
diverging regions that could explain the distinct haemagglutination
phenotypes mediated by the most divergent domain among these
two S glycoproteins (Extended Data Fig. 6g,h). These findings indicate
that FCoV-23 S has a different specificity or lower binding affinity for
cell-surface sialosides than CCoV-HuPn-2018 or that it does not engage
sialoside attachment factors for entry.

APNis areceptorfor FCoV-23

Totest whether FCoV-23 uses APN for entry, we used biolayer interfer-
ometry (BLI) to assess the ability of the FCoV-23 RBD to bind several
APN orthologues. We detected binding of dimeric Felis catus APN
(FcAPN) and Canis lupus familiaris (CfAPN) ectodomain dimers fused
to a human crystallizable fragment (Fc) fragment, but not human
or Gallus gallus APN-Fc (GgAPN-Fc), to the immobilized FCoV-23
RBD, as was the case for CCoV-HuPn-2018 (Fig. 2a and Extended
DataFig. 7a,b). The apparent binding avidities (K, ,,,) of FCAPN and
CfAPN were 11 and 1.3 nM, respectively (Fig. 2b,c and Supplementary
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Fig.1|Architecture and evolution of the FCoV-23S glycoprotein.a,b,Ribbon
diagrams of the cryo-EM structures of prefusion FCoV-23 S-long in two distinct
conformations defined by the positioning of DO: the ‘swung out’ conformation (a)
and the ‘mixed’ structure (b). The structure with mixed DO conformations
(b)isrendered from acomposite model of the global Sandlocal DO refinements.
The positions of the S,and S, subunits are indicated. ¢, Superimposition of
FCoV-23 (blue) and CCoV-HuPn-2018 (yellow) S, subunits with DO swung out.

d, Superposition of the FCoV-23 and CCoV-HuPn-2018 S, subunits. e, Structure-
guided phylogenetic classification of alphacoronavirus and deltacoronavirus
RBDs. Conserved APN-interacting residues are showninred (except for the
FCoV1683RBD, whichis an AlphaFold3-predicted structure®?).f,Zoomed-in view
of FCoV-23 Sdomain A and RBDs (domain B) showing the conformational masking

and glycan shielding of the receptor-binding loops (labelled loop 1and loop 2)
inthe context of the Strimer (only part of two protomers are shown for clarity).
g,Amino acid sequence conservation of the residues spanning the S-S, subunit
junctionandtheS,’ cleavage site for FCoV-23, FCoV-2 (GenBank AFH58021.1),
CCoV-HuPn-2018 (UniProt AOASE6CMPO), TGEV (UniProt QOPKZ5) and PRCV
(UniProt Q84852). The residue numbering corresponds to FCoV-23 S-long
(Extended DataFig.1). The arrowhead indicates the presumed S,’ cleavage site.
h, Western blot analysis of VSV particles pseudotyped with FCoV-23 S-long and
S-short, HCoV-229E (P100E isolate, 2001, AAK32191.1) Sand CCoV-HuPn-2018S.
The 76E1 monoclonal antibody®® and the Alexa Fluor 680-conjugated goat anti-
humanantibody were used as primary and secondary antibodies, respectively.
Thewesternblot was carried out once. M, molecular mass marker.
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Fig.2|APNisanentryreceptor for FCoV-23. a, BLIbinding analysis of dimeric
human APN-Fc, human APN-Fc(R741T) (glycan knock-in), FCAPN-Fc, FCAPN-Fc
(T742R) (glycanknockout), CfAPN-Fc and GZAPN-Fcectodomainsata
concentration of 1 uMtoimmobilized biotinylated FCoV-23 RBD.b,¢, BLI binding
kinetic analysis of FCAPN-Fc (b) and CfAPN-Fc (c¢) toimmobilized biotinylated
FCoV-23 RBD. Globalfit (1:1 model) to the datais showninblack and affinities
arereportedasK,,,, owing to avidity resulting from the dimeric nature of APN.
Arepresentative experimentis shown out of two biological replicates. d,e, Entry
of VSV particles pseudotyped with FCoV-23 S-long (d) or FCoV-23 S-short (e)
into HEK293T cells transiently transfected with membrane-anchored FCAPN,
FcAPN(T742R), CfAPN, SsAPN, GgAPN, human APN or human APN(R741T)
orthologues. Each data point represents abiological replicate performed with
technical duplicates. Barsrepresent the mean of 2-3 biological replicates.

Table 2). To evaluate the impact of the loss of DO on receptor engage-
ment, we carried out APN pull-down assays using prefusion FCoV-23
S-long and S-short ectodomain trimers immobilized on NTA cobalt-
based beads. Both types of S trimers interacted with compara-
ble efficiency with the CfAPN-Fc ectodomain (Extended Data
Fig. 7c,d). This result rules out the idea that DO has arole in induc-
ing large conformational changes in the RBD, which aligns with the
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The colour keyisshownina.RLU, relative luciferase units. f,g, Concentration-
dependentinhibition of FCoV-23 S-long (f) and FCoV-23 S-short (g) VSV
pseudovirus entryinto HEK293T cells transiently transfected with membrane-
anchored FcAPN mediated by dimeric FCAPN-Fc (grey) and CfAPN-Fc (orange)
ectodomains. Each curve represents abiological replicate performed with
technical duplicates. Error barsrepresent thes.e.m. of the technical duplicates.
h, Surfacerepresentation of the cryo-EM structure of FCoV-23 RBD (light blue)
incomplexwith the FCAPN ectodomain dimer (grey). N-linked glycans are
rendered as dark blue surfaces. i, Close-up view showing key interactions
formed between the FCoV-23 RBD (light blue) and FCAPN (grey). Dashed lines
show selectsaltbridges and hydrogen bonds. The N740 glycan cryo-EM density
isshown as ablue mesh. NAG, N-acetyl glucosamine.

structural data (except for the exclusive detection of closed trimers by
cryo-EM).

We subsequently assessed the ability of HEK293T cells transiently
transfected with a panel of membrane-anchored APN orthologues to
enable the entry of VSV particles pseudotyped with FCoV-23 S-long,
FCoV-23 S-short, CCoV-HuPn-2018 S or HCoV-229E S (Fig. 2d,e and
Extended Data Fig. 7e,f). In agreement with the binding data, FCAPN
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Fig.3|Evaluation of cross-neutralization of FCoV-23 by alphacoronavirus-
elicited antibodies. a,b, Dose-dependent neutralization of FCoV-23 S-short (a)
and FCoV-23S-long (b) pseudotyped VSV particlesin the presence of various
concentrations of the 1AF10 neutralizing monoclonal Fab fragment using
HEK293T cells transiently transfected with membrane-anchored FCAPN.
Eachcurverepresentsabiological replicate (n =2, using distinct pseudovirus
batches) each performed with 2 technical replicates. Error bars represent
thes.e.m. of the technical duplicates. c-e, Inhibition of FCoV-23 S-short (c)

and CfAPN promoted efficient entry of FCoV-23 S VSV particles into
cells, as was the case for APN from Sus scrofa (SsAPN) (Fig. 2d,e). APN
from G. gallus (GgAPN) enabled reduced but detectable entry, whereas
wild-type human APN did not (Fig. 2d,e). The observation of pseudovi-
rus entry mediated by GgAPN, for which we did not detect RBD binding,
probably resulted from avidity due to the multivalent presentation of
S trimers, as previously observed for other coronaviruses®*®, These
data show that several APN orthologues render cells susceptible to
FCoV-23S-mediated entry, irrespective of the presence or absence of
DO, aresult that is in agreement with the pull-down data (Extended
Data Fig. 7¢,d). Finally, we observed concentration-dependent inhi-
bition of FCoV-23 S-long, FCoV-23 S-short and CCoV-HuPn-2018 S
VSV entry into cells mediated by dimeric FCAPN-Fc and CfAPN-Fc
ectodomains, which underscores the APN-specific entry pathway
of these viruses (Fig. 2f,g and Extended Data Fig. 7g-i). Collectively,
these findings identify APN as abonafide entry receptor for FCoV-23,
which seems to have broad receptor species tropism, mirroring that
of CCoV-HuPn-2018.

Molecular basis of FCoV-23 engagement of APN

Tounderstand how FCoV-23 recognizes APN, we determined a cryo-EM
structure of the complex between the FCoV-23 RBD and FcAPN at 2.5 A
resolution (Fig. 2h,i, Extended DataFig. 8 and Supplementary Table1).
One FCoV-23 RBD binds to each of the two protomers of the FCAPN
dimer through interactions largely similar to those observed for the
CfAPN-bound CCoV-HuPn-2018 RBD’ and the SsSAPN-bound PRCV
RBD* structures. Inreceptor-binding loop 1, the Y549,,.,; side chain

Mouse serum

Mouse serum

CCoV-HuPn-2018 S (d) and HCoV-229E S (P100E isolate) (e) VSV pseudovirus
entry into HEK293T cells transiently transfected with membrane-anchored
FCcAPN (FCoV-23, ¢), CfAPN (CCoV-HuPn-2018, d) or human APN (HCoV-229E, e)
inthe presence ofal:10 dilution of HCoV-229E (P100E isolate) S-elicited mouse
sera. Each datapointrepresents abiological replicate (n =2, using distinct
pseudovirus batches) performed with technical duplicates. Bars represent the
mean of twoindependentbiological replicates.

interacts with the N740,,y glycan core fucose through CH-t interac-
tions* and is hydrogen-bonded to the E735 and W741 side chains. By
contrast, the Q551;¢,y.; side chainis hydrogen-bonded to the N740
side chain and interacts with the proximal N-acetyl-glucosamine and
core fucose (Fig. 2i). Inreceptor-binding loop 2, W592,v.»; is packed
against H790,,y and P791,,y, and itsimino group is hydrogen-bonded
to the main-chain carbonyl of N787,,\. We note that the substitution
Of R540cov.iupna01s With L5463 abrogates a salt bridge formed with
CfAPN(E786) (corresponding to FcAPN(Q779)).

Given the similarities of the FCoV-23 and CCoV-HuPn-2018 RBDs
and of their host receptor tropism, we speculated that the lack of an
oligosaccharide at position N739 of human APN, which is present in
CfAPN, FcAPN, SsAPN and GgAPN, explained the inability of FCoV-23 to
engage the human APN orthologue, asis the case for CCoV-HuPn-2018
(ref.9) and TGEV**8, Transient transfection of amembrane-anchored
human APN(N739) oligosaccharide knock-in mutant (R741T substitu-
tion) rendered cells permissive to FCoV-23 S VSV entry, which con-
firmed the importance of this glycan-mediated interaction for receptor
engagement (Fig. 2d,e). Conversely, removal of this oligosaccharide
from FCAPN (T742R substitution) reduced FCoV-23 S-mediated and
CCoV-HuPn-2018 S-mediated entry into cells by two orders of mag-
nitude (Fig. 2d,e and Extended Data Fig. 7e), which further demon-
strated its key role for binding. Efficient HCoV-229E S-mediated entry
occurred with human APN, FcAPN and GgAPN and did not depend
on the presence of a glycan at positions N739 (human APN) or N740
(FcAPN) (Extended Data Fig. 7f). This result aligns with the fact that the
HCoV-229E RBD recognizes a different APN site relative to the other
viruses evaluated here®.
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Fig.4|See next page for caption.

FCoV-23 S targets feline and canine cells

To gain insights into the cell tropism of FCoV-23, we pseudotyped
murine leukaemiavirus (MLV) particles with FCoV-23S-short or S-long
constructs and assessed their ability to enter a panel of cell lines rep-
resenting multiple mammalian species and tissues. FCoV-23 S-short
and S-long MLV pseudoviruses effectively entered feline macrophage
(Fcwf-CU) cells, feline kidney epithelial (CRFK) cells and feline epithe-
lial lung (AK-D) cells. Notably, there was a higher entry of S-short MLV
than S-long MLV (ratio of short to long: 2.8,1.7 and 2.5, respectively,
for each cellline) at 72 h after transduction (Extended Data Fig. 9a,b).
Furthermore, we detected markedly more effective pseudovirus entry
into canine A-72 fibroblast cells with FCoV-23 S-short MLV particles
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compared with FCoV-23 S-long MLV particles (ratio of short to long:
780) at 72 h after infection (Extended Data Fig. 9a,b). Collectively, these
data suggest that FCoV-23 has broad feline cell and tissue tropism.
Theresults also agree with the pathology observedininfected cats, in
which FCoV-23 is observed in multiple tissues®.

Antigenicity of the FCoV-23 S glycoprotein

FCoV-23 S shares around 82% and 48% amino acid sequence identity
with CCoV-HuPn-2018 Sand HCoV-229E S (P100E isolate), respectively,
with the S, subunits being more divergent than the S, subunits. Further-
more, the FCoV-23 RBD shares about 94% and 28% amino acid sequence
identity with the CCoV-HuPn-2018 and HCoV-229E RBDs, respectively.



Fig.4|Lossof SDOincreases fusogenicity and entry kinetics. a-e, Left,
kinetics of cell-cell fusion (GFP* area) between BHK-21-GFP1-10 cells transiently
transfected with FCoV-23 S-long or S-short (a-c) or CCoV-HuPn-2018 S-long or
S-short (d,e) with BHK-21-GFP11target cells transiently transfected with
membrane-anchored FcAPN (a) or CfAPN (d), cat macrophage-like Fcwf-CU
cells (b), catepithelial kidney CRFK cells (c) or canine fibroblast A-72 cells (e)
endogenously expressing FCAPN or CfAPN and transiently transfected with
GFP11.Middle, representative fields of view obtained 18 h (a,c,d,e) or 5.5 h (b)
after S-expressingcells (untreated or pretreated with trypsin) were added to
target cells are shown (time points are indicated by arrows on the corresponding
left panels).Scale bars,1,000 pm. Right, western blot quantification of
membrane-anchored S expressionin BHK-21-GFP1-10 cells detected using

the 76E1monoclonal antibody®’. Data shown are one representative of 2-4
biological replicates. Each dotinthe bar graphsrepresentsabiological replicate
(n=3with2-4technical replicates eachfora, n=2with Stechnical replicates
eachforb,n=3with5-10 technical replicates each for ¢, n =2 with 2-3 technical
replicateseachford, and n =4 with 5-10 technical replicates each for e). Data
aremean and s.e.m. Statistical analysis was performed using area under the
curve (AUC) of the GFP*areabetween the biological replicates with two-way

analysis of variance (ANOVA) (a) or one-way ANOVA (c,e) with Tukey’s multiple
comparisontestusingdataatt=18 hor5.5honly for Fcwf-CU cells (b). NS, not
significant. f, Entry kinetics of VSV particles pseudotyped with FCoV-23 S-long
orS-shortin Fewf-CU cells (top) and CRFK cells (bottom). Each dot represents a
biological replicate (n =4, using distinct pseudovirus batches), each comprising
10-12technical replicates. Comparison of entry values between S-long and
S-short for each time point was performed using multiple ratio-paired t-tests.
g, Entry kinetics of MLV particles pseudotyped with FCoV-23 S-long or S-short
in Fcwf-CU cells (top), AK-D cells (middle) and A72 cells (bottom). Each dot
representsabiological replicate (n =4, using distinct pseudovirus batches)
each comprising 4 technical replicates. Comparison of entry values between
S-longand S-short for each time point was performed using aratio-paired
t-test. h, Relative entry of VSV pseudotyped with the indicated FCoV-23 S in
Fcwf-CU cells (top) or CRFK cells (bottom) cells treated with 25 puM nafamostat,
camostat, E-64d or 1 pM bafilomycin A1l. Normalization was based on the entry
values obtained from cells treated with DMSO alone. Each dot represents one
biological replicate (n =2, using distinct pseudovirus batches) each comprising
10-12technical replicates. Means and s.e.m. of the two biological replicates are
shownwithbarsandlines, respectively.

To investigate the antigenic relationships among alphacoronavi-
ruses, we first evaluated the ability of the 1AF10 neutralizing mono-
clonal antibody, which targets the RBDs of PRCV and TGEV, to inhibit
FCoV-23S-mediated entry. The antigen-binding fragment (Fab) of 1AF10
neutralized FCoV-23 S-short and S-long VSV pseudoviruses with similar
potency to that observed for CCoV-HuPn-2018 S VSV’ (Fig. 3a,b and
Extended DataFig. 7h,i). These findings support the close relatedness
between FCoV-23 S, CCoV-HuPn-2018, PRCV and TGEV S (Fig. 1e), which
all cross-react with this monoclonal antibody and leads to blockade of
receptor engagement. This result identifies 1AF10 as a possible coun-
termeasure against these viruses.

We investigated the neutralizing activity of mouse hyperimmune
sera obtained after vaccination with prefusion HCoV-229E S 2P
(P100Eisolate, 2001). Although allmouse sera completely neutralized
HCoV-229E S VSV pseudovirus, they exhibited weak to no inhibition of
FCoV-23S-short VSV and CCoV-HuPn-2018 SVSV (Fig.3c,e). These data
suggest that previous HCoV-229E infection or vaccination would elicit
(at best) weak cross-neutralization of FCoV-23 and CCoV-HuPn-2018.
Thisresultisinline with the more distant genetic relationships between
the S glycoproteins, particularly the RBDs, of HCoV-229E and these
viruses.

DO dampens fusogenicity and entry kinetics

To understand the functional impact of the loss of DO on S-mediated
syncytium formation, we used a membrane-fusion assay with a split
GFP system to quantify membrane fusion after GFP reconstitution.
We used BHK-21 cells stably expressing GFP1-10 (BHK-21-GFP1-10)
and transiently transfected with FCoV-23 S-short or S-long to evaluate
cell-cell fusion with GFP11-expressing cells, including BHK-21 tran-
siently expressing membrane-anchored FcAPN as well as Fcwf-CU and
CRFK cells, which endogenously express FCAPN. We observed mark-
edly increased fusogenicity mediated by FCoV-23 S-short, relative to
S-long, in all cell lines tested and at most time points in the presence
of equivalent amounts of each of the two S isoforms (Fig. 4a—c and
Extended DataFig.10a-e). Although the addition of exogenous trypsin
to S-expressing cells enhanced S-long-mediated membrane fusion at
early time points (Fig. 4a), which may be due to proteolytic removal
of DO and direct activation of the fusion machinery (Extended Data
Fig. 5h), S-long remained less fusogenic than S-short.

Giventhe close evolutionary relationships between the FCoV-23 and
CCoV-HuPn-2018 Sglycoproteins, we evaluated whether the presence
of DO similarly affected S-mediated membrane fusion for this human
virus. CCoV-HuPn-2018 DO deletion led to a marked enhancement of
syncytium formation between S-expressing BHK cells and BHK and

canine fibroblast A-72 target cells (transiently transfected with or
endogenously expressing CfAPN, respectively; Fig. 4d,e). Pretreatment
of S-expressing cells with trypsin modestly promoted fusion mediated
by S-long, but not by S-short (Fig.4d). These results therefore point to
asimilar phenotype for loss of DO for FCoV-23 and CCoV-HuPn-2018.

We nextinvestigated whether the increase in fusogenicity promoted
elevated kinetics of S-mediated entry into cells by comparing VSV pseu-
doviruses with FCoV-23 S-shortand S-long at various time points after
transduction. Compared with S-long VSV particles, S-short VSV parti-
cles entered 1.7-fold, 2-fold and 1.35-fold more efficiently in Fcwf-CU
cells at 3,4 and 6 h after infection, respectively, when comparing the
geometric mean entry of each group (Fig. 4f, top, and Extended Data
Fig.10f).In CRFK cells, S-short VSV particles entered 3.5-fold, 3.9-fold
and 3.5-fold more efficiently at4, 6 and 8 h after infection, respectively,
thanS-long VSV particles (Fig. 4f, bottom, and Extended Data Fig. 10f).
These differences were reduced at the end of the experiment (24 htime
point), which may explain the small differences in MLV pseudovirus
entry detected for the two isoforms 72 h after transduction (Extended
DataFig. 9a). Accordingly, we observed greater entry of MLV pseudo-
typed with FCoV-23 S-short than S-long at 8 h after transduction in
Fewf-CU (4.1-fold), AK-D (4-fold) and A-72 (41-fold) cells when compar-
ingthe geometric mean entry of eachgroup (Fig. 4g and Extended Data
Fig.9b,c). Theseresults show thatloss of DO promotes more rapid entry
into target cells that endogenously express FCAPN or CfAPN, aresult
in agreement with the increased syncytium formation for FCoV-23
S-shortrelative to S-long.

Pseudovirus entry into Fcwf-CU cells was reduced by bafilomycin Al
(aninhibitor of endosomal acidification®) (Fig. 4h, top), and entry into
CRFK cells was dampened by bafilomycin Al and E-64d (a cysteine
protease inhibitor) for both FCoV-23 S-short and S-long (Fig. 4h, bot-
tom). Theseresults, and the lack of effect of camostat and nafamostat
(serine protease inhibitors), suggest that FCoV-23 favours an endoso-
mal entry route in the cell lines tested. Given the comparable impact
ofhost protease inhibitors on the entry of FCoV-23 S-short and S-long
pseudoviruses along with the enhanced entry kinetics (VSV and MLV
pseudoviruses) and fusogenicity (cell-cell fusion) mediated by FCoV-23
S-short relative to S-long, these properties probably reflect intrinsic
functional differences of these two S isoformsinstead of distinct entry
routes.

Discussion

Most alphacoronavirus S glycoproteins have a DO, not present in
other coronavirus genera, that most probably arose through the
duplication of domain A (the latter domain is often referred to as the
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N-terminal domain for betacoronaviruses)®. Both domains adopt a
similar galectin-like B-sandwich fold and have been shown to inter-
act with host cell sialoside-attachment factors for alphacoronavirus
CCoV-HuPn-2018 (ref. 9), TGEV*® and PEDV*** D0 and for 0C43/HKU1
(refs.51,52), MERS-CoV>*and SARS-CoV-2 (ref. 54) A domains. The FCoV-
23 S structures presented here revealed distinct DO conformations,
similar to those observed for CCoV-HuPn-2018 (ref. 9) and PEDV>%,
whichmay correspond to snapshots of the conformational changes that
lead toviralentry into cells. Notably, in-frame deletions of FCoV-23 SDO
occurred in an almost cat-specific manner in >90% of studied Cypriot
andimportFIP cases, whichimplicated in-host evolution®. These find-
ings arereminiscent of the evolutionary process thatled from TGEV to
PRCV after deletion of DO inthe TGEV S gene, which resulted indistinct
tissue tropism between the two viruses*™. TGEV replicates mainly in small
intestine epithelial cells and causes severe and often fatal diarrhoeain
young piglets, whereas PRCV replicates mostly in respiratory epithelial
cells and causes mild respiratory symptoms without diarrhoea. There-
fore, theloss of DO may have produced opposite outcomesin terms of
severity for TGEV/PRCV and FCoV-23 and might alter FCoV-23 tissue
tropism (as is the case for TGEV and PRCV). The high pathogenicity of
FCoV-23 and its detection in macrophage-like cells by immunohisto-
chemistry are characteristics of the virus biotype switch from FECV to
FIP. Furthermore, the markedly greater fusogenicity and entry kinetics
of FCoV-23 S-short in various cell lines than S-long suggest that dele-
tion of DO may promote increased syncytium formation, replication
kinetics and pathology, as described for the SARS-CoV-2 Delta variant
asaresult of the P68IR substitution*. These findings offer a possible
explanation for the repeated loss of DO among FCoV-23-infected cats,
and thisloss canoccur genomically (as observed in vivo) and putatively
proteolytically (as observed with FCoV-23 S-long VSV pseudovirus).

Coronavirus RBDs are main targets of neutralizing antibodies and
typically account for most plasma-neutralizing activity induced by
infection or vaccination against matched and mismatched viruses® .
Structure-guided phylogenetic classification clustered the FCoV-23,
CCoV-HuPn-2018 (ref.9), PRCV, TGEV* and FCoV-2 RBDs, which engage
the APN entry receptor with a similar binding mode. The observation
that the FCoV-1RBD architecture®® is more divergent from the FCoV-2
RBD than from the HCoV-229E* and PEDV>® RBDs underscores the
distinct receptor engagement and evolutionary pathways of these
two types of feline pathogens, which will probably require the devel-
opment of serotype-specific vaccines®>*. The identification of APN
asthe FCoV-23 entry receptor, of multiple feline cell lines supporting
FCoV-23S-mediated entry and of abroad spectrum of proteases cleav-
ingisolatedS,” peptidesilluminate key factors modulating host and cell
tropism. The rare detection of weak cross-neutralization observed with
HCoV-229E Svaccine-elicited mouse sera underscores the antigenic dis-
tance between this human endemic coronavirus and FCoV-23, although
both pathogens belongto the alphacoronavirus genus. However, some
degree of broad humoralimmune protection may result fromalphac-
oronavirus exposure, either through weak viral cross-neutralization
of distinct alphacoronaviruses or antibody-mediated Fc effector
functions. Indeed, the latter mechanism was observed with S-elicited
fusion machinery-directed polyclonal antibodies after mismatched
sarbecovirus challenge®.

Cross-species transmission of pathogens is one of the greatest
threats to human and animal health worldwide and is exacerbated
by travel, urbanization, deforestation and intensive farming. This
threatis currently illustrated by the spillover of highly pathogenic
avian influenza H5N1 virus to birds and mammals, including dairy
cattle, cats and humans®®. The Alphacoronavirus-1 species comprise
aset of highly recombinogenic viruses circulating in dogs, cats and
pigs. This species has been proposed to be divided into two clades
with functionally distinct S glycoproteins'>*. Furthermore, several
Alphacoronavirus-1 recombinant viruses have spilled over from
dogs or cats to humans?. The wide circulation of Alphacoronavirus-1
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combined with our poor understanding of their genetic diversity
and the accelerating rate of viral spillovers to the human population
emphasize theimportance of preparing for the emergence of highly
pathogenic coronaviruses.
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Methods

Celllines

Thefollowing cell lines used in this study were obtained from the Ameri-
can Type Culture Collection (ATCC): human epithelial embryo cells
(HEK293T, CRL-3216), human lung carcinoma epithelial cells (A549,
CRM-CCL-185), human lung adenocarcinoma epithelial cells (Calu3,
HTB-55), African green monkey kidney cells (VeroE6, CRL-1586), rhesus
monkey kidney cells (LLC-MK2, CCL-7), Syrian golden hamster kidney
fibroblast cells (BHK-21, CCL-10), rat lung epithelial cells (L2, CCL-149),
chickenembryo fibroblast cells (DF-1, CRL-3586), feline epithelial kid-
ney cells (CRFK, CCL-94), feline airway epithelial cells (AK-D, CCL-150),
canine tumour fibroblast cells (A-72, CRL-1542), canine epithelial kidney
cells (MDCK, CCL-34), pig epithelial kidney cells (LLC-PK1, CL-101) and
bovine epithelial kidney cells (MDBK, CCL-22). Human bronchial epi-
thelial cells (HBEC cells) were provided by R. Cerione’s laboratory at
Cornell University. Ovine kidney cells (OV KID) and ovine fetal turbinate
(OFT) cells were provided by D. Diel at Cornell University Animal Health
Diagnostic Center. Feline macrophage-like cells, Fcwf-4, were initially
obtained from the ATCC (CRL-2787), and the progeny (Fcwf-CU) that
was significantly better at propagating feline coronavirus was selected
byE. Duboviand G.R.W. at Cornell University to be significantly better
at propagating feline coronavirus®*. VeroE6 cells expressing trans-
membrane serine protease TMPRSS2 (VeroE6-TMPRSS2, JCRB1819)
were obtained from the Japanese Collection of Research Bioresources
(JCRB Cell Bank). The cell lines ExpiCHO and Expi293F were obtained
from ThermoFisher. Cells were cultured at 37 °Cin the medium recom-
mended by the manufacturer in an atmosphere of 5% CO,. Cell lines
were not routinely tested for mycoplasma contamination nor were
they authenticated.

Plasmids

Genes used in this study were synthesized by GenScript, codon opti-
mized forexpressionin mammalian cells and cloned into pcDNA3.1(+)
between Kpnl and Xhol, in-frame with a Kozak’s sequence to direct
translation. Ectodomains used the signal peptide derived from
H-phosphatase (MGILPSPGMPALLSLVSLLSVLLMGCVAETGT) and a
C-terminal Avi-tag and octa-histidine tag. FCoV-23 S-long and S-short
sequences were obtained fromaprevious study” and are describedin
Extended DataFig.1. To stabilize the prefusion FCoV-23 S ectodomain
constructs, residues F1146 and L1147 were mutated® to proline, and a
foldon trimerization domain was added. The HCoV-229E S ectodomain
used for mouse immunizations was synthetized by GeneArt (Thermo
Fisher) and comprised residues 1-1128, with a C-terminal truncation
of 60 residues, and was stabilized by mutations of residues T871 and
1872 to proline and by the addition of a foldon trimerization domain.

To pseudotype VSV(AG-luc)®®, membrane-anchored wild-type
S glycoproteins with their native signal peptide encoding genes from
HCoV-229E (P100OE isolate, 2001, AAK32191.1) residues 1-1,155, TGEV
(ABG8935.1) residues 1-1,425, CCoV-HuPn-2018 (QVL91811.1) residues
1-1,425,FCoV-23S-long and S-short, CCoV-HuPn-2018 lacking DO (resi-
dues 259-1,425) (QVL91811.1), all with C-terminal truncations of 23
residues, except for HCoV-229E with a18 C-terminal truncation, were
codon optimized for expression in mammalian cells and cloned into
pcDNA3.1(+) asindicated above. FCoV-23 S-long, FCoV-23 S-short and
CCoV-HuPn-2018 Slacking DO also had a C-terminal GGSYPYDVPDYA
sequence (HA-tag in bold).

FCoV-23 Sand CCoV-HuPn-2018 S B domains (also referred as RBDs)
matching with the full-length sequencesindicated above included resi-
dues 529-677 and 523-671, respectively, and were fused to a C-terminal
Avi-tag and His-tag for biotinylation and affinity purification.

Full-length APN constructs have been previously described®.
In brief, APN from human (NCBI GenBank identifier NP_001141.2),
F. catus (NP_001009252.2), C. familiaris (NP_001139506.1), S. scrofa
(AGX93258.1) and G. gallus (ACZ95799.1) comprise residues 1-967,

1-967,1-975,1-963 and 1-967, respectively. APN ectodomains from
humanwild-type and R741T mutant (both comprising residues 66-967),
F. catus (residues 64-967), C. familiaris (residues 71-975), S. scrofa (resi-
dues 62-963) and G. gallus (residues 69-967) from the same sequence
codes shown above were fused to a thrombin-cleavage site followed
by ahuman Fc fragment at the C-terminal end for affinity purification.

The 1AF10 Fab constructs for expression in mammalian cells of the
heavy and light chains have been previously described®. For NP assem-
bly, FCoV-23 DO (residues 19-264), domain A (residues 265-504) and
domain B (residues 529-677) were fused to the N terminus of the trim-
eric153-50ANP component® using a16-residue-long glycine and serine
linker. CCoV-HuPn-2018 DO (residues17-259) fused to the N terminus
of the trimeric153-50A NP component has been previously described®.
Heavy chainand light chaingenes encoding 76E1full IgG were inserted
eachintoadifferent pcDNA3.1(+) plasmid, fused to the N-terminal CD5
signal peptide MPMGSLQPLATLYLLGMLVASVLA.

The plasmid pQCXIP-BSR-GFP11 to express GFP11 for fusion assays
was obtained from Addgene (https://www.addgene.org/68716/).

Mutagenesis

The membrane-anchored wild-type FCAPN-encoding plasmid was
used as a template to knockout the glycan at position N740 (NWT
to NWR) using the following nonoverlapping primers: 5’-aagaatt
ggagggaccacccce-3’ (the codon change TtoRisindicated inbold) and
5’-tgtcacgcgctcaaagtggttg-3’ using fusion DNA polymerase (Thermo
Fisher). After treating the PCR products with Dpnl (New England Bio-
labs) for 1 h at 37 °C, amplified plasmids were purified using a PCR &
DNA cleanup kit (Monarch) treated with T4 polynucleotide kinase
(New England Biolabs) for 1 hat 37 °C and ligated using T4 DNA ligase
(New England Biolabs) at 25 °C overnight before being used for the
transformation of One Shot MAX Efficiency DH10B chemically com-
petent cells (Invitrogen). Introduction of the desired mutations was
verified by sequencing purified plasmids by Plasmidsaurus. Plasmids
with the desired mutation were amplified and purified usingan Endo-
Free megakit (Qiagen) so that they were suitable for transfection into
mammalian cells.

Protein expression and purification

To produce stabilized FCoV-23 S-long and S-short, 200 ml Expi293F
cells grown to a density of 3 x 10° cells per ml and at 37 °C were trans-
fected with 640 pl Expifectamine reagent (Thermo Fisher) and 200 pg
of the corresponding plasmids following the manufacturer’s recom-
mendations. The day after transfection, feed and enhancer were added
to the cells. At 4-5 days after transfection, supernatants were clari-
fied by centrifugation at 400g for 15 min and resuspended in 20 mM
Tris-HCI pH 8.0, 20 mM imidazole and 300 mM NacCl. Supernatants
were further centrifuged at 14,000g for 30 min and passed through a
1mlHistrap Excel column (Cytiva) previously equilibrated with binding
buffer (25 mM Tris-HCI pH 7.4 and 350 mM NaCl). FCoV-23 Swas eluted
using a linear gradient of 500 mM imidazole. To produce stabilized
HCoV-229E S 2P, 500 ml of Expi293F cells at 3 x 10° cells per ml were
transiently transfected using polyethylenimine linear (PEI). In brief,
500 pg DNA (1 pg ml* final concentration) was mixed with Opti-MEM
and 1.5 mg PEI (3 pg ml™ final concentration) was mixed with Opti-MEM.
The PEI mixture was added to the DNA mixture and gently mixed. After
15 min ofincubation at room temperature, the PEI-DNA mixture (25 ml)
was added dropwise to cells. On day 4 after transfection, stabilized
HCoV-229E S 2P was purified using the protocol described above.

To express B domains from FCoV-23 S and CCoV-HuPn-2018 S
C-terminally fused to an Avi-tag and a histidine tag, 100 ml of Expi293F
cells at 3 x 10° cells per ml were transiently transfected with 320 pl
Expifectamine and 100 pg of the respective plasmids following the
manufacturer’sinstructions. Four days after transfection, supernatants
were clarified by centrifugation at 800g for 10 min, supplemented
with 20 mM imidazole, 300 mM NaCl and 25 mM Tris-HCI pH 8.0,
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further centrifuged at 14,000g for 30 min and passed through a 1 ml
His trap HP column (Cytiva) previously equilibrated with binding buffer
(25 mM Tris-HCI pH 7.4 and 150 mM NaCl). B domains were eluted using
25 mM Tris-HCI pH 7.4,150 mM NacCl and a linear gradient of 500 mM
imidazole. A similar protocol was used to express and purify the Fab
domain of 1AF10 fused to an 8-residue histidine tag, except that 50 ml
of Expi293F cells were transfected with a mixture containing 50 pg of
eachindividual plasmid encoding the Fab light and heavy chain and
160 pl Expifectamine reagent (Thermo Fisher).

Toexpress the human APN, FcAPN, CfAPN, SsAPN and GgAPN ectodo-
mainorthologues fused to the Fc fragment of human IgG, Expi293F cells
were transiently transfected with the respective plasmids following
the manufacturer’s protocol. In brief, 50 ml of Expi293F cells at 3 x 10°
cells per ml were transfected using 160 pl Expifectamine and 50 pg
APN plasmid. Four days after transfection, supernatants were clarified
by centrifugation at 800g for 10 min, supplemented with 300 mM
NaCl and 25 mM Tris-HCI pH 8.0, further centrifuged at 14,000g for
30 minand passed through al mlHiTrap Protein AHP column (Cytiva).
Proteins were eluted using 0.1 M citric acid pH 3.0 in individual tubes
containing 200 pl of 1 M Tris-HCI pH 9.0 to immediately neutralize
the low pH needed for elution. APN samples were further purified
by size-exclusion chromatography (SEC) on a Superdex 200 column
10/300 GL (GE Life Sciences) previously equilibrated in 25 mM Tris-HCI
pH 8.0 and 150 mM NaCl. Fractions containing the proteins were pooled
and buffer exchanged to 25 mM Tris-HCI pH 8.0 and 150 mM NacCl.

To produce FcAPN and CfAPN without the Fc fusion for cryo-EM and
for protease digestion experiments, respectively, the Fc fragments
were removed using thrombin (Millipore Sigma) in areaction mixture
containing 3 pg thrombin per mg of FCAPN-Fc, 25 mM Tris-HCI pH 8.0,
150 mMNaCland 2.5 mM CaCl,and incubated overnight at room tem-
perature. The reaction mixture was loaded to a protein A column to
remove uncleaved FCAPN-Fc and the Fc tag, and purified FCAPN was
buffer exchanged to 25 mM Tris-HCI pH 8.0 and 150 mM NaCl.

To express the 76E1 full IgG, 200 ml of Expi293F cells at 3 x 10 cells
per ml were transiently transfected using Expifectamine and a mix
containing 200 pg each of plasmids encoding the IgG heavy chain
and light chain following the manufacturer’s protocol. Four days after
transfection, Expi293 cell supernatant was clarified by centrifugationat
4,121gfor 30 min, supplemented with 20 mM phosphate buffer pH 8.0
and 0.5 mM phenylmethylsulfonyl fluoride. Supernatant was passed
througha protein A affinity column (Cytiva) twice before being washed
with 20 mM phosphate buffer pH 8.0. Antibody 76E1 was eluted with
100 mMccitricacid pH 3.0 into tubes containing 1 M Tris-HCI pH 9.0 for
immediate neutralization of the low pH used for elution. Eluted 76 E1
antibody was buffer exchanged into 20 mM phosphate buffer pH 8.0
and 100 mM NaCl, and purity was evaluated by SDS-PAGE.

Protein biotinylation

B domains of FCoV-23 Sand CCoV-HuPn-2018 S were biotinylated using
aBirA biotin-protein ligase standard reaction kit (Avidity) following
the manufacturer’s protocol. In a typical reaction, 40 uM B domains
was incubated overnight at 4 °C with 2.5 ug BirA enzyme in reaction
mixtures containing 1x BiomixB, 1x BiomixA and 40 uM BI0200. The
B domains were further separated from BirA by SEC using Superdex 75
increase 10/300 GL (GE LifeSciences) and concentrated using 10 kDa
filters (Amicon).

BLIbinding assays

Biotinylated B domains from FCoV-23 S and CCoV-HuPn-2018 S were
immobilized at 2 pg ml™ in 10X kinetics buffer (Sartorius) to 0.5 nm
shift to streptavidin (SA) biosensors (Sartorius) previously hydrated
in10Xkinetics buffer for atleast 10 min. Loaded tips were dipped into
asolution containing1 uM APN orthologues from F. catus, C. familiaris,
S. scrofa, G. gallus, human, and the human APN(R741T) mutant in 10X
kinetics buffer. For K, ,,, determination, loaded tips were dipped into

various concentrations of FCAPN-Fc or CfAPN-Fc for 300 s followed by
a300-s dissociation phase in 10X kinetics buffer. Data were baseline
subtracted, and the plots were fitted using Sartorius analysis software
(v.11.1). Data were plotted in Graphpad Prism 10. These experiments
were done side-by-side with two different batches of Bdomain and
APN orthologue preparations.

Pull-down assays

To further characterize the interaction between CfAPN-Fcand FCoV-23
S-short and S-long, we performed pull-down assays. In brief, 100 pl
(4 mg) magnetic beads, Dynabeads His-tag (Thermo Fisher) were
washed twice with 200 pl 1x TBS (20 mM Tris-HCI pH 8.0 and 150 mM
NaCl) using a magnetic stand (Thermo Fisher). Before the last wash,
beads were divided into eight aliquots, after which the buffer was
removed. Beads were coupled or not with 10 pg FCoV-23 S-short or
S-longin TBS buffer. The bead-protein mixture wasincubated at room
temperature with gentle rotation. After 30 min, unbound proteins were
removed and beads were washed three times with30 pl TBSeach time
beforeresuspensioninasolution containing 15 pg purified CFAPN-FC.
Afterincubationfor1hatroomtemperature with gentle rotation, beads
were washed three times with TBS. The following samples were col-
lected and characterized by SDS-PAGE: unbound proteins after cou-
pling the spike proteins (UB,) and after incubation with CfAPN (UB,); the
last washes after coupling the spike proteins (W,) and after incubation
with CfAPN (W,); and bound proteins. Negative controls consisting of
beads not coupled to FCoV-23 S-short or S-long were also analysed by
SDS-PAGE.

Bacterial protein expression and purification of NP components
The 153-50A and 153-50B proteins were expressed as previously
described®. In brief, transformed Lemo21(DE3) (NEB) in LB broth
(10 gtryptone, 5 g yeast extract and 10 g NaCl) were grown at 37 °C
to an ODg, of 0.8 with constant agitation. Protein expression was
induced by adding 1 mM isopropil-3-D-1-thiogalactopyranoside and
the temperature was reduced to 18 °C. Cells were collected after
16 h and lysed by microfluidization using a Microfluidics M110P at
18,000 p.s.i.in 50 mM Tris-HCI pH 8.0,500 mM NaCl, 30 mMimidazole,
1mM phenylmethylsulfonyl fluoride and 0.75% 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS). Lysates were clari-
fied by centrifugation at 24,000g for 30 minand applied to a Ni Sepha-
rose 6 fast flow column (Cytiva) for purification by immobilized metal
affinity chromatography on an AKTA Avant150 FPLC system (Cytiva).
Proteins were eluted with alinear gradient of 30 mM to 500 mM imida-
zolein 50 mM Tris-HCI pH 8.0,500 mM NaCland 0.75% CHAPS buffer.
Peak fractions were pooled, concentrated in 10 K MWCO centrifugal
filters (Millipore), sterile filtered (0.22 mm) and applied to either a
Superdex 200 Increase 10/300 or HiLoad S200 pg GL SEC column
(Cytiva) previously equilibrated in 50 mM Tris-HCI pH 8.0, 500 mM
NaCland 0.75% CHAPS buffer.

Invitro NP assembly

Concentration of purified individual NP components was determined
by measuring the absorbance at 280 nm and the corresponding cal-
culated extinction coefficients. NPs were prepared by incubating
DO0-A-153-50A, domain A-153-50A or domain B-153-50A trimers with
pentameric 153-50B at molar ratios of 1.1:1, respectively, in 50 mM
Tris-HCl pH 8.0 and 500 mM NacCl. Formation of CCoV-HuPn-2018 DO
NPs required mixing DO-153-50A with 153-50A at a molar ratio of 1:6
with pentameric 153-50B. All in vitro assemblies were incubated at
room temperature with gentle rocking for at least 20 min before sub-
sequent purification by SEC on aSuperose 6 columnto remove residual
unassembled components. Fractions were analysed by negative-stain
electron microscopy and by SDS-PAGE. Assembled NPs eluted in the
void volume of a Superose 6 column and were pooled and stored at
4 °C until use in haemagglutination assays.
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Negative-stain electron microscopy

NPs diluted to 0.01 mg ml™in 50 mM Tris-HCI pH 8.0 and 150 mM NaCl
were adsorbed to glow-discharged home-made carbon-coated cop-
per grids for 30 s. The excess liquid was blotted away with filter paper
(Whatman 1) and 3 pl of 2% w/v uranyl formate was applied to the grids.
Finally, the stain was blotted away, and the grids were allowed to air dry
for1min. Grids wereimaged ona120 kV FEI Tecnai G2 Spirit witha Gatan
Ultrascan 4000 4k x 4k CCD cameraat x67,000 nominal magnification
using a defocus ranging between 1.0 and 2.0 mm and a pixel size of 1.6 A.

Haemagglutination assay

The haemagglutination assay was done according to standard proce-
dures. Inbrief, 25 pl CCoV-HuPn-2018 S DO, FCoV-23 S DO, S domain A
andS domain BNPs at125 pg mlwere incubated with 25 pl1% cat (Cor-
nell University), chicken (Lampire), human (Rockland Immunochemi-
cals), cow (Lampire) and turkey (Lampire) erythrocytes diluted in DPBS
(Gibco) in V-bottom, 96-well plates (Greiner Bio-One) for 30 min at
room temperature. Plates were then photographed and haemaggluti-
nationwas analysed. CCoV-HuPn-2018 DO NPs were used as a positive
control.

VSV pseudotyped virus production

FCoV-23,CCoV-HuPn, HCoV-229E and TGEV S pseudotyped VSV parti-
cleswere generated as previously described®. In brief, HEK293T cellsin
DMEM supplemented with10% FBS and 1% penicillin-streptomycin and
seeded in poly-D-lysine-coated 10-cm dishes were transfected with a
mixture of 24 pg of the corresponding plasmid encoding CCoV-HuPn S,
TGEV S or HCoV-229 S using 60 pl Lipofectamine 2000 (Life Technolo-
gies) in 3 ml Opti-MEM following the manufacturer’sinstructions. After
5hofincubation at 37 °C, DMEM supplemented with 20% FBS and 2%
penicillin-streptomycin was added. The next day, cells were washed
three times with DMEM and were transduced with VSVAG-luc®®. After
2 h, the virusinoculum was removed and cells were washed five times
withDMEM before the addition of DMEM supplemented with anti-VSV-G
antibody (Il-mouse hybridoma supernatant diluted 1:25 (v/v), from
CRL-2700, ATCC) to minimize parental background. After 18-24 h,
supernatants containing pseudotyped VSV were collected, centrifuged
at2,000gfor5 mintoremove cellular debris, filtered through a 0.45 pm
membrane, concentrated ten times using a 30 kDa cut-off membrane
(Amicon), aliquoted and frozen at -80 °C.

VSV pseudotyped virus infection and neutralization

For pseudotyped VSV infection and neutralization, HEK293T cells
were transfected with plasmids encoding the different full-length
APN orthologues following a previously described protocol®. In brief,
HEK293T cells at 90% confluency and seeded in poly-D-lysine-coated
10-cmdishes were transfected with a mixture of Opti-MEM containing
8-10 pgofthe corresponding plasmid encoding full-length APN ortho-
logues using 30 plLipofectamine 2000 (Life Technologies) according
to the manufacturer’s instructions. After 5 h of incubation at 37 °C,
cellsweretrypsinized, seeded into poly-D-lysine-coated clear-bottom
white-walled 96-well plates at 50,000 cells per well and cultured over-
nightat 37 °C.Forinfections, 20 plof the corresponding pseudotyped
VSV diluted 1:20 was mixed with 20 pl DMEM, and the mixture was
addedto cellsthat were previously washed twice with DMEM. After 2 h
of incubation at 37 °C, 40 ul DMEM was added and cells were further
incubated overnightat 37 °C.

For neutralization assays, a single dilution of 1:10 for mouse serum
samples or 11 3-fold serial dilutions of Fab 1AF10 or APN ectodomains
were prepared in DMEM. Next, 20 pl FCoV-23 S, CCoV-HuPn-2018 S,
HCoV-229E S or TGEV S pseudotyped VSV was added 1:1 (v/v) to each
Fab 1AF10 or APN ectodomains, and mixtures were incubated for
45-60 min at 37 °C. After removing medium, transfected HEK293T
cells were washed three times with DMEM, and 40 pl of the mixture

containing pseudotyped VSV and Fab or APN ectodomains and sera
were added. One hour later, 40 ul DMEM was added to the cells. After
17-24 h, 60 pl One-Glo-EX substrate (Promega) was added to each well
and plateswere placed inashaker in the dark. After 5-15 min of incuba-
tion, plates were read on a Biotek plate reader. Relative luciferase units
were plotted and normalized in Graphpad Prism10. Cells alone without
pseudotyped virus were defined as 0% infection, and cells with virus
only (no sera) were defined as 100% infection.

VSV pseudotyped virus entry assay with protease inhibitors
Camostat mesylate (100 mM), nafamostat mesylate (100 mM), E-64d
(at 10 mM) and bafilomycin A1 (100 uM) (Sigma) inhibitors were dis-
solved in DMSO and frozen in aliquots. Fcwf-CU cells and CRFK were
seeded into white-walled, clear-bottom 96-well plates (Corning) at
adensity of 40,000 cells and grown overnight at 37 °C and 5% CO,.
The next day, the growth medium was removed and cells were washed
twice with DMEM (for CRFK cells) or EMEM-1% HEPES (for Fcwf-CU
cells) before adding 50 pl of the respective medium containing 25 pM
camostat mesylate, nafamostat mesylate or E-64d, 1 uM bafilomycin Al
or DMSO. After 2 h of incubation at 37 °C, protease inhibitors were
removed, except for bafilomycin, which was kept at 1 uM throughout
thewhole experiment, and 25 pl VSV-pseudotyped viruses with FCoV-
23 S-long or S-short diluted 1:20 were added to the cells. After 2 h, an
equal volume of DMEM supplemented with20% FBS (for CRFK cells) or
EMEM-1% HEPES supplemented with 40% FBS (for Fcwf-CU cells) was
added. After 20-24 h, ONE-Glo EX (Promega) was added to each well,
and the cells were incubated for 5 min at 37 °C. Luminescence values
were measured using a BioTek Synergy Neo2 plate reader. Lumines-
cencereadings were analysed using (GraphPad Prism10). The relative
luminescence units values recorded from cellsinfected in the presence
of DMSO and values from cells infected in the presence of protease
inhibitors were plotted and compared. Two biological replicates (n=2)
were each done with a different batch of VSV-pseudotyped virus and
10-12 technical replicates were done for each inhibitor.

VSV pseudotyped virus entry kinetics

For pseudotyped VSV virus entry kinetics, FCoV-23 S-long and S-short
were quantified in VSV pseudotyped viruses by western blot analy-
sis to ensure infection with the same amount of S from both pseu-
dotypes. Fcwf-CU and CRFK cells were seeded into white-walled,
clear-bottom 96-well plates (Corning) at a density of 40,000 cells
and grown overnight at 37 °C and 5% CO,. The next day, the growth
medium was removed and cells were washed twice with DMEM (for
CRFK cells) or EMEM~1% HEPES (for Fcwf-CU cells) before adding
50 pl VSV pseudotyped viruses with FCoV-23 S-long or S-short. Lumi-
nescence values were measured at the indicated times using a BioTek
Synergy Neo2 plate reader, and the readings were analysed using
GraphPad Prism 10. The relative luminescence values recorded from
cells infected with VSV pseudotyped with FCoV-23 S-long and from
cellsinfected with VSV pseudotyped with FCoV-23 S-short were plot-
ted and compared. Four biologicalindependent experiments (n = 4)
were each done with adifferent batch of VSV-pseudotyped virus and
12 technical replicates. Comparison of entry values between S-long
and S-short for each time point was performed using multiple ratio
paired ¢-tests.

MLV pseudotyped virus production

MLV pseudotyped particles were produced as previously described®®.
Inbrief, HEK293T cells were seeded at 5 x 10° cells per mlin 6-well plates
(Costar) aday before transfection. Atabout 60% confluency, cells were
transfected with800 ng pCMV-MLV gag-pol, 600 ng pTG-Luciferase and
600 ng pCDNA3.1(+) FCoV-23S-short or pCDNA3.1(+) FCoV-23S-long,
pCAGGS empty vector as a negative control or pCAGGS-VSV-G as a
positive control and incubated at 34 °C. Supernatants were collected
48 hafter transfection and cell debris was removed by centrifugation



at1,000g. The supernatant-containing particles were filtered through
a0.45 pm membrane, aliquoted and frozen at -80 °C.

Pseudotyped MLV infection and entry kinetics

Fcwf-CU, CRFK, AK-D, A-72, MDCK, LLC-MK2, VeroE6, VeroE6-TMPRSS2,
A549, Calu3, HBEC, LLC-PK1, MDBK, OFT, OVKID, L2, BHK 21 and DF-1
cellswere seeded at 3-5 x 10° cells per mlin a 24-well plate (Costar) and
cultured at 37 °C. At about 90-100% confluency, cells were infected
with 200 pl MLV particles and incubated on arocker at 37 °C. After
1.5h,300 pl of the corresponding complete medium was added to
cells. After 72 h (Extended Data Fig. 8a) or 8 h (Extended Data Fig. 8c),
cells were lysed with 100 pl of 1x luciferase cell culture lysis reagent
(25 mM Tris-phosphate pH 7.8, 2 mM dithiothreitol (DTT),2 mMEDTA,
10% glycerol and 1% Triton X-100, Promega), and luminescence was
measured using a Luciferase Assay system (Promega). Luciferase
activity was measured by adding 20 pl luciferin substrate to 10 pl
cell lysate and read using a GloMax 20/20 luminometer (Promega).
MLV infection assays were done in duplicate or triplicate for each of
the n =2 biological replicates. For the entry kinetics experiments,
FCWF-CU, AK-D and A72 cells were seeded at 3 x 10° cells per mlin a
48-well plate (Costar) and cultured at 37 °C. At 100% confluency, cells
were infected with 120 pl MLV particles and incubated on a rocker at
37 °C. Cells were lysed with 100 pl of 1x luciferase cell culture lysis
reagent, and luminescence was measured by adding 20 pl luciferase
substrate to10 pl cell lysate at 8 hand 72 hafter infection. The kinetic
assay was performed with four biological independent experiments,
eachwiththreetofourtechnical replicates. Comparison of entry values
between S-long and S-short for each time point was performed using
ratio paired ¢-tests. We note that for MLV pseudoviruses, expression
oftheluciferase reporter gene entails reverse transcription, genomic
integration and forward transcription and is therefore more complex
than for VSV pseudoviruses.

Fluorogenic peptide cleavage assay

The FCoV-23 S’ fluorogenic peptide, ,ssSKRKYRSAIE,;, site was syn-
thesized by Biomatik, with a 7-methoxycoumarin-4-yl acetyl group
covalentlybound atthe N terminus end and a 2,4-dinitrophenyl group
at the C-terminal end used as a substrate in a fluorogenic peptide
cleavage assay performed as previously described®. In brief, FCoV-23
S,’ peptide was resuspended in water to 1 mM and cleavage was
performed in a black, flat-bottom 96-well plate (Costar) in a total
volume of 100 pl per well as follows: 94.5 pl enzyme-specific buffer
and 5 pl Sy’ fluorogenic peptide was added to each well (50 pM per
well) with 0.5 pl of protease. TPCK trypsin (Thermo Fisher) was used
at 4.3 nM per well in 67 mM NaH,PO, pH 7.6. Furin (NEB) was used at
1unit per wellin20 mM HEPES-NaOH pH 7.5,0.2 mM CaCl,and 1 mM
2-mercaptoethanol. PC1 (NEB) was used at 1U per well in 100 mM
HEPES-NaOH pH 6.0,1 mM CaCl, and 1 mM 2-mercaptoethanol. Xa
(NEB) was used at 1 U per well in 20 mM Tris-HCI pH 8.0, 100 mM
NaCl and 2 mM CacCl,. Plasmin (Innovative Research) was used at
0.5 pug ml™? per well in 100 mM Tris-HCI pH 7.4, 0.1% Tween 20 and
0.1 mM EDTA. Cathepsin L (R&D) was used at 0.5 pg ml™ per well in
50 mM 2-(N-morpholino) ethanesulfonic acid and NaOH pH 6.0, 5 mM
dithiothreitol,1 mM EDTA and 0.005% Brij-35. After buffer, protease and
peptide were mixed, fluorescence was measured every 60 s for 2 h at
37 °CusingaSpectraMax Gemini XPS (Molecular Devices) at an excita-
tion wavelength of 330 nm and an emission wavelength of 390 nm. Data
were plotted as relative fluorescent units on they axisand time on the
X axis.

Protease digestion experiments of VSV pseudotyped viruses

VSV pseudotyped with FCoV-23 S-short or S-long were thawed and
with or without trypsin at 10 mg ml ™ for 15 min at 37 °C. To analyse
theinfluence of APN on trypsin digestion patterns, VSV pseudotyped
with FCoV-23 S-short or S-long were incubated with either 6.2 uM

recombinant CfAPN ectodomain or membrane-anchored CfAPN for
30 min at room temperature before the addition or not of trypsin at
10 mg ml™ for 15 min at 37 °C followed by treatment (or not) with pro-
teinase Kat 0.6 mg ml™ for 15 min at room temperature. 4x SDS-PAGE
loading buffer was thenadded to all samples before boiling at 95 °C for
10 min. Samples were run on a4-15% gradient Tris-glycine gel (Bio-Rad)
and transferred to PVDF membranes. HA-tag polyclonal antibodies at
1:1,000 dilution (Proteintech) and Alexa Fluor 680-conjugated goat
anti-rabbitat1:50,000 dilution (Jackson Immuno Research) were used
asprimary and secondary antibodies, respectively. ALI-COR processor
was used to develop the western blots.

S-mediated cell-cell fusion assay

Membrane fusion kinetics experiments were conducted at 37 °C in
an atmosphere of 5% CO,, as previously described’®” but with some
modifications. Onday 1, BHK-21-GFP1-10 cells were seeded into 6-well
platesatadensity of 4 x 10° cells per well and BHK-21-GFP11 cells were
seeded into poly-D-lysine-coated 10-cm dishes at 4-5 x 10° cells. On
day 2, BHK-21-GFP1-10 cells were washed once with DMEM, placed
in DMEM containing 10% FBS and 1% penicillin-streptomycin and
transfected using Lipofectamine 2000 (Life Technologies) with 4 ug
per well of plasmid encoding membrane-anchored FCoV-23 S-long
or CCoV-HuPn-2018 S-long, or 1 ug per well of plasmid encoding for
membrane-anchored FCoV-23 S-short or CCoV-HuPn-2018 S-short (to
produce comparable expression levels between S-long and S-short).
The same day, BHK-21-GFP11 cells were transfected with plasmid
encoding theindicated membrane-anchored APN orthologue using a
mixture of 8 ug DNA and 30 pl Lipofectamine 2000 (Life Technologies)
per10-cmdishaccording to the manufacturer’sinstructions. Alterna-
tively,if A-72, CRFK or Fcwf-CU cells were used as target cells (instead of
BHK-21-GFP11 cells), they were trypsinized before seeding at 5-6 x 10°
cells per poly-D-lysine-coated 10-cm dish. After 2-3 h of incubation,
A-72, CRFK and Fcwf-CU cells were transfected with a mixture of 24 pg
DNA plasmid encoding pQCXIP-BSR-GFP11 and 60 pl Lipofectamine
2000 (Life Technologies) per 10-cmdish for the transient expression
of GFP11. After 4-5 h of incubation, all target cells were trypsinized
and seeded into a 96-well-glass bottom, black-walled plates (CellVis)
atadensity 0of 36,000 cells per well and cultured overnight. On day 3,
S-expressing BHK-21-GFP1-10 cells were washed three times using
FluoroBrite DMEM (Thermo Fisher), detached using an enzyme-free
cell dissociation buffer (Gibco) and passed through a cell strainer to
remove aggregates. BHK-21-GFP1-10 cells were subsequently counted,
diluted to 60,000 cells per ml, 40,000 cells per ml or 120,000 cells
per ml to seed on top of BHK-21-GFP11, Fcwf-Cu, and A-72 and CRFK
cells, respectively, which were previously washed three times with
FluoroBrite. Trypsin pretreatment of S-expressing cells was performed
when applicable using 5-10 pg trypsin (Sigma) during 15 min of incuba-
tion at 37 °C, after which 10-15 pg soybean trypsin inhibitor (Sigma)
was added before adding them on target cells. Cells were incubated
at 37 °C and 5% CO, in a Cytation 7 plate Imager (Biotek), and both
bright-field and GFP images were collected every 30 min for 18 h.
Fusogenicity was assessed by quantifying the fraction of the imaged
area with GFP fluorescence for each image using Gen5 Image Prime
(v.3.11) software. AUCs were calculated using GraphPad Prism 10, and
datawere collected for 18 h. For Fcwf-CU cells, comparisons between
S-long-mediated and S-short-mediated fusion was done until 5.5 h
after adding S-expressing cells (after this length of time, FcwF-CU cells
were detaching or clumping, which hindered fluorescence measure-
ments). Statistical analysis was performed using the AUC of the GFP*
areabetween the biological replicates with two-way ANOVA or one-way
ANOVA with Tukey’s multiple comparison test, asindicated in therel-
evantfigure legends. S-transfected cellsadded to BHK-21-GFP11 target
cells notexpressing APN (no APN) or untransfected BHK-21-GFP1-10
cells (no S) added to target cells expressing GFP11and APN were used
as negative controls.
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Western blotting

For VSV pseudotypes characterization and quantification, 15 pl of each
pseudotype was mixed with 4x SDS-PAGE loading buffer, runona
4-15% gradient Tris-glycine gel (Bio-Rad) and transferred to a PVDF
membrane using the protocol mix molecular weight of a Trans-Blot
Turbo system (Bio-Rad). The membrane was blocked with 5% milk in
TBS-T (20 mM Tris-HCI pH 8.0 and 150 mM NaCl) supplemented with
0.05% Tween-20 at room temperature and with agitation. After1h,
the fusion-peptide-specific 76E1 monoclonal antibody was added at
2 pug ml™andincubated overnight at 4 °C with agitation. The next day,
the membrane was washed three times with TBS-T and an Alexa Fluor
680-conjugated goat anti-human secondary antibody (1:50,000 dilu-
tion, Jackson Immuno Research) was added and incubated for 1 h at
room temperature. Alternatively, HA-tag polyclonal antibody at 1:1,000
(Proteintech) and anti-VSV M (23H12) monoclonal antibody (Kerafast)
were used as the primary antibodies in combination with Alexa Fluor
680-conjugated goat anti-rabbit and Alexa Fluor 680-conjugated goat
anti-mouse (each at 1:50,000 dilution, Jackson Immuno Research) as
secondary antibodies, using the same protocol as described above.
Membranes were washed three times with TBS-T, after whichaLI-COR
processor was used to develop the western blots.

For quantification of membrane-anchored S expressed in BHK-21-
GFP1-10 for fusion assays, we used 76E1 monoclonal antibody and Alexa
Fluor 680-conjugated goat anti-human as the primary and secondary
antibodies, respectively.

For MLV pseudotypes quantification, 1.5 ml MLV particles were
centrifuged using a SW55Ti rotor (Beckman) with an Optima XPN
ultracentrifuge (Beckman) at 110,000g for 1 h and 30 min. Pellets
were resuspended in ice-cold PBS (Corning) and centrifuged again
at110,000g for 1 h. Pellets were resuspended in 20 pl PBS (Corning),
and NuPage LDS sample buffer (Thermo Fisher) and NuPage sample
reducing agent (Thermo Fisher) were added to the resuspended sam-
ple. After boiling at 70 °C for 10 min, samples were run on a NuPage
4-12% gradient Bis-Tris gel (Thermo Fisher) and transferred to a PVDF
membrane. The membrane was blocked for 30 min with 5% BSA (VWR)
in TBS-T (20 mM Tris-HCI, pH 8.0 and 150 mM NaCl) supplemented
with 0.05% Tween-20. After 30 min, HA monoclonal antibody (1:1,000
dilution, Thermo Fisher, 26183) and MLV p30 (4B2) monoclonal anti-
body (1:2,000 dilution, Abcam, ab130757) were added, and the mem-
brane was incubated overnight at 4 °C with agitation. The membrane
was washed three times with TBS-T and incubated with Alexa Fluor
488-conjugated goat anti-mouse secondary antibody (1:50,000
dilution, Thermo Fisher, A-11029) for 1 h at room temperature with
agitation. The membrane was washed three times and imaged using
ChemiDocImaging software (Bio-Rad). Spike and MLV p30 band inten-
sity was calculated using Bio-Rad Image Lab software.

Cryo-EM sample preparation, data collection and data
processing for FCoV-23 S-short and S-long

A volume of 3 pl FCoV-23 S-short (without DO) at approximately
0.1-0.3 mg ml™ was loaded three times onto freshly glow-discharged
NiTigrids covered with a thin layer of home-made continuous carbon
before plunge-freezing using a vitrobot MarkIV (Thermo Fisher) with
ablot force of -1and 4.5 s blot time at 100% humidity and 21 °C. For
FCoV-23S-long (with DO), 3 pl of the sample at 0.15 mg ml*wasloaded
onto lacey grids freshly glow-discharged and covered with a thin layer
of home-made continuous carbon following the same protocol as for
FCoV-23 S-short.

For FCoV-23 S-shortand S-long, 11,208 and 13,099 videos were col-
lected, respectively, with a defocus range between -0.8 and -2.0 pm.
Both datasets were acquired using a FEI Titan Krios transmission
electron microscope operated at 300 kV equipped with a Gatan K3
direct detector and a Gatan Quantum GIF energy filter, operated with
aslitwidth of 20 eV. Automated data collection was carried out using

Leginon software (v.3.5)”? at a nominal magnification of x105,000
corresponding to a pixel size of 0.843 A. The dose rate was adjusted
to 9 counts per pixel per s, and each video was acquired in counting
mode fractionated in 100 frames of 40 ms. Video frame alignment,
estimation of the microscope contrast-transfer function parame-
ters, particle picking and extraction were carried out using Warp”>.
One round of reference-free 2D classification was performed using
cryoSPARC (v.4.4.1)™ with binned particles to select well-defined par-
ticle images. To further improve particle picking, we trained Topaz
picker” on the Warp-picked particles on the selected classes after
2D classification. Topaz-picked particles were extracted and 2D clas-
sified using cryoSPARC (v.4.4.1). Topaz-duplicated picked particles
were removed using 60 A (for FCoV-23 S-short) or 90 A (for FCoV-23
S-long) as a minimum distance cut-off. Initial model generation was
done using ab initio reconstruction in cryoSPARC (v.4.4.1) and used
as areference for a non-uniform refinement” (NUR) (for FCoV-23
S-short) or heterogenous refinement followed by NUR (for FCoV-23 S
with DO) in cryoSPARC (v.4.4.1), which enabled the identification of
two conformations for the FCoV-23 S-long dataset. Particles were
transferred from cryoSPARC (v.4.4.1) to Relion (v.5.0b)” using pyem”®
(https://github.com/asarnow/pyem) to be subjected to one round
of 3D classification with 50 iterations, using the NUR map as a refer-
ence model (angular sampling 7.5° for 25 iterations and 1.8° with local
search for 25 iterations) and without imposing symmetry. Selected
particleswere subjected to aNUR using cryoSPARC (v.4.4.1). Particles
were subjected to Bayesian polishing” using Relion (v.5.0b), during
whichthey were re-extracted with abox size of 512 pixels at a pixel size
of 1 A. Another round of 2D classification was performed in cryo
SPARC (v.4.4.1), which was followed by aNUR that included per-particle
defocus refinement.

To improve the density of DO from the FCoV-23 S-long and S-short
maps, particles were symmetry-expanded (for the FCoV-23 S-long map)
or not (for the FCoV-23 S-short map) and subjected to Relion (v.5.0b)
3D focus classification without refining angles and shifts using soft
masks encompassing DO in the swung-out conformation from the
FCoV-23 S-long map or DO in the proximal conformation from the
FCoV-23 S-short map. Local refinement and local resolution estimation
were carried out using cryoSPARC. Reported resolutions are based on
the gold-standard Fourier shell correlation using the 0.143 criterion®,
and Fourier shell correlation curves were corrected for the effects of
soft masking by high-resolution noise substitution®.

Cryo-EM sample preparation, data collection and data processing
for FCoV-23 RBD in complex with FCAPN

Purified FcAPN was incubated overnight at 4 °C with a molar excess
of purified FCoV-23 RBD of 1:3 and the complex was purified by SEC.
Next, 2.7 pul FCAPN-FCoV-23 RBD at 4 or 6 mg ml was applied for15s
onto freshly glow-discharged UltrAuFoil R 2/2 grids with 0.3 pl of 30
or 60 mM of CHAPSO, respectively, before plunge-freezing using a
vitrobot MarklV (Thermo Fisher) with a blot force of -0 and 6 s blot
time at 100% humidity and 21 °C. A total of 13,540 micrographs were
collected using Leginon (v.3.5)”?, with a defocus range between -0.8
and -2.0 pm on the same microscope set up described for the FCoV-23 S
glycoprotein ectodomain. Data processing was similar as described
for the FCoV-23 S glycoprotein ectodomain, except that two cycles
of Topaz picker”™ on the Warp-picked particles on the selected classes
after 2D classification were performed.

Cryo-EM model building and analysis

Model Angelo® was used to generate an initial model, and UCSF Chi-
mera (v.1.8)% and Coot (v.0.9.8.8)%* were used to manually build the
model. The model was refined and rebuilt into the maps using Coot
(v.0.9.8.8), Phenix (v.1.21)® and Rosetta (v.2021.07.61567)%¢%. Model
validation was done using Molprobity®® and Privateer® from the CCP4i2
suite®. Figures were generated using UCSF ChimeraX®'. Palmitoleic
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acidsresolvedinour cryo-EM maps were builtin the finalmodels based
on previous findings for PEDV>. We note that no density was present
for palmitoleic acid molecules interacting with domain Aand domain D
of the protomer with DO in the proximal conformation.

Phylogenetic analysis
Structure-guided phylogenetic classification of alphacoronavirus and
deltacoronavirus RBDs was carried out using FoldTree®>.

Invivoimmunogenicity study

Female BALB/cAnNHsd mice were purchased from Envigo (order code
047) at 7 weeks of age and were maintained ina specific-pathogen-free
facility in the Department of Comparative Medicine at the University of
Washingtonaccredited by the Association for Assessment and Accredi-
tation of Laboratory Animal Care. Animal experiments were conducted
inaccordance with the University of Washington’s Institutional Animal
Care and Use Committee under approved protocol 4470-01. For each
immunization, low-endotoxin HCoV-229E S ectodomain was diluted
to 100 pg ml™ in buffer and mixed 1:1 (v/v) with AddaVax adjuvant
(InvivoGen vac-adx-10) to obtain a final dose of 5 pg of HCoV-229E S
ectodomain per animal per injection. At 8 weeks of age, 10 mice per
group were subcutaneously injected in the inguinal region with 100 pl
immunogen at weeks 0,3 and 6. Animals were bled by submental venous
puncture at weeks 2and 5, and terminal blood was collected at week 8.
Whole blood was collected in BD microtainer collection tubes and
rested at room temperature for 30 min for coagulation. Tubes were
then centrifuged for 10 min at 2,000g and serum was collected and
stored at -80 °C until use.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Allof the dataare presentedinthe Article. Any additional information
required toreanalyse the datareportedis available uponrequest. The
following accession codes for the structures presented in this work are
available from the Electron Microscopy Databank (EMD) and Protein
Databank (PDB): EMD-46714 and PDB 9DB3 for FCoV-23 S-long with
swung-out DO (global refinement); EMD-46739 and PDB 9DBZ for
FCoV-23S-longwithmixed DO conformations (global refinement); EMD-
46716 and PDB 9DBE for the local refinement of DO from the FCoV-23
S-long swung-out dataset; EMD-46710 and PDB 9DBI for the local
refinement of the proximal DO from the FCoV-23 S-long with mixed
DO conformations; EMD-46709 and PDB 9DBO for FCoV-23 S-short;
and EMD-46708 and PDB 9DAZ for the FcAPN-bound FCoV-23 RBD
structure. Source data are provided with this paper.
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Extended DataFig.1|Sequence alignment of the FCoV-23 S-long and S-short constructs used in this study. The S-short construct corresponds to the C10-DA
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Extended DataFig.2|Dataprocessingand validation ofthe FCoV-23S-long
glycoprotein (withDO) dataset. a,b, Representative electron micrograph
outof13,099 (a) and 2D class averages (b) of the prefusion FCoV-23 S-long
ectodomain trimerembedded invitreousice.Scale bars of the micrograph and
the 2D class averages are 100 nmand 220 A, respectively. ¢, Gold-standard
Fourier shell correlation (FSC) curves for the FCoV-23 S-long trimer withDOin
the “swung out” conformation (black line) or with mixed DO conformations
(grayline), and for the local refinements of DO in swung out conformation
(dashedblackline) and in the proximal conformation (dashed gray line). The
0.143 cutoffisindicated by a horizontal dotted line.d, Cryo-EM data processing

flowchart.e,f, Unsharpened maps of the reconstructions of the FCoV-23 S-long
trimer with mixed DO conformations (e) and the locally refined proximal DO (f)
colored according tolocal resolution determined using cryoSPARC.

g,h, Unsharpened maps of the reconstructions of the FCoV-23 S-long trimer
with DO inswungout conformation (g) and the locally refined swung out DO (h)
colored accordingtolocal resolution determined using cryoSPARC. Angular
distribution plots with all the particles contributing to the final maps are shown
atthe bottom of each corresponding map. CTF: contrast transfer function.
NUR: nonuniformrefinement.
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a  FCoV-23 (alpha) b SARS-CoV-2 (beta)
=

Extended DataFig. 4 |S,subunitarchitectures ofonerepresentative S IBV, PDB 6CVO (c) and PDCoV, PDB 6BFU (d) S, subunits. A, B, Cand D domains
glycoproteinfrom the alpha, beta, gammaand deltacoronavirus genera. arelabeledineach panel.
a-d,Ribbon diagrams of the FCoV-23 S-short (a), SARS-CoV-2, PDB 6VXX (b),


https://doi.org/10.2210/pdb6VXX/pdb
https://doi.org/10.2210/pdb6CV0/pdb
https://doi.org/10.2210/pdb6BFU/pdb
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Extended DataFig. 5|Sensitivity of FCoV-23 S to host proteases.

a-f, Quantification of the fluorogenic FCoV-23 S, peptide cleavage by the
indicated panel of proteases. The S, peptide was coupled to a fluorescence
resonance energy transfer pair of fluorophores: 7-methoxycoumarin-4-yl
acetyl (MCA) at the N-terminus and N-2,4-dinitrophenyl (DNP) at the C-terminus
yielding MCA-S,;sKRKYRSAIE,¢,-DNP. Data points represent nine technical
replicates fromn =1biological replicate. Means and SEM are shown as bars and
lines, respectively. RFU: relative fluorescence units. g-i, Western blot evaluation

of proteolytic sensitivity of FCoV-23 S-short and S-long anchored in the
membrane of VSV pseudoviruses uponincubation with trypsin alone (g), with
the recombinant CFAPN ectodomain dimer (h) oranchored in the membrane of
VSV pseudoparticles (i) followed by trypsin and proteinase K digestion. Anti-HA
tag polyclonal antibody and Alexa Fluor 680-conjugated goat anti-rabbit were
used as primary and secondary antibodies, respectively. Each western blot
corresponds to one representative experiment out of two biological replicates.
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Extended DataFig.6|FCoV-23S D0 doesnot hemagglutinate erythrocytes.
153-50 nanoparticles (NP) were prepared by incubation of DO-153-50A (FCoV-23
S-D0), domain A-153-50A (FCoV-23 S-DA), or domain B-153-50A (FCoV-23 S-DB)
trimers with pentameric153-50B atal:1molarratio, for atleast 30 minat room
temperature. Assembly of the CCoV-HuPn-2018 DO-153-50 NP (CCoV-HuPn-
2018 S-D0) required mixing domain DO-153-50A and bare 153-50A before adding

pentamericlI53-50B at 6 (1:5):1 molar ratio. a, Hemagglutination assay. Wells
positive for hemagglutinationare circled. b, Representative SDS-PAGE analysis

258

i
FEERYEY[E. . .
Th. . odasY

of purified nanoparticles out of 2 biological replicates (defined as distinct
batches of purified proteins). c-f, Representative electron micrographs of
negatively stained FCoV-23S DO- (c), DA- (d), DB-153-50 NPs (e), and CCoV-
HuPn-2018 SD0-153-50 NP (f). Scale bars: 200 nm. One hemagglutination assay
corresponding to one preparation of nanoparticles is shownoutofn=2
biological replicates. g, Structure-based sequence alignment between FCoV-23
SDOand CCoV-HuPn-2018SDO.
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Extended DataFig.7|Characterization of receptorbinding and entry of
FCoV-23, CCoV-HuPn-2018 and HCoV-229E. a,b, BLI binding kinetic analysis
of dimeric FCAPN- (a) and CfAPN- (b) Fc ectodomains toimmobilized biotinylated
CCoV-HuPn-2018 RBD. Globalfit (1:1 model) to the datais showninblack and
reported affinities are expressed as apparent K, (K, app) due to avidity
resulting from the dimeric nature of APN. Arepresentative experiment is
shown out of two biological replicates. c-d, Coomassie-stained SDS-PAGE
analysis of CFAPN-Fc pull-down experiments using either FCoV-23 S-short (c)

or S-long (d) immobilized on NTA-cobalt based magnetic beads. Asterisks
indicate the positions of the pulled down APN/S complexes. UB,: unbound
fraction after incubating with S or buffer, UB,: unbound fraction after
incubation with CFAPN-Fc or buffer; W,: final wash after incubating with S or
buffer, W,: final wash after incubating with CFAPN-Fc; B, bound. Purified S
coupled tobeads and notincubated with CFAPN-Fc and CfFAPN-Fcincubated
withuncoupled beads areshown onthe gels at the left-hand side of panels cand d.
One pull down experiment correspondingto one preparation of proteinsis
shown out of two independentbiological replicates. e-f, Entry of VSV particles
pseudotyped with CCoV-HuPn-2018 S (e) or HCoV-229ES (f) into HEK293T cells

transiently transfected with membrane-anchored human APN, human APN
R741T (glycan knockin), FCAPN, FCAPN T742R (glycan knockout), Cf, Ssand Gg
APN orthologues. RLUs, relative luciferase units. Each data point represents a
biological replicate performed with technical duplicates. Bars represent the
mean of 2-3 biological replicates. g, Concentration-dependentinhibition
mediated by purified dimeric FCAPN- (gray) and CfAPN- (orange) Fc ectodomains
of CCoV-HuPn-2018 S VSV pseudotyped virus entry into HEK293T cells transiently
transfected with membrane-anchored CfAPN. Each curve correspondstoa
single biological replicate performed with technical duplicates. The error
barsrepresentthe SEM of the technical duplicates. h-i, Dose-dependent
neutralization of TGEV'S (h) and CCoV-HuPn-2018S (i) VSV pseudoviruses in
the presence of various concentrations of the 1AF10 neutralizing monoclonal
Fab fragment using HEK293T cells transiently transfected with membrane-
anchored CfAPN (orange) or FCAPN (gray). Each curverepresents a biological
replicate (n=1inpanelhandn=2inpaneli, using distinct pseudovirus batches)
performed with technical duplicates. The error bars represent the SEM of the
technical duplicates.
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Extended DataFig.9|FCoV-23S-longand S-short-mediated entryinto cell
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envelopeglycoprotein) were pseudotyped with FCoV-23 S-long or S-short
andentryinto cells was assessed 72 h post transduction of Fcwf-CU (feline
macrophage-like cells), CRFK (feline epithelial kidney cells), AK-D (feline airway
epithelial cells), A-72 (canine tumor fibroblast cells), MDCK (canine epithelial
kidney cells), LLC-MK2 (Rhesus monkey kidney cells), Vero-E6 (African green
monkey kidney cells), Vero-E6-TMPRSS2 (VeroE6 cells with stable TMPRSS2
expression), A549 (human lung carcinoma epithelial cells), Calu3 (humanlung
adenocarcinoma epithelial cells), HBEC (human bronchial epithelial cells),
LLC-PK1 (pigepithelial kidney cells), MDBK (bovine epithelial kidney cells).
OFT (ovine fetal turbinate cells, sheep), OVKID (ovine kidney cells), L2 (rat lung
epithelial cells), BHK-21 (Syrian golden hamster kidney cells) and DF-1 (chicken
embryo fibroblast cells). MLV-G: MLV particles pseudotyped with the VSV G
glycoprotein were used as a positive control. MLV AEnv: MLV particles with no

envelope were used as negative control. RLUs: Relative luciferase units. Each
dotrepresentsabiological replicate (n =2, using distinct pseudovirus batches)
each carried out with2-3 technical replicates, except for Calu3 cells for which
n=1biological experiment was performed. Bars represent the meanand SEM
of the two biological replicates. b, MLV particles (lacking the envelope
glycoprotein) were pseudotyped with FCoV-23 S-long or S-short and entryinto
Fcwf-CU, AK-D and CRFK cells was assessed 72 h post transduction. Each dot
represents abiological replicate (n =4, using distinct pseudovirus batches,
including the 2 biological replicates shown in panel a) each comprising 3to 4
technical replicates. Statistical analysis was performed using ratio paired t-test.
¢, Western blot quantification of FCoV-23 S-short and S-long incorporated in
the four batches of MLV-FCoV23 S pseudotypes usedin panelsa-bandinFig. 4g.
Anti-HA and anti-MLV p30 were used as primary antibodies and Alexa Fluor
488-conjugated goat anti-mouse as asecondary antibody.
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Extended DataFig.10|Evaluation of cell-cell fusion and pseudovirusentry
kinetics. a, ¢, Representative bright fieldimages of BHK-21-GFP, cells transfected
with FCAPN (a, n =3 with 2-4 technical replicates each) or with CFAPN (c,n=2
with2-3technicalreplicates each) at 18 h post addition of FCoV-23 S- (a) or
CCoV-HuPn-2018 S- (c) expressing BHK-21-GFP,,, cells pretreated or not with
trypsin. b, Representative bright field and fluorescentimages of Fcwf-CU cells
endogenously expressing FCAPN and transiently transfected with GFP,, at
various time points post addition of BHK-21-GFP,,, effector cells expressing
FCoV-23S-longorS-short treated with trypsin (n =1with 3 technical replicates)
ornot (n=2withSreplicates each).ImagesacquiredatO h,5.5hand18 h post
addition of S-expressing cells are shown to indicate the detaching/clumping of
thecells.d, Representative bright field and fluorescentimages of A-72 cells
endogenously expressing CfAPN and transiently transfected with GFP,,at 18 h

postaddition of BHK-21-GFP,,, effector cells expressing CCoV-HuPn-2018
S-long or S-short treated with trypsin (n =1with 5 technical replicates) or not
(n=4with5-10 technical replicates oneach). e, Representative bright field and
fluorescentimages of CRFK cellsendogenously expressing FCAPN and transiently
transfected with GFP,, at 18 h post addition of BHK-21-GFP,, effector cells
expressing FCoV-23S-long or S-short treated with trypsin (n =1with 5 technical
replicates) or not (n =3 with 5-10 technical replicates each). f, Western blot
quantification of FCoV-23 S-long and S-shortincorporated into each VSV
pseudotyped virus batch usedin the entrykinetics experiments shownin

Fig. 4f. Anti-HA-tag and anti-VSV M (23H12) were used as primary antibodies
and Alexa Fluor 680-conjugated goat anti-rabbit and goat anti-mouse were
used assecondary antibodies. Lines indicate the pseudoviruses batches used
fortheindicated cell type kinetics.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested

|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

0 XX O OOs

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

D For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Datasets were acquired using a FEI Titan Krios transmission electron microscope operated at 300 kV equipped with a Gatan K3 direct detector
and a Gatan Quantum GIF energy filter, operated with a slit width of 20eV. Automated data collection was carried out using the Leginon
software at a nominal magnification of 105,000x corresponding to a pixel size of 0.843 A.

Data analysis CryoEM model building and analysis
Model Angelo114 was used to generate an initial model and UCSF Chimera 1.8 115 and Coot 0.9.8.8116 were used to manually
build the model. Model was refined and rebuilt into the maps using Coot 0.9.8.8, Phenix 1.21117 and Rosetta
2021.07.61567118,119. Model validation was done using Molprobity120 and Privateer121 from the CCP4i2 suite. Figures were
generated using UCSF ChimeraX 1.8122. Palmitoleic acids resolved in our cryo-EM maps were built in the final models based on
previous findings on PEDV.

VSV pseudotyped virus infections and neutralizations
Relative luciferase units were plotted and normalized in Graphpad Prism 10

Biolayer interferometry (BLI) binding assays
Data were baseline subtracted, and the plots were fitted using the Sartorius analysis software (v.11.1). Data were plotted in Graphpad Prism
10.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data supporting the findings of this study are available within the paper and its Supplementary Information.

Accession codes for the structures presented in this work are: EMD-46714/PDB 9DB3 for FCoV-23 S-long with swung-out DO (global refinement), EMD-46739/PDB
9DBZ for FCoV-23 S-long with mixed DO conformations (global refinement), EMD-46716/PDB 9DBE for the local refinement of DO from the FCoV-23 S-long swung-
out dataset, EMD-46710/PDB 9DB1 for the local refinement of the proximal DO from the FCoV-23 S-long with mixed DO conformations, EMD-46709 PDB 9DBO for
FCoV-23 S-short, and EMD-46708/PDB 9DAZ for the F.cat APN-bound FCoV-23 RBD.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or  N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size We use 10 mice to generate sera against HCoV-229E S (a typical group size)

Data exclusions  We did not exclude any data of the analysis

Replication All binding and pseudovirus entry/neutralization experiments were replicated with at least two independent biological replicates, as indicated.
Randomization  We did not need to randomize the mice since we used this study only to generate polyclonal antibodies.

Blinding We did not need to randomize the mice since we used this study only to generate polyclonal antibodies and all animals were analyzed.
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Antibodies

Antibodies used 76El monoclonal antibody (in house generated), HA tag monoclonal antibody (Thermofisher, cat# 26183, lot: YL384846), HA
rabbit polyclonal antibody (Proteintech, cat# 51064-2, lot:00154837), anti-MLV p30 antibody (Abcam, cat# ab130757, lot:
1047279-23), , VSV-M antibody (Kerafast, cat # EBO011, lot: 200826), 488-conjugated goat antimouse
secondary antibody
(Thermofisher, cat# A-11029, lot: 2821059), Alexa Fluor 680-conjugated donkey anti-human secondary antibody (Jackson
Immuno Research, code: 709-625-149, lot:161754), Alexa Fluor 680-conjugated goat antimouse
secondary antibody (Jackson
Immuno Research, code: 115-625-174, lot:161031), Alexa Fluor 680-conjugated goat anti-rabbit secondary antibody (Jackson
Immuno Research, code: 111-625-144, lot:145147)

Validation 76El monoclonal antibody. Sun, X., Yi, C., Zhu, Y. et al. Neutralization mechanism of a human antibody with pan-coronavirus reactivity

including SARS-CoV-2. Nat Microbial 7, 1063-1074 (2022). https://doi.org/10.1038/s41564-022-01155-3.

HA monoclonal antibody (Thermo Fisher, https://www.thermofisher.com/antibody/product/HA-Tag-Antibody-clone-2-2-2-14-
Monoclonal/26183)

HA-tag polyclonal antibody (Proteintech,, https://www.ptglab.com/products/HA-tag-Antibody-51064-2-AP.htm?
srsltid=AfmBOoord6gacBa-N5uOxqfAsVXqOhkiKQvY7YjHkboTCIKutsnQE3KN and publications https://www.ptglab.com/products/HA-
tag-Antibody-51064-2-AP.htm?srsltid=AfmBOoord6gacBa-N5uOxqgfAsVXqOhkiKQvY7YjHkboTCIKutsnQE3KN#publications)

VSV M (23H12) monoclonal antibody (Kerafast, file:///Users/tortoric/Desktop/EB0011.pdf)

MLV p30 antibody (Abcam, https://www.abcam.com/en-us/products/primary-antibodies/mlv-p30-antibody-4b2-ab130757)

488-conjugated goat anti-mouse secondary antibody (Thermo Fisher, https://www.thermofisher.com/antibody/product/Goat-anti-
Mouse-lgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal /A-11029)

Alexa Fluor 680-conjugated donkey anti-human secondary antibody (Jackson Immuno Research, https://www.jacksonimmuno.com/
catalog/products/709-625-149)

Alexa Fluor 680-conjugated goat anti-rabbit (Jackson Immuno Research, https://www.jacksonimmuno.com/catalog/
products/111-625-144)

Alexa Fluor 680-conjugated goat anti-mouse (Jackson Immuno Research, https://www.jacksonimmuno.com/catalog/
products/115-625-174)

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293T (CRL-3216), A549 (CRM-CCL-185), Calu3 (HTB-55) LLC-MK2 (CCL-7), BHK- 21 (CCL-10), L2 (CCL-149),DF-1
(CRL-3586), CRFK (CCL-94), AK-O (CCL-150), A-72 (CRL-1542), MOCK (CCL-34), LLC-PKI (CL-101), MDBK (CCL-22), av KID,
Fewf-CU, VeroE6-TMPRSS2 (JCRB1819). Cell lines ExpiCHO cells and Expi293F cells were obtained from ThermoFisher
Scientific. Human bronchial epithelial cells (HBEC cells) were provided by Dr. Richard Cerione lab at Cornell University. Ovine
kidney cells (OV KID) and Ovine fetal turbinate (OFT) cells were provided by Dr. Diego Diel at Cornell University Animal Health
Diagnostic Center. Feline macrophage-like cells, Fcwf-4, were initially obtained from ATCC (CRL-2787) and their progeny
(Fcwf-CU) was selected by Dr. Edward Dubovi and Dr. Gary Whittaker at Cornell University to be significantly better at
propagating feline coronavirus.

Authentication None of the cells were authenticated
Mycoplasma contamination Cell lines were not routinely tested for mycoplasma contamination.

Commonly misidentified lines  no commonly misidentified lines were used in this study
(See ICLAC register)




Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

Female BALB/cAnNHsd mice were purchased from Envigo (order code 047) at 7 weeks of age and were maintained in a
pathogen-free facility within the Department of Comparative Medicine at the University of Washington, Seattle, accredited by the
Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC).

No wild animals were used in this study

We did not analyze sex of the mice as a variable as it was not relevant to our study given that the mice were used only to generate
polyclonal antibodies.

No field-collected samples were used in this study

Animal experiments were conducted in accordance with the University of Washington's Institutional Animal Care and Use Committee
under protocol 4470-01

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

N/A

N/A

N/A
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