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ABSTRACT Cedar virus (CedV) is a nonpathogenic member of the Henipavirus (HNV) ge-
nus of emerging viruses, which includes the deadly Nipah (NiV) and Hendra (HeV) viruses.
CedV forms syncytia, a hallmark of henipaviral and paramyxoviral infections and pathoge-
nicity. However, the intrinsic fusogenic capacity of CedV relative to NiV or HeV remains
unquantified. HNV entry is mediated by concerted interactions between the attachment
(G) and fusion (F) glycoproteins. Upon receptor binding by the HNV G head domain, a
fusion-activating G stalk region is exposed and triggers F to undergo a conformational
cascade that leads to viral entry or cell-cell fusion. Here, we demonstrate quantitatively
that CedV is inherently significantly less fusogenic than NiV at equivalent G and F cell sur-
face expression levels. We then generated and tested six headless CedV G mutants of dis-
tinct C-terminal stalk lengths, surprisingly revealing highly hyperfusogenic cell-cell fusion
phenotypes 3- to 4-fold greater than wild-type CedV levels. Additionally, similarly to NiV, a
headless HeV G mutant yielded a less pronounced hyperfusogenic phenotype compared
to wild-type HeV. Further, coimmunoprecipitation and cell-cell fusion assays revealed het-
erotypic NiV/CedV functional G/F bidentate interactions, as well as evidence of HNV G
head domain involvement beyond receptor binding or G stalk exposure. All evidence
points to the G head/stalk junction being key to modulating HNV fusogenicity, supporting
the notion that head domains play several distinct and central roles in modulating stalk
domain fusion promotion. Further, this study exemplifies how CedV may help elucidate
important mechanistic underpinnings of HNV entry and pathogenicity.

IMPORTANCE The Henipavirus genus in the Paramyxoviridae family includes the zoonotic
Nipah (NiV) and Hendra (HeV) viruses. NiV and HeV infections often cause fatal encepha-
litis and pneumonia, but no vaccines or therapeutics are currently approved for human
use. Upon viral entry, Henipavirus infections yield the formation of multinucleated cells
(syncytia). Viral entry and cell-cell fusion are mediated by the attachment (G) and fusion
(F) glycoproteins. Cedar virus (CedV), a nonpathogenic henipavirus, may be a useful tool
to gain knowledge on henipaviral pathogenicity. Here, using homotypic and heterotypic
full-length and headless CedV, NiV, and HeV G/F combinations, we discovered that
CedV G/F are significantly less fusogenic than NiV or HeV G/F, and that the G head/stalk
junction is key to modulating cell-cell fusion, refining the mechanism of henipaviral
membrane fusion events. Our study exemplifies how CedV may be a useful tool to elu-
cidate broader mechanistic understanding for the important henipaviruses.
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Henipavirus (HNV) is a genus of emerging viruses in the Paramyxoviridae family that
includes the lethal Nipah (NiV) and Hendra (HeV) viruses. NiV infections cause

severe encephalitis and pneumonia (1, 2), with an ;61% average mortality rate in
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documented human outbreaks (3). NiV and HeV exhibit an unusually broad mamma-
lian host range (4), having caused multiple zoonotic transmission events (3, 5).
Currently, no vaccines or therapies are approved for human use and both viruses are
designated as biosafety level 4 (BSL-4) select agents with potential to cause severe
pandemic threats to human and animal health (6). Meanwhile, Cedar virus (CedV) is
nonpathogenic in susceptible model organisms (7, 8) and is thus considered a model
virus to further understand HNV pathogenesis (7–10). The nonpathogenic phenotype
is primarily attributed to CedV’s inability to suppress host antiviral responses (7, 8) and
to its lack of ephrin B3 recognition as an entry receptor (9, 10). However, the fusogenic
properties of CedV glycoproteins remain unknown and may also contribute to the low
pathogenicity.

HNV entry into cells and cell-cell fusion are orchestrated by concerted interactions
between the viral attachment (G) and fusion (F) surface glycoproteins (11, 12). First, the re-
ceptor-binding head domain of G typically binds cell surface ephrin entry receptors. The
broad host range of HNVs is attributed to ephrin recognition, as ephrins are highly con-
served and ubiquitous across mammalian genera (13). For instance, NiV G and HeV G bind
ephrins B2 and B3 (14–16), while CedV G binds ephrins A1 (murine, not human), A2, A5,
B1, and B2 (9, 10). HNV G receptor binding then causes G to undergo a series of conforma-
tional changes that exposes its stalk domain, which triggers the metastable F to induce
membrane fusion and thus viral entry or cell-cell fusion (syncytia formation) (17, 18). G and
F immunogenicities, as well as their importance in mediating HNV entry and cell-cell
fusion, make them major vaccine targets. For instance, a HeV vaccine for horses (Equivac)
utilizes a soluble form of HeV G to elicit neutralizing protective antibodies (19).

The relative levels of syncytia formation across HNVs remain understudied. We
recently reported that NiV and HeV induce similar cell-cell fusion and viral entry levels
(20), likely attributed to their G/F high sequence similarities. However, NiV and CedV G/
F have significantly lower amino acid sequence identities (Fig. 1A), which may cause
different fusogenic capacities, which we explored in this study. We also investigated
how CedV G modulates cell-cell fusion in comparison to other HNVs. We took advant-
age of a short G stalk C-terminal region that displays high conservation (71% identity)
with NiV G and HeV G (Fig. 1B). This sequence includes 3 characteristic cysteine resi-
dues with critical roles in the oligomerization and stability of NiV G (21). Notably, sev-
eral studies have shown that the stalk of paramyxoviral receptor binding proteins
(RBPs: HN, H, or G) functionally link receptor binding to fusion activation. This is the
case for NiV G (17, 18), measles virus (MeV H) (22), parainfluenza virus 5 (PIV5 HN) (23),
Newcastle disease virus (NDV HN) (24), and mumps virus (MuV HN) (24). Headless HN/
H/G constructs with exposed stalks spontaneously trigger F and induce robust fusion
while bypassing receptor binding. For NiV, evidence points to a G stalk C-terminal
region triggering NiV F, while the G head domain restricts fusion by blocking the stalk
C terminus exposure, thus preventing premature F triggering (17, 18). Although NiV,

FIG 1 Summary of amino acid sequence alignments between NiV and CedV receptor binding glycoproteins. (A) % aa identity
between NiV, HeV, and CedV glycoproteins derived using BLAST. (B) Schematic representation of wild-type CedV G and NiV G/
HeV G drawn to relative scale. The conserved stalk C-terminal residues have 71% identity (12/17) and are indicated above with
the three distinct cysteines underlined and bolded. CT, cytoplasmic tail; TM, transmembrane domain; Stalk, stalk domain; Head,
receptor-binding head domain.
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MeV, PIV5, NDV, and MuV are representative members of their respective viral genera,
the relative capacities of headless G proteins in fusion activation may vary not only
among but also within genera. For instance, while headless MeV H yielded significant
levels of fusion, headless canine distemper virus H (CDV H) yielded no fusion when
coexpressed with wild-type CDV F, and fusion was only rescued when coexpressing a
hyperfusogenic CDV F mutant, even though MeV and CDV are both morbilliviruses
(25). Other than for NiV, the levels of fusogenicity of headless HNV Gs, as well as the
mechanistic underpinnings of such findings, remain unknown.

Our study probed the fusogenic capacities of CedV G by testing full-length as well
as several headless CedV G constructs. We revealed that the CedV G head “blocks”
fusion more efficiently than the NiV G head. Further, addition of a linker-HA tag onto
headless CedV G mutants enabled us to measure the effect head/stalk interfaces play
in the fusogenic capacities of HNVs. This, in addition to uncovered heterotypic HNV
functional bidentate interactions, provide evidence that the HNV head/stalk interface
modulates membrane fusion steps apart from receptor binding and F triggering.
Further, our study exemplifies the potential of utilizing CedV as a tool to elucidate HNV
entry and pathogenesis mechanisms.

RESULTS
Cedar virus is significantly less fusogenic than Nipah virus. To accurately quan-

tify and compare fusogenicity (cell-cell fusion) and cell surface expression (CSE) levels
between NiV and CedV, we introduced extracellular hemagglutinin (HA) and FLAG tags
into codon-optimized CedV G and F, respectively, to match the functional NiV G and F
constructs (17, 18, 20). Then, since cell-cell fusion levels depend on CSE levels (26), we
optimized transfections of NiV G/NiV F and CedV G/CedV F plasmid pairs into HEK 293T
cells to obtain comparable CSE levels. We then quantified the number of nuclei inside
syncytia per area 20 h posttransfection (hpt), as previously performed (17, 18, 20, 27).
As the CSE levels of HNV glycoproteins affect their fusogenicity levels (20), to accu-
rately compare NiV and CedV intrinsic fusogenic G/F capacities, we calculated fusion
indices (FI), defined as the ratio of cell-cell fusion levels to G or F CSE levels. At ;1:1
NiV G:CedV G and NiV F:CedV F CSE levels (Fig. 2A), the FIs of CedV were significantly
lower than those of NiV by ;3- to 4-fold relative to those of NiV set at 100% (FIG =
32.0% 6 3.3%, P, 0.001; FIF = 27% 6 3.4%, P, 0.001) (Fig. 2B). To assess the robust-
ness of this observation, we further adjusted the amounts of transfected plasmids to
obtain ;2:1 NiV:CedV CSE levels (Fig. 2C) and ;1:2 NiV:CedV CSE levels (Fig. 2E) and
observed that CedV’s FIs remained consistently ;3- to 4-fold lower than those of NiV
(Fig. 2D: FIG = 33.9%6 5.3%, P, 0.001; FIF = 29%6 2.6, P, 0.001; Fig. 2F: FIG = 34.4%6

8.3%, P, 0.05, FIF = 37.2% 6 2.5%, P, 0.01), confirming that CedV is inherently less
fusogenic than NiV. Examples of syncytia differences between NiV and CedV at ;1:1
glycoprotein CSE are shown in Fig. 2G.

Headless CedV G mutants induce atypically hyperfusogenic phenotypes. Our
previous studies tested eight headless NiV G mutants (17, 18), but only one mutant,
NG167, was fusogenic (fusion-promoting). Thus, we sought to determine if a headless
CedV G mutant could induce cell-cell fusion. Since the stalk/head transition for CedV G
is likely located between residues 186 to 209 (10), we constructed six head-truncated
mutants in this region, named after their most C-terminal residue: CG188, CG190, CG193,
CG196, CG199, and CG202 (Fig. 3A).

Surprisingly, when normalized to wild-type CedV G, all six headless CedV G mutants
induced substantial cell-cell fusion when coexpressed with wild-type CedV F (Fig. 3D
and G). Further, while the CG193 fusion level was ;4� higher than that of wild-type
CedV G (in HEK 293T cells 408% 6 39.0%, P, 0.001; in CHO pgsA745 cells 407% 6

47.8%, P, 0.001) (Fig. 3D), the NG167 fusion level was only ;1.7� higher than that of
wild-type NiV G (in permissive HEK 293T cells 174% 618.6%, P, 0.05) (Fig. 3E). As
CG193 was the most hyperfusogenic mutant, we further generated one more NiV G mu-
tant, NG170, to align with CG193 (Fig. 3B), in anticipation of potentially higher fusogenic-
ity levels than that of NG167. However, coexpressing NG170 with NiV F produced
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minimal fusion (2.6%6 0.5%, P, 0.001) (Fig. 3E). Since it is unknown whether headless
HeV G is as fusogenic as headless NiV G, we also generated two headless HeV G
mutants, HG167 and HG170, to correspond to NG167 and NG170 or CG190 and CG193, respec-
tively (Fig. 3C). Coexpressing HG167 and HG170 with HeV F produced ;1.5� hyperfuso-
genic (172% 6 37.7%, P, 0.05) and fusion-defective phenotypes (2.4% 6 0.8%,
P, 0.001), respectively, compared to wild-type HeV G (Fig. 3F and I). These relative
fusion levels are relatively more similar to those of NiV than CedV. Examples of syncytia
elicited by wild-type and headless CedV G, NiV G, and HeV G mutants are shown in Fig.
3G to I. Note that we assayed cells transfected with CedV G/F at later time points (18 to
22 hpt) than those transfected with NiV or HeV G/F (12 to 14 hpt). This was because
cells expressing CedV G/F took longer for observable fusion to form than cells express-
ing NiV G/F or HeV G/F; by the time CedV G/F cells had quantifiable amounts of fusion,
NiV G/F and HeV G/F had basically fully fused cells to unquantifiable microscopic
levels.

Since the receptor binding pockets of NiV G, HeV G, and CedV G are located on their
head domains (9, 10, 28, 29), we confirmed the lack of binding of our headless mutants
to soluble ephrin B2 via flow cytometry. As expected, only wild-type versions of G
bound to ephrin B2 (Fig. 3D to F), which confirmed that headless NiV G, HeV G, and
CedV G induced cell-cell fusion while bypassing receptor binding. Based on the pro-
posed HNV stalk-exposure mechanism of fusion activation (17) in full-length G, recep-
tor binding is required for G stalk exposure to initiate the fusion triggering cascade. To
assess if CedV G similarly employs the stalk-exposure mechanism, we transfected wild-
type or headless CedV G with CedV F into the ephrin ligand-negative cell line CHO
pgsA-745 (9, 10). While headless CedV G mutants were also fusogenic in the receptor-

FIG 2 CedV is significantly less fusogenic than NiV. The left panels (A, B, and G) show data for a 1:1 NiV:CedV
CSE ratio, the middle panels (C and D) show data for a 2:1 NiV:CedV CSE ratio, and the right panels (E and F)
show data for a 1:2 NiV:CedV CSE ratio. (A) Relative levels of G CSE, F CSE, and fusion for NG/NF and CG/CF
pairs in HEK 293T cells (18 to 22 hpt) normalized to the NG/NF pair set at 100% (mean 6 standard deviation
[SD], n= 4). HEK 293T cells were transfected with varying plasmid quantities (see Materials and Methods) to
obtain 1:1 CSE levels for NG:CG and NF:CF. (B) Relative fusion indices (FI) of NG/NF and CG/CF normalized to
the NG/NF pair set at 100% (mean 6 SD, n= 4). To determine fusion indices (defined as fusion over CSE), we
first normalized our fusion and CSE data to those obtained for NG/NF, then divided the values of normalized
fusion over normalized CSE (fusion/G CSE, fusion/F CSE). Panels C/D and E/F are repeats of A/B except with 2:1
or 1:2 CSE levels for NG:CG and NF:CF obtained by adjusting the quantities of transfected plasmids (see
Materials and Methods). Gray points in the plots represent individual data points. (G) Representative fusion
images (outlined in yellow) for NG/NF and CG/CF in HEK 293T cells (21 hpt) at 1:1 CSE.
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FIG 3 A broad region of CedV G stalk induces robust cell-cell fusion. (A to C) Schematic representations of wild-type and headless CedV
G, NiV G, and HeV G, respectively. Headless mutants were generated by mutating two downstream amino acids into stop codons and
named after their C-terminal residues, as indicated. (D to F) Relative levels of fusion and ephrin B2 binding for wild-type or headless CedV
G, NiV G, and HeV G, respectively, all normalized to their wild-type counterparts set at 100% (mean 6 SD, n= 3). CedV G fusion was
counted 18 to 22 hpt in HEK 293T cells (D, E, and F) and 22 to 26 hpt in CHO pgsA-745 cells (D). Fusion levels of CHO pgsA-745 cells

(Continued on next page)
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negative CHO cells, wild-type CedV G was not (Fig. 3D and G), congruent with its re-
ceptor dependence (14, 15) and the stalk-exposure mechanism for CedV G.

Altogether, these results show that while the fusogenic capacities of the NiV G and
HeV G stalks appear to be similar, the fusogenic capacity of CedV G stalk differs in two
main aspects: (i) multiple different lengths of the CedV G stalk can induce robust levels
of cell-cell fusion, and (ii) headless CedV G mutants are able to release unusually high
levels of fusion relative to wild-type CedV G. Having multiple RBP stalk lengths capable
of inducing hyperfusogenic phenotypes is unique among the paramyxoviruses thus far
(12, 17, 18, 22–25). Why a broad region of the CedV G stalk is able to induce fusion
remains to be determined. Nonetheless, wild-type CedV G similarly requires receptor
binding to initiate the fusion cascade, which underlines a conserved induced stalk-ex-
posure mechanistic model for viral entry across HNVs and paramyxoviruses.

Head domains of HNV Gs modulate fusogenicity to distinct extents. Although
CedV is significantly less fusogenic than NiV (Fig. 2), headless CedV G induced a higher
fold increase in fusogenicity than headless NiV G when compared to their respective full-
length counterparts (Fig. 3D and E). However, comparing fusogenicity is only quantitative
when comparing the relative CSE levels of G and F, due to the dependence of cell-cell
fusion on CSE levels. We chose CG193 as a representative headless CedV G mutant to pro-
ceed with our analysis because this was the most hyperfusogenic mutant (Fig. 3).

Since the wild-type G proteins have a C-terminal HA tag, we sought to attach an HA
tag onto CG193. Our previous attempts to attach HA onto the C-terminal of NG167 resulted
in a fusion-defective phenotype, indicating that direct attachment of tags onto functional
sites can abrogate the G protein’s fusion-promotion function (17). Further, the use of poly-
clonal antibodies raised against NG167 presented challenges in comparing headless versus
wild-type NiV G CSE, due to the differential binding of anti-NG167 antibodies to NG167 ver-
sus wild-type NiV G, in addition to potential variations in epitope affinities across different
headless mutants (17). To avoid these problems, we attached an HA tag to the C terminus
of CG193 via a flexible protein linker (GGGGS)3 designed to retain the function of the G stalk.
We named this construct CG193(HA) (Fig. 4A). Linkers such as this are widely used to join
protein segments and retain their functions (30).

Although CG193(HA) was relatively less fusogenic than untagged CG193 (66.3% 6 9.9%,
P, 0.001), it was still significantly hyperfusogenic compared to wild-type CedV G (282%6

53.1%, P, 0.001) (Fig. 4B). This showed that our linker-tag approach is viable for determin-
ing the effects of CSE levels. Importantly, the CSE levels of CedV F were almost identical
when coexpressed with either CG193 or CG193(HA) (107% 6 9.5%, P. 0.05) (Fig. 4F). Under
the assumption that CG193 and CG193(HA) also had similar CSE levels, CG193 was;3� more
fusogenic than wild-type CedV G when coexpressed with CedV F (FIG = 295% 6 56.0%,
P, 0.001; FIF = 300% 6 68.4%, P, 0.001) (Fig. 4B and C). In contrast, NG167 was only
;1.5� more fusogenic than wild-type NiV G when co-expressed with NiV F (FIG = 153.4%6

0.1%, P, 0.001; FIF = 144.6%6 19.7%, P, 0.001) (Fig. 4D and E). These results indicate that
the hyperfusogenic phenotypes observed for headless CedV G mutants in Fig. 3 were due
to their inherent fusogenicities and not to an increase in G or F CSE levels. Considering that
CedV is less fusogenic than NiV (Fig. 2), that CedV G and NiV G both follow a stalk-exposure
fusion mechanism (Fig. 3), and that headless CedV G releases a higher fold increase in fusion
than NiV G when compared to their respective wild-type Gs (Fig. 4C and E), our collective
results suggest that the head domains of different HNV Gs are essential for modulating their
fusogenicities, e.g., by being fusion repressive to different extents.

Heterotypic bidentate G/F interactions can exist across dissimilar HNVs. Since
previous studies have shown that some heterotypic combinations of HNV G and F

FIG 3 Legend (Continued)
were normalized based on the ratio of fusion for CG193 over wild-type CedV G in HEK 293T cells, to illustrate the fusogenicity of headless
CedV G mutants. NiV G and HeV G fusion levels were measured at 12 to 14 hpt in HEK 293T cells. Different time points for CedV, NiV, and
HeV fusion assays were chosen for optimal visualization of their respective fusion levels. (G to I) Representative fusion images (outlined in
yellow) for CedV (G: 19 hpt for HEK 293T cells, 24 hpt for CHO pgsA-745 cells), or NiV and HeV (H and I: 13 hpt for HEK293T cells). Gray
points in the plots represent individual data points.
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could induce fusion (20, 31–33), we performed heterotypic fusion assays by coexpress-
ing wild-type or headless NiV G with CedV F and coexpressing wild-type or headless
CedV G with NiV F. Surprisingly, the NG/CF pair yielded cell-cell fusion whereas the
NG167/CF pair did not (Fig. 5A). This was unexpected, as NG167 is a hyperfusogenic mu-
tant when paired with NiV F (17, 18). To elucidate this finding, we next investigated the
interactions of NiV and CedV glycoproteins, because such interactions are required to
induce cell-cell fusion.

Our previous study showed that NiV glycoproteins engage in bidentate G/F interac-
tions, where both the head and stalk of G interact with F (34). To assess if CedV glyco-
proteins also engage in bidentate G/F interactions, we coimmunoprecipitated wild-
type or headless CedV G coexpressed with CedV F (Fig. 5B) and found that the relative
strength of G/F interactions of headless CedV G193 and CedV F was significantly lower
than that of wild-type CedV G and CedV F (16.2% 6 5.5%, P, 0.01) (Fig. 5C). The rela-
tive strength of G/F interactions was defined as ([G IP/G Lysate] � F IP), as previously
established (20, 34). The decrease in relative G/F interaction strength between headless
CG193/CF compared to wild-type CG/CF agrees with bidentate G/F interactions
whereby both the head and stalk domains are important for such interactions (34).
This underlies conserved bidentate G/F interactions across HNVs. Next, we coimmuno-
precipitated heterotypic pairs of NiV and CedV glycoproteins and found that all hetero-
typic NiV/CedV combinations were capable of direct G/F interactions (Fig. 5D).
Therefore, the nonfusogenic heterotypic combinations were not due to a lack of heter-
otypic G/F interactions. The relative strength of G/F interactions of headless Gs with Fs
were also significantly lower than those of wild-type Gs, and thus consistent with het-
erotypic bidentate G/F interactions across HNVs (NG167/CF versus NG/CF = 24.8% 6

4.0%, P, 0.01; CG193/NF versus CG/NF= 28.1% 6 2.0%, P, 0.01) (Fig. 5E). Further, the
requirement for the NiV G head domain for NG/CF fusion, but not for NG167/CF

FIG 4 The CedV G head domain antagonizes fusion more than the NiV G head domain. (A) Schematic representation
of HA-tagged CedV G and linker-HA tagged CG193(HA). The protein linker (GGGGS)3 motif retained the function of the
CG193 stalk (30). (B and D) Relative levels of CSE and fusion for wild-type or headless CedV G coexpressed with CedV F
and wild-type or headless NiV G coexpressed with NiV F, respectively, in HEK 293T cells (16 to 20 hpt) normalized to
wild-type G/F set to 100% (mean 6 SD, n= 4). (C and E) Relative fusion indices of wild-type or headless CedV G
coexpressed with CedV F and wild-type or headless NiV G coexpressed with NiV F, respectively, normalized to wild-
type G/F set at 100% (mean 6 D, n= 4). To determine fusion indices (fusion/CSE), first fusion and CSE values were
normalized to those of NG/NF, set to 100%, and then their ratios (fusion/G CSE or fusion/F CSE) were calculated. (F)
CSE levels for CedV F when coexpressed with tagged CG193(HA) or untagged CG193, normalized to untagged CG193 set
to 100% (mean 6 SD, n= 4). Gray points in the plots represent individual data points.
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interactions, supports the notion that the HNV G head domains play further roles dur-
ing membrane fusion beyond receptor binding (11, 12), stalk exposure (17, 18), and G/
F interactions, presumably also contributing to F protein triggering.

CedV G forms a higher proportion of tetramers:dimers than NiV G. The stalk of
HNV G oligomerizes into active tetramers (dimer of dimers); thus the proportion of

FIG 5 Heterotypic assays between NiV and CedV glycoproteins reveal heterotypic bidentate interactions. (A)
Representative fusion images (syncytia outlined in yellow) of heterotypic G/F combinations in HEK 293T cells.
Cells were imaged every 24 hpt and fusion was only observed for NG/CF. (B) Representative blots of
interactions between wild-type or headless CedV G and CedV F (24 hpt). The leftmost lanes represent the co-IP
negative control. (C) Relative strength of G/F interactions between wild-type or headless CedV G with CedV F
normalized to wild-type CedV G set to 100% (mean 6 SD, n= 3). Relative G/F interaction strength was defined
as ([GIP/GLysate] � FIP). Panels D and E are experimentally identical to panels B and C except for the use of
heterotypic transfections as performed in A (48 hpt). All signals were obtained from the same blot, but the
lanes were not necessarily adjacent. Gray points in the plots represent individual data points.
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tetramers to dimers and monomers gives a sense of their oligomeric stability, which in
turn may affect fusogenicity by altering G’s oligomerization status. We compared non-
reducing gels of NiV G and CedV G (Fig. 6A) and found that CedV G showed a nearly 3-
fold higher proportion of tetramers:dimers (280% 6 126%, P, 0.05) compared to NiV
G (Fig. 6B and C). Since CedV is less fusogenic than NiV (Fig. 2), these findings reinforce
the inverse correlation previously noticed between HNV G’s relative oligomerization
strength and HNV fusogenicity (31, 35). In addition, the nonreducing gels of wild-type
versus headless CedV G (Fig. 6A) showed that they both formed similar proportions of
tetramers, dimers, and monomers (Fig. 6B and C). This suggests that the head domain
of CedV G plays minimal roles in modulating the oligomeric stability of the whole G
protein and reinforces the stalk-mediated oligomerization model of HNV G (21).

Linker tags abrogate fusogenicity of headless NiV G and HeV G. Since linker-
tagged headless CedV-G, CG193(HA), could induce fusion (Fig. 4), we also engrafted
linker-HA tags on NG167 and HG167 and named them “NG167(HA)” and “HG167(HA),”
respectively (Fig. 7A). However, in contrast to CG193(HA), NG167(HA) and HG167(HA) pro-
duced minimal levels of fusion (Fig. 7B). We found that both mutants had similar CSE
and maintained interactions with a cognate F (Fig. 7C and D) (17, 18). These findings
show that the fusion-defective phenotypes were primarily due to the linker tags and
not to altered CSE levels, and further highlight the importance of the HNV stalk in pro-
moting fusion (17, 18). Thus, although we were unable to adequately compare abso-
lute fusion levels between headless NiV G, HeV G, and CedV G, the partial retention of
fusogenicity for CG193(HA) showed that our linker tag strategy could situationally be a
viable alternative approach for mutagenesis studies for some G proteins. More impor-
tantly, it supports our finding that the CedV G stalk is atypically hyperfusogenic (Fig. 3)
and strengthens the notion that the head/stalk junctions of different HNVs are differen-
tially sensitive to tags and are essential for modulating their respective fusogenicities.

FIG 6 CedV G forms a higher proportion of tetramers:dimers than NiV G. (A) Representative nonreducing and
reducing blots of wild-type NiV G, wild-type CedV G, and headless CedV G (24 hpt). (B) Oligomerization of the
proteins (mean 6 SD, n= 3); percent oligomers was defined as the percentage of (Goligomer/Gtetramer1dimer1monomer). (C)
Ratios of tetramers:dimers of the G proteins normalized to that of NiV G set to 100%. All signals were obtained from
the same blot, but the lanes were not necessarily adjacent. Gray points in the plots represent individual data points.
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DISCUSSION

The current understanding of the lack of CedV pathogenicity is the lack of mRNA-edit-
ing capabilities required to express immunosuppressive V and W proteins encoded within
the phosphoprotein (P) gene (7) and an inability to recognize ephrin B3 as a receptor (9,
10). This is because NiV mRNA-editing capabilities yield V and W proteins, drivers of NiV
pathogenesis by antagonizing interferon responses (36, 37), and ephrin B3 is abundant in
the central nervous system and associated with NiV acute encephalitis (38). Our data indi-
cate that, in addition, CedV is inherently hypofusogenic compared to NiV (Fig. 2), perhaps
further contributing to its lower pathogenicity. Syncytia formation is a hallmark of henipa-
viral and paramyxoviral infections, and syncytia prevalence appears to correlate with
pathogenesis from postmortem histological examinations in NiV and HeV disease animal
models (39, 40). Further studies are needed to reconcile the quantitative immune versus
fusogenic impacts on CedV pathogenicity. Interestingly, indirect evidence suggests spill-
overs of other HNVs, such as Kumasi virus (KuV) and Mojiang virus (MojV), into human
populations (5, 41), but whether these viruses are pathogenic in humans remains uncer-
tain. In parallel, KuV and MojV also appear to be significantly less fusogenic than NiV or
HeV (31), although their fusogenicities have not been compared quantitatively to consider
glycoprotein CSE. Future studies may determine whether in vitro fusogenicity may serve as
a proxy to assess the pathogenic potential of HNVs.

This study expands our current knowledge on HNV entry mechanisms. NiV and HeV
glycoproteins have relatively high protein sequence similarities and fusogenic capaci-
ties (20). Despite the low sequence identities of CedV glycoproteins (Fig. 1), we found
that the fundamental steps of HNV entry, receptor binding leading to stalk-mediated
fusion activation, are conserved (Fig. 3). In addition, we present evidence for differen-
tial HNV RBP head domain modulation of fusogenicity. Although we could not accu-
rately compare absolute fusion levels between headless CedV G and NiV G due to the
nonfusogenic phenotype of linker-tagged headless NiV G (Fig. 7), we found that head-
less CedV G revealed a higher fold increase in fusogenicity than did headless NiV G rel-
ative to their respective wild-type G fusion levels (Fig. 4). This suggests that different

FIG 7 Linker-HA tags abrogate fusogenicity of headless NiV G and HeV G. (A) Schematic representation of HA-tagged NiV G/HeV G
and linker-HA tagged NG167(HA)/HG167(HA). The protein linker is a (GGGGS)3 motif designed to retain the function of both linked
proteins, headless G and HA tag (30). Note that all wild-type G used throughout the study had a C-terminal HA tag even if not
shown in other schematics. (B) Relative levels of fusion for wild-type or headless linker-tagged NiV G and HeV G coexpressed with
cognate F in HEK 293T cells at 16 to 20 hpt normalized to NG/NF set to 100% (mean 6 SD, n= 3). (C) Relative levels of G CSE for
NG167(HA)/NF and HG167(HA)/HF normalized to NG167(HA)/NF set to 100% (mean 6 SD, n= 3). (D) Representative blots of
coimmunoprecipitated supernatants and lysates of NG167(HA)/NF and HG167 (HA)/HF (24 hpt). The leftmost lanes represent the co-IP
negative control. (E) Representative fusion images (outlined) for NG167(HA)/NF and HG167(HA)/HF in HEK 293T cells (24 hpt). All signals
were obtained from the same blot, but the lanes were not necessarily adjacent. Gray points in the plots represent individual data
points.
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HNV G head domains modulate HNV fusion by antagonizing their G fusogenicities to
different extents.

However, the absolute fusion capacity of headless CedV G is still lower than that of
headless NiV G, thus the stalk and head, and not just the head alone, must both be im-
portant modulators of HNV fusogenicity. Interestingly, we also found that the NiV G
head domain was required to promote CedV F-mediated fusion. While NiV G promoted
CedV F fusion, we observed no fusion for the headless NiV G167/CedV F combination
(Fig. 5A), despite their ability to interact (Fig. 5D). This suggests that the mere presence
of a functional stalk domain is insufficient for promoting F triggering and that HNV G
head domains are required beyond receptor binding and promoting G stalk exposure,
thus indicating important mechanistic roles of HNV G head domains in the post-attach-
ment step(s) of the fusion cascade.

We also found support for heterotypic bidentate G/F interactions across HNVs. For
instance, both the head and stalk of NiV G were important for interacting with CedV F
(Fig. 5). These results may help the future identification of key regions on HNV G and
HNV F that enable such interactions. Targeting these regions to abrogate G/F associa-
tions may be an approach to arrest HNV entry because HNV G and F cannot mediate
cell-cell fusion independently. Further, the relatively conserved stalk regions across
HNV G, such as the conserved cluster of residues flanked by three cysteines at the C-
terminal stalk (Fig. 1), may provide opportunities for developing broad-spectrum neu-
tralizing antivirals against HNVs.

Although our study supports a conserved stalk-exposure fusion and entry mecha-
nism across paramyxoviruses (23, 24), headless HNV Gs are particularly hyperfusogenic
(Fig. 3) (17, 18), while other analyzed headless paramyxoviral Hs/HNs are hypofuso-
genic (22–25). Conceivably, the head domains of paramyxoviral RBPs may play an
added central role in promoting fusion by regulating the flexibility of their stalks. This
notion is supported by MeV H and PIV5 HN studies, which suggest that RBP flexible
stalks (42–45) require stabilization by their head domains to regulate fusion (22, 46).
Conversely, since headless HNV G mutants are hyperfusogenic (Fig. 3) (17, 18), their
fusogenic potential may be in part due to their already lower flexibilities provided by
the HNV G three stalk cysteine residues (18, 21, 35, 47), i.e., a fusogenicity “released”
upon stalk exposure. Since multiple stalk lengths of headless CedV G mutants are capa-
ble of inducing substantial amounts of fusion (Fig. 3), another deviating feature from
other headless paramyxovial RBPs studied thus far (17, 18, 22–25), we posit that stalk
flexibility, rather than purely stalk length, is key to fusion activation. This is further sup-
ported by the nonfusogenic phenotypes of NG170 and HG170 despite sharing compara-
ble stalk lengths with the highly fusogenic CG193 (Fig. 3). Further studies will be needed
to refine the mechanism by which paramyxovial head/stalk interfaces modulate fusion
activation.

Our oligomerization analysis of CedV G (Fig. 6) reinforces a notable trend whereby
HNV G oligomerization strength and fusogenicity inversely correlate (31, 32), i.e., HNVs
that preferably form more high-order G oligomers appear to be less fusogenic (20, 31,
35). For instance, NiV G and HeV G both oligomerize with lower tetramer:dimer ratios
(20, 21, 31), and NiV and HeV are similarly fusogenic (20). On the contrary, CedV G
forms relatively more stable tetramers (Fig. 6) and CedV is significantly less fusogenic
than NiV (Fig. 2). In addition, KuV G and MojV G form stable tetramers and both viruses
appear to be hypofusogenic compared to NiV (31, 35), although this still needs to be
explored quantitatively, considering G/F CSE levels. These observations suggest under-
lying dynamics during the various steps of the membrane fusion process that may
depend on G/F stoichiometric and G oligomeric interactions. In support of this notion,
varying the stoichiometries of HeV glycoproteins significantly impacted cell-cell fusion
levels (48).

Why CedV G acquired its unusual head/stalk junction remains to be determined. A
possible explanation is that this is a result of natural selection that favors viruses with
lower levels of virulence and higher transmissibility to facilitate adaptation within
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novel hosts. The pathogenicity of CedV is suppressed by its lack of CedV P mRNA-edit-
ing sites (7) and its inability to recognize ephrin B3 (9, 10), while acquiring recognition
of ephrin B1, which is highly expressed in the oropharyngeal tract may enhance its
transmissibility (9, 10). The stronger antagonism of CedV G’s head domain on its stalk’s
fusogenicity may reduce viral pathogenicity. Thus, P/V/W gene expression, receptor
usage, and G stalk flexibility differences may all be involved in the process of henipavi-
ral evolution.

Functional differences between HNVs enhance our understanding of HNV pathoge-
nicity and contribute to the repertoire of analyses that aim to evaluate zoonotic poten-
tial and health risks posed by HNVs, a rapidly expanding genus of significant concern
(49). Our study elucidated novel functional roles of HNV G in mediating cell-cell fusion
by studying CedV G mutants. A major advantage of studying CedV is that it is currently
a BSL-3 virus, unlike the BSL-4 NiV and HeV, and there exists a recombinant CedV plat-
form operable under BSL-2 conditions (50). As a result, further work on CedV could
prove instrumental in accelerating the search for much-needed anti-HNV antivirals.

MATERIALS ANDMETHODS
Expression plasmids. Codon-optimized NiV G, HeV G, and CedV G genes with HA tags at the C ter-

minus, and NiV F, HeV F, and CedV F genes with internal FLAG tags, were constructed as previously
described (17, 18, 20). Headless NiV G, HeV G, and CedV G mutants were constructed by mutating two
downstream amino acids into stop codons at the corresponding sites (Fig. 2A to C) via site-directed mu-
tagenesis. Headless NiV G, HeV G, and CedV G constructs tagged with hemagglutinin (HA) via a flexible
(GGGGS)3 protein linker (30) at their C termini were ordered from Twist Bioscience. All genes are cloned
between KpnI and XhoI restriction sites in the pcDNA3.1(1) vector.

Cell lines. HEK 293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) and CHO
pgsA-745 cells were cultured in minimal essential medium alpha (MEM-a). Cells were incubated at 37°C,
and media were supplemented with 10% bovine calf serum (BCS) and 1% penicillin-streptomycin.

Transfection. Cells were split into six-well plates and grown to ;70% confluence prior to transfec-
tion. Each transfection (except parts of Fig. 2) comprised G and F plasmids (1mg each), or empty
pcDNA3.1(1) vector (2mg) as negative control (designated “vector”). Polyethylenimine (PEI) was used as
the transfection reagent at a 3:1 PEI:plasmid mass ratio. Cells were collected after various time periods
(refer to figure captions) for further experimentation as detailed below. In Fig. 2, 1:1, 2:1, and 1:2 NiV:
CedV G and F CSE ratios were obtained after transfecting a wide range of NiV G/F and CedV G/F plasmid
quantities (and supplanted to a total of 3mg plasmid using empty pcDNA3.1[1]), then selecting the
data from those that produced NiV:CedV G and F CSE ratios of interest.

Syncytia quantification. Transfected cells were observed under 200� magnification and syncytia
were quantified by counting the number of nuclei inside multinucleated cells ($4 nuclei) as previously
established (17, 18, 20, 27). Each data point was derived from the average of five microscopic fields per
well.

Cell surface expression and ephrin B2 binding quantification. Transfected cells were transferred
to 96-well plates and antibody staining was performed for 45min on ice. To assess cell surface expres-
sion (CSE), primary rabbit anti-HA and mouse anti-FLAG antibodies (1:1,000) and secondary fluorescently
labeled anti-rabbit Alexa Fluor 488 and anti-mouse Alexa Fluor 647 antibodies (1:1,000) were used. To
determine ephrin B2 binding levels, primary soluble recombinant mouse ephrin B2/human Fc chimeric
protein (10 nM) and secondary fluorescently-labeled anti-human Alexa Fluor 647 antibody (1:1,000) were
used. After each stain, cells were washed twice with fluorescence-associated cell sorting (FACS) buffer
(phosphate-buffered saline [PBS] with 1% BCS). Lastly, cells were resuspended in 0.5% paraformaldehyde
(200ml) and analyzed by flow cytometry (Guava easyCyte8 HT).

Coimmunoprecipitation. Transfected HEK 293T cells were spun down at 350� g for 5min and the
cell pellet was resuspended in 200ml of 1� Triton X-100 radioimmunoprecipitation assay (RIPA) buffer
supplemented with protease inhibitors. Cells were further lysed with occasional vortexing over 20min.
Cells were then centrifuged at 15,000� g for 20min to remove cell debris. The supernatants containing
cell lysates (100ml) were incubated with anti-FLAG beads (40ml) while rotating at 4°C for 1 h. Columns
were equilibrated with 200ml of RIPA buffer, followed by running the lysates over the columns. Each col-
umn was washed five times with RIPA buffer (400ml per wash) followed by equilibration with 25ml of
preheated (95°C) elution buffer. Bound proteins were finally eluted with 70ml of preheated elution
buffer and analyzed by Western blotting.

Western blotting analysis. Cell lysates (30ml) were loaded with 1� loading dye containing 5%
b-mercaptoethanol (BME) and heated to 95°C. BME was excluded for nonreducing gels. Lysates and
coimmunoprecipitation (co-IP) eluates were then separated by 10% SDS-PAGE under 100V for ;100
min, transferred to nitrocellulose membranes under 0.25A for ;200 min, blocked overnight, and stained
with primary and secondary antibodies as described above. Protein bands were detected using
ChemiDoc MP Imager system and densitometry analyses were performed with Image Lab software (Bio-
Rad).

Statistical analyses. In general, statistical analyses were performed using mixed models. Such mod-
els enable accounting for the hierarchical structures due to the clustering of data collected within the
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same experimental session (51). Indeed, each experiment had at least 3 biological replicates and some
experiments included technical replicates within biological replicates. Mixed models further enable post
hoc pairwise comparisons between$3 groups using a Tukey test, including a correction for multiple
testing (51). Mixed models were constructed using fusion, fusion index, ephrin B2 binding, or F G avidity
as a response variable, and glycoprotein genotypes (wild-type or mutant CedV, NiV, or HeV) as an expli-
cative variable, and experimental session was included as a random effect. As for a given response vari-
able, the variance was visibly different among protein genotypes; for instance, the genotypes leading to
higher levels of fusion also lead to higher variance of fusion (see Fig. 3). For each analysis, we considered
a model allowing a genotype-dependent variance in addition to a more classical model considering a
constant variance across all conditions. These two models were compared based on their Akaike infor-
mation criterion (AIC) and the model with the lowest AIC was selected (51), which was in all cases the
model with genotype-dependent variance. Data formatting and analyses were performed in R 3.6.2
using the tidyverse, nlme, and lsmeans packages (52–55). Results of pairwise comparisons are reported as
mean estimated difference 6 standard error of the mean (SEM) and associated P value, with a signifi-
cance cutoff set at P, 0.05. Data, codes, and detailed results of the statistical analyses are available at:
https://github.com/AmandineGamble/CedV_fusion_public.

Data visualization. For visualization purposes, data were transformed into values relative to a refer-
ence condition. Within each biological replicate, technical replicates were averaged and then divided by
the reference condition value to obtain relative values. However, statistical analyses were conducted on
raw data. Only pairwise comparisons mentioned in the text were indicated as statistically significant (*)
or not (n.s): *, P , 0.05; **, P , 0.01; ***, P , 0.001. Statistical results reported in the text represent mean
difference 6 standard error between the two compared groups.
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