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SUMMARY

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike N-terminal domain (NTD) remains
poorly characterized despite enrichment of mutations in this region across variants of concern (VOCs). Here,
we examine the contribution of the NTD to infection and cell-cell fusion by constructing chimeric spikes
bearing B.1.617 lineage (Delta and Kappa variants) NTDs and generating spike pseudotyped lentivirus. We
find that the Delta NTD on a Kappa or wild-type (WT) background increases S1/S2 cleavage efficiency and
virus entry, specifically in lung cells and airway organoids, through use of TMPRSS2. Delta exhibits increased
cell-cell fusogenicity that could be conferred to WT and Kappa spikes by Delta NTD transfer. However, chi-
meras of Omicron BA.1 and BA.2 spikes with a Delta NTD do not show more efficient TMPRSS2 use or fuso-
genicity. We conclude that the NTD allosterically modulates S1/S2 cleavage and spike-mediated functions in
a spike context-dependent manner, and allosteric interactions may be lost when combining regions from

more distantly related VOCs.

INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) furin cleavage site (also known as a polybasic cleavage
site [PBSC]), cleaved in producer cells by a ubiquitously ex-
pressed protease furin (Hoffmann et al., 2020a), is believed to
be one of the main reasons behind the success of SARS-CoV-
2 worldwide (Johnson et al., 2021; Peacock et al., 2021). Upon
virus release, the trimeric spike engages with angiotensin-con-
verting enzyme 2 (ACE2) of the target cells to initiate virus entry
(Jackson et al., 2022; Peng et al., 2021). Depending on the abun-
dance of the cofactor TMPRSS2 and the status of spike cleavage
(Hoffmann et al., 2020b; Ou et al., 2021; Park et al., 2016; Whit-
taker et al., 2021), the virus either enters through the TMPRSS2-
mediated route by fusing at the plasma membrane or via late
endosomes through a secondary cleavage preceding the con-
cealed fusion peptide at S2’ (Figure 1A) (Belouzard et al,
2009). The latter does not require a precleaved spike at S1/S2,
as host proteases can mediate cleavage of both S1/S2 and
S2’ (Belouzard et al., 2009; Bosch et al., 2008; Jaimes et al.,
2020; Park et al., 2016).

Kappa (B.1.617.1) and Delta (B.1.617.2) SARS-CoV-2 variants
were first detected in India in late 2020 (Dhar et al., 2021; Ferreira
et al.,, 2021). Although Kappa, the earliest detected B.1.617
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variant in India, displayed greater escape to vaccine-elicited
antibody responses (McCallum et al., 2021a), Delta surpassed
Kappa to become the dominant strain in India and worldwide
by mid-2021 (Micochova et al., 2021). The S gene encodes 8
and 9 non-synonymous mutations in Kappa and Delta, respec-
tively, four of which are shared by both (Figure 1A). The N-termi-
nal domain (NTD) is more variable between the two (3 and 4 mu-
tations relative to Wu-1 in Kappa and Delta, respectively). In
contrast, the receptor-binding domains (RBDs), each bearing
two mutations, are more constrained, most likely due to their
obligatory role in engaging with ACE2. Diverse mutations in the
NTD are not unique to Kappa or Delta and have been docu-
mented in Alpha and many other variants of concern (VOCs) (Mc-
Carthy et al., 2021). Additionally, both Kappa and Delta share
two conserved mutations at D614G and P681R and a unique mu-
tation at S2, Q1071H for Kappa and D950N for Delta.

We previously showed that Kappa and Delta spikes exhibit
highly efficient cleavage of S1/S2 over D614G wild type (WT)
(Mlcochova et al., 2021). Intriguingly, Delta appears to be supe-
rior to Kappa in entering Calu3 cells and organoids expressing an
endogenous level of ACE2 and TMPRSS2. Receptor binding is
modestly increased in Delta but is lower than the preceding
strains of VOCs, for example, Alpha (Collier et al., 2021a; Liu
etal., 2022; Ulrich et al., 2022), indicating that enhanced receptor
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Figure 1. SARS-CoV-2 Delta exhibits
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increased infectivity over Kappa in Calu3
cells and is dependent on the NTD

(A) Schematic diagrams of WT (with D614G),
Kappa, and Delta with their chimeras bearing
swapped NTDs. The consensus mutations be-
tween Kappa and Delta are annotated in blue. The
monomeric spikes shown on the right-hand side
are for illustration purposes. PBCS, polybasic
cleavage site; RBM, receptor-binding motif; FP,
fusion peptide.

(B) Western blots of purified PVs bearing either
HB9V70 deletion or WT, Kappa, or Delta spikes.
The sizes of protein markers are labeled to the left
of the blot, and the corresponding bands are
labeled to the right.

(C and D) The intensity of the spike-associated
bands on the western blots was densitometrically
quantified (ImageJ) before the ratio was calculated
for cleavage (C; S2/FL, paired t test) or spike sta-
bility (D; S2/S1; one sample t test). In both (C) and
(D), each dot represents one PV preparation.

(E) PV bearing Delta, Kappa, or chimeric spike was
used to transduce Calu3 and organoids express-
ing endogenous levels of ACE2 and TMPRSS2 and
ACE2/TMPRSS2-overexpressing cell lines
including HelLa-ACE2, Vero-ACE2/TMPRSS2,
and A549-ACE2/TMPRSS2. Unpaired t test.

(F) PV bearing WT, WT with Kappa NTD, and WT
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with Delta NTD were used to transduce Calu3 cells.
In (E) and (F), mean + SEM are shown for technical
replicates (n = 2-4; two-sided unpaired Student t
test). Data are representative of two to four experi-
ments. ns, not significant, *p < 0.05, **p < 0.01,

**p < 0.001, ***p < 0.0001.
A549-A2/T2

NTD interacts with cofactors L-SIGN and
Bl DC-SIGN at the cell surface (Lempp
et al.,, 2021); blockade of these proteins
can effectively neutralize the virus in
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binding cannot solely explain the higher transmissibility of Delta
(Barton et al., 2021; McCallum et al., 2021a; Ramanathan et al.,
2021; Saville et al., 2022; Supasa et al., 2021). Moreover, cryoe-
lectron microscopy (cryo-EM) structures of Delta and Kappa
trimeric spikes show that both RBD and S2 adopt a remarkably
similar geometry, suggesting that those two regions are less
likely to be accountable for the increased entry of Delta over
Kappa (Zhang et al., 2021a). In vitro studies using replication-
competent virus isolates showed that Delta has fast replication
kinetics in Calu3, human airway epithelium cells, and airway or-
ganoids (MIcochova et al., 2021). However, the underlying mo-
lecular mechanism for the high transmissibility of Delta over
Kappa in the real world is elusive.

Our published data also showed that the RBD on its own did not
confer higher infectivity to Kappa (Ferreira et al., 2021), suggesting
that the NTD may be responsible for the increased infectivity. The
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ACE2 non-overexpressing cells, suggest-
ing that NTD and RBD may work coopera-
tively. The cooperativity of the NTD and the
RBD is additionally supported by the iden-
tification of infectivity-enhancing anti-
bodies specifically targeting the NTD domain (Li et al., 2021; Liu
et al., 2021) and the observation that binding of the 4A8 mono-
clonal antibody in the NTD modulates the RBD into an up position
(Chietal., 2020; Diaz-Salinas et al., 2022). Interestingly, such anti-
body-binding sites coincide with known infectivity enhancing
sites, such as the H69V70 deletion that emerged during an
example of intra-host evolution (Kemp et al., 2021) and in Alpha
(Meng et al., 2021) and Omicron variants (Meng et al., 2022). ltis
therefore plausible that the NTD plays an active role in virus entry
by engaging with host cofactors and triggering conformational
changes of the RBD.

Despite there being over 20 mutations documented in the
NTD, the role of those mutations in infectivity and their impact
on the immune response elicited by vaccines is less clear. We re-
ported that the H69V70 deletion found in Alpha was positively
selected to increase its infectivity with a modest decrease in
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immune evasion (Meng et al., 2021). Here, we hypothesized that
the NTD plays a regulatory role that impacts S1/S2 cleavage and
ACE2 usage. We constructed a panel of chimeric spike proteins
with the NTDs from different VOCs in a variety of VOC back-
bones. We examined those chimeras alongside the parental
VOCs in pseudovirus-based entry assays (Mlcochova et al,
2020) and investigated spike-mediated fusogenicity. Our data
are consistent with a model whereby the NTD regulates virus en-
try and cell-cell fusion in a variant context-dependent manner.

RESULTS

NTD increases SARS-CoV-2 Delta infectivity in lung cells
and airway organoids

The most dramatic changes in spike between Kappa and Delta
lie in the NTD. Both Kappa and Delta spikes are efficiently
cleaved in the producer cells (Micochova et al., 2021). We sought
to assess the contribution of the NTD in spike cleavage in purified
pseudotyped lentiviruses (PVs) by western blot. We included a
deletion mutant in the NTD (delH69/V70) as a control due to its
known efficient spike cleavage (Kemp et al., 2021; Meng et al.,
2021). Plasmids encoding HIV Gag/pol, a genome flanked by
long terminal repeats (LTRs) encoding luciferase, as well as the
corresponding spike were transfected into 293T producer cells.
The supernatants were harvested and pelleted through ultracen-
trifugation for western blot analysis. Our data show that the H69/
V70 deletion increased S1/S2 cleavage compared with WT as
expected (Figure 1B). Kappa and Delta spikes were efficiently
cleaved, with a more pronounced cleavage observed in Delta
(Figure 1C). We additionally observed that the Kappa spike
was prone to S1 shedding, evidenced by a higher S2/S1 ratio
compared with that of the WT (Figure 1D). In contrast, Delta
spikes were more stable. We further noticed that the increased
efficiency in spike cleavage requires a cognate NTD, as the spike
bearing the RBD mutations alone failed to be cleaved efficiently
(Figure S1), suggesting that the NTD on its own or together with
the RBD influences the cleavage activity. We conclude that the
Delta spike has evolved to be optimal in efficient spike cleavage
while maintaining spike stability, reminiscent of the emergence
of D614G in the early pandemic (Gobeil et al., 2021; Yurkovetskiy
et al., 2020; Zhang et al., 2020, 2021b).

We previously observed enhanced cell-free infectivity for Delta
over Kappa in Calu3 cells in the PV system (MIcochova et al.,
2021). Importantly, this difference was also evident for airway or-
ganoids (Mlcochova et al., 2021), suggesting that at endogenous
expression levels of ACE2 and TMPRSS2, Delta has enhanced
ability over Kappa in virus entry. Calu3 and airway organoids ex-
press high levels of TMPRSS2 (Meng et al., 2022). Given that
cleavage efficiency at S1/S2 positively correlates with the infec-
tivity in lung cells (Meng et al., 2022), we sought to examine
whether the Delta NTD also contributes to higher infectivity
over Kappa in vitro.

To test this, we constructed chimeras harboring either the
Delta NTD or the Kappa NTD in Delta or Kappa backbones (Fig-
ure 1A). We then used the PV bearing different spikes to trans-
duce cell lines to examine the entry efficiency. Interestingly, we
observed elevated cell-free infectivity in a Kappa chimera
bearing the Delta NTD in Calu3 cells and primary human airway

¢ CellP’ress

organoids but not in other cell lines, indicating that the NTD con-
fers the specificity for this increase (Figure 1E). Consistent with
this model, a decrease in infectivity in Calu3 cells and primary hu-
man airway organoids was observed when the Kappa NTD was
exchanged with that of Delta. We further extended this observa-
tion to the WT backbone, where a hybrid WT spike bearing either
the Kappa or Delta NTD was expressed (Figures 1F and S2A).
Consistent with these observations, both Kappa and Delta
NTDs, when fused with WT, increased cell-free infectivity in
Calu3 lung cells.

The NTD influences SARS-CoV-2 entry efficiency

We next sought to delineate the underlying mechanism for this
increased infectivity in Delta over Kappa. Spike cleavage corre-
lates with SARS-CoV-2 virus entry pathway preference (Meng
etal., 2022; \VV’kovski et al., 2021). Western blots on purified pseu-
dotyped virions showed a similar incorporation of spike for Delta,
Kappa, and chimeras (Figure S3), suggesting the enrichment of
spike at the cell surface is comparable. Analyses of the cell lysates
from the 293T virus producer cells showed that the expression
levels of chimeric spikes were also comparable (Figures 2A and
2B). However, the cleavage of spike at S1/S2 in the chimeras phe-
nocopied the cleavage patterns from which their NTDs were
derived (Figure 2C). We extended this observation in WT chi-
meras, where increased spike cleavage was also evident
following addition of either the Kappa or Delta NTD (Figure S2B).
Structural data indicate that the NTD, RBD, and PBCS are coop-
eratively regulated (Gobeil et al., 2021). Hence, we reasoned that
the observed increase in the accessibility to the furin cleavage site
may be regulated by the allostery involving the NTD.

SARS-CoV-2 primarily enters Calu3 cells through membrane
fusion due to an abundant expression of TMPRSS2 and ACE2
at the plasma membrane. The primary cleavage at S1/S2 is a
prerequisite for a secondary cleavage at S2’ site by proteases
such as TMPRSS2 at the plasma membrane (V’kovski et al.,
2021), which is closely correlated with the conformational rear-
rangement of S2 for the exposure of the fusion peptide. Due to
more efficient cleavage of the Delta spike (Figure 1C), we
reasoned that the Delta spike may be more efficiently primed
to use TMPRSS2 at the plasma membrane for its entry. To test
this hypothesis, we transduced the virus bearing either authentic
spike of Delta or Kappa or their NTD-chimeric counterparts into
TMPRSS2-overexpressing 293T cells or parental 293T cells (Fig-
ure 2D). As expected, all the viruses including chimeras
increased entry efficiency when TMPRSS2 was present with
an even more pronounced increase observed in Delta, consis-
tent with the observation that Delta is more efficient in utilizing
TMPRSS2. Intriguingly, we also observed an increased trans-
duction efficiency for the Kappa chimera that was comparable
to that of Delta, suggesting that the Delta NTD enables the entry
of chimeric Kappa by efficient TMPRSS2 usage. Consistent with
this model, the ratio of entry for the Delta chimera containing
Kappa NTD entry in TMPRSS2-overexpressing cells versus
normal-expressing cells was reduced.

To further investigate the dependence of TMPRSS2 on virus
entry, we pretreated A549-ACE2/TMPRSS2 cells or airway orga-
noids with either camostat (a TMPRSS2 inhibitor) or E64D (a
cathepsin inhibitor). We observed that the half maximal inhibitory
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Figure 2. The NTD modulates the usage of
TMPRSS2 and ACE2 for SARS-CoV-2 virus
entry

(A) A representative western blot of transfected
293T cell lysates showing spike cleavage in Delta
and Kappa and their chimeras. GAPDH was
probed as a loading control.

(B) The band intensity from (A) was densitometri-
cally calculated using ImageJ. Total S2-associated
spike proteins (S2 and FL) were then normalized
against GAPDH across Delta, Kappa, and NTD-
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concentration (IC50) of camostat in Delta was approximately
2-fold higher than Kappa (1.6 uM for Kappa or 3.0 uM for Delta),
while E46D had little effect on either virus (Figure 2E). Reassur-
ingly, a similar observation was made in airway organoids (Fig-
ure 2F), suggesting that Delta is more resistant to camostat
and hence is more efficient in utilizing available TMPRSS2 for vi-
rus entry. Indeed, the Kappa chimera bearing the Delta NTD
showed a similar drug sensitivity profile to Delta, implying that
the NTD is accountable for this shift in TMPRSS2 sensitivity
(Figure S4).

It is reported that the NTD modulates RBD conformation
through allosteric effects (Qing et al., 2021). We speculated
that the accessibility to ACE2 is altered in the chimeric spikes.
We next went on to examine this by transducing parental 293T
cells or their isogenic counterparts where the expression of
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ACE2/TMPRSS2 cells in the presence of
TMPRSS2-specific  inhibitor =~ camostat  or
cathepsin-specific inhibitor E64D. The lentivirus
pseudotyped with VSV-G was used as a control.
The relative light unit (RLU) was normalized with
non-drug-added control, giving a percentage of
infection. The data showing the SEM from 4 exper-
iments were plotted; the error bars that lie within
the datum points are not shown.

(F) The entry efficiency of Delta and Kappa in the
presence of camostat in airway organoids.

(G) Delta, Kappa, or chimeras was transduced into
either parental 293T cells or 293T cells overex-
pressing ACE2 with abrogated TMPRSS2 expres-
sion (A2delT2). The fold increase of the virus entry
in A2delT2 cells over parental cells is shown above
the scatterplots. Mean + SEM are shown for tech-
nical replicates (n = 4, two-sided unpaired Stu-
dent’s t test).

(H) 293T-A2delT2 cells were pretreated with anti-
ACE2 antibody before the addition of PV bearing
either Delta, Kappa, or chimeras together with virus
pseudotyped with VSV-G. The data show the SEM
from 2 technical replicates.

In (D) and (F)—(H), data are representative of two ex-
periments. ***p < 0.001, ***p < 0.0001.

E64D (uM)

TMPRSS?2 is abrogated and ACE2 is overexpressed (A2delT2).
Indeed, we found a 30-fold increase in Delta when ACE2 is over-
expressed, whereas Kappa only had 4-fold increase (Figure 2G).
More strikingly, the Kappa chimera, bearing the Delta NTD in the
Kappa spike backbone, showed a similar magnitude of increase
as Delta. Conversely, the Delta chimera bearing a Kappa NTD
manifested a decrease in ACE2 dependence compared with
Delta, albeit to a lesser extent. To further examine the receptor
usage, we pretreated 293T-A2delT2 cells with a titration series
of anti-ACE2 antibody before being transduced with Delta,
Kappa, or their chimeras. We observed that 50% more antibody
was required to block the virus entry in Delta over Kappa (Fig-
ure 2H). It was evident that the efficient usage to ACE2 is depen-
dent on the Delta NTD, as the chimeric Kappa bearing the
authentic Delta NTD also increased its efficiency to ACE2
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binding. Taken together, our data support the notion that the
Delta NTD more efficiently modulates the use of TMPRSS2
due to spike cleavage and that the Delta NTD allosterically reg-
ulates the RBD to increase efficiency of ACE2 usage.

NTD mutations and deletions impact SARS-CoV-2 entry
efficiency

To probe the mutations in the Delta NTD that may contribute to
the enhanced infectivity in Calu3 cells, we constructed a series
of spike bearing PVs by reverting a cluster of amino acids
(142D, 156G, del157F, and del158R) to WT residues individually.
Interestingly, each individually reverted mutant showed a
decrease in infectivity in Calu3 cells, with the greatest reduction
seen following re-insertion of the deleted 157R/158R (3-fold; Fig-
ure 3A). This is in agreement with the infectivity reduction in the
Delta NTD bearing the Kappa chimera (Figure 1E). The decrease
in infectivity was only observed in Calu3 cells but not in HelLa-
ACE2 cells, consistent with the cell specificity in virus entry
conferred by the NTD. Since the NTD harbors the antigenic
supersites that are mutated in Delta (Cerutti et al., 2021; McCal-
lum et al., 2021b; McCarthy et al., 2021; Suryadevara et al.,
2021), we predicted that the reversion of such mutations would
at least partially rescue the loss of sensitivity to the vaccine
sera. To test this, PVs were harvested and used to transduce
HelLa-ACE2 cells in the presence of a dilution series of vaccine
sera from vaccinees who had received two doses of
BNT162b2 at least 1 month prior to sampling (Figures 3B and
3C). D142G alone did not alter the sensitivity of neutralization
(Figure 3C). However, G156E, or repairing the deletion of 157F/
1568R, increased the sensitivity of neutralization by 2-fold,
consistent with the notion that the NTD is important for both im-
mune evasion and infectivity.

SARS-CoV-2 delta NTD confers enhanced cell-cell
fusion kinetics in a context-dependent manner
Syncytium formation, mediated by spike and the host receptor
ACEZ2, has been found in SARS-CoV-2-infected patients and is
thought to be important for disease progression (Braga et al.,
2021). We and others previously demonstrated that variants
bearing furin cleavage site mutations exhibit a pronounced in-
crease in fusogenicity (Figure 4A), with the exception of Omi-
cron (Buchrieser et al., 2021; Meng et al., 2021, 2022; Mico-
chova et al., 2021; Rajah et al., 2021). While spike cleavage
at S2’ is more closely correlated for fusion peptide (FP) expo-
sure and fusion (Madu et al., 2009; Qing et al., 2022), we
noticed that the cleavage at S1/S2 could serve as a reliable
proxy for assessing the membrane fusion (Meng et al., 2021,
2022; Mlcochova et al., 2021). Given that we observed an
enhanced cleavage at S1/S2 in the Kappa chimera, we sought
to examine whether spike-mediated fusion is altered. We first
confirmed that the surface spike at the plasma membrane is
present at a similar level (Figure S5). We then went on to
confirm that efficient cleavage is required for the syncytia for-
mation in Delta and Delta bearing Kappa NTD, as the mutants
bearing the WT proline at position 681 (681P) decreased
fusion efficiency in both parental and chimeras, whereas the
mutation to histidine (681H), the other cleavage site mutation
firstly found in Alpha and then in Omicron, did not (Figure 4B).
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We then went on to explore whether or not the fusogenicity is
different between Delta and Kappa and their chimeras.
Concordant with the published studies, we found a marked in-
crease in fusion for Delta and Kappa compared with WT (Fig-
ure 4C) (Mlcochova et al., 2021; Rajah et al., 2021). Unexpect-
edly, we found that the fusion kinetics between Delta and
Kappa were noticeably different despite manifesting a compa-
rably maximal fusion activity at the steady state (around 70%;
Figure 4C). More specifically, Delta was more fusogenic at
earlier time points, whereas Kappa required 2 more hours to
reach a similar intensity. Intriguingly, when the Kappa NTD
was fused into Delta, the fusion phenotype shifted from Delta
to Kappa, with a slowing of kinetics (Figure 4C). Conversely,
we observed a fast-fusing Delta phenotype when the Delta
NTD was swapped into Kappa. Of note, we also observed a
faster fusion phenotype when the Delta NTD was fused into
the WT backbone, though this effect was less pronounced
compared with that observed in the Kappa chimera (Fig-
ure 4C). Taken together, we have demonstrated that the Delta
NTD can drive faster fusion in both WT and Kappa spike
backgrounds.

Epidemiological studies suggest that the more recent Omicron
(BA.1 and BA.2) variants are distantly related to all the other early
pandemic variants (Simon-Loriere and Schwartz, 2022). It there-
fore remains possible that the ability of the SARS-CoV-2 Delta
NTD to drive faster fusion is dependent on their spike back-
ground. We found that compared with BA.1, BA.2 was more effi-
cient in entering Calu3 cells, though it was still not as efficient as
Delta (Figure 5A). An elevated level of entry of BA.2 over BA.1 was
observed in H1299 cells where the entry of Delta was the least effi-
cient. These data suggest that BA.2 is capable of infecting both
TMPRSS2-low (H1299) and -high (Calu3) cells efficiently.

We then introduced the Delta NTD into both BA.1 and BA.2 to
examine whether the Delta NTD could also confer increased
fusion to Omicron, a known poor cell-cell fusion spike (Figure 5B).
Although BA.2 showed faster fusion than BA.1, consistent with a
recently published study (Yamasoba et al., 2022), both Omicron
and the Delta-NTD-fused Omicron chimeras showed poor spike-
mediated fusion and that, most importantly, the difference be-
tween Omicron and its counterpart was negligible. Intriguingly,
this phenotype correlates with inefficient cleavage of spike
even after the cleavage-enhancing Delta NTD was fused into
an Omicron spike background.

Omicron has evolved to avoid the early entry route via TMPRSS2
at the plasma membrane by entering the cells through endosomal
route (Meng et al., 2022; Peacock et al., 2022; Willett et al., 2022) .
Given that spike cleavage was not affected by domain swapping,
we predicted that the Omicron chimera bearing the Delta NTD
would fail to confer increased sensitivity to TMPRSS2, in contrast
toourfindings forthe B.1.617 lineages Delta and Kappa (Figure 2D).
Indeed, there was only a moderate increase in entry (2- to 3-fold)
when TMPRSS2 was overexpressed, compared with Delta (9-
fold), reinforcing the notion that the virus entry of Omicron is
TMPRSS2 independent and that altering the NTD is not sufficient
to confer TMPRSS2 usage to Omicron.

We next sought to examine whether the BA.2 NTD could
rescue the poor fusogenicity of BA.1 and/or whether the
BA.1 NTD impaired the fusogenicity of BA.2. In contrast to
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Figure 3. Reverting mutations in the Delta NTD toward WT reduces infectivity in lung cells and increases neutralization sensitivity to vaccine-

elicited antibody

(A) PV bearing Delta and its reversions were used to transduce Calu3 and HeLa-ACE2 cells. Mean + SEM are shown for technical replicates (n = 4; two-sided

unpaired Student’s t test).

(B) Examples of neutralization curves from ID32, -63, and -105 vaccinees with PVs bearing the reversion at 142, 156, or 157/8. Data points represent the mean of

two technical replicates.

(C) The 50% serum neutralization was plotted across ten sera showing the geometric mean with geometric SD. Paired Wilcoxon was used for analysis. Data are

representative of two experiments. ns, not significant, *p < 0.05, **p < 0.01.

the fast fusion activity conferred by the Delta NTD in Kappa or
WT (Figure 4C), BA.2 NTD failed to increase the fusion kinetics
of the BA.1 chimeric spike bearing the BA.2 NTD (Figure 5D).
The BA.1 NTD modestly suppressed the fusion of BA.2
chimeric spike bearing the BA.1 NTD. Interestingly, when the
sensitivity to TMPRSS2 was probed (Figure 5E), we found little
difference between BA.1 and BA.2 and their chimeras (8- to
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10-fold) compared with Delta (over 50-fold), indicating that in
Omicron, the NTD on its own is not sufficient to affect
TMPRSS2 utilization. Taken together, these data strongly sug-
gest that the enhanced fusogenicity of the Delta NTD and the
spike cleavage is context dependent and that non-NTD re-
gions may be involved to suppress efficient fusion activity of
Omicron spike.
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Figure 4. The SARS-CoV-2 Delta NTD in-
creases fusion kinetics of Kappa and WT
spikes

(A) A schematic diagram showing the split GFP
system for spike-ACE2-mediated cell fusion.

(B) 681R or 681H is required for the enhanced fu-
sogenicity in Delta and its chimera bearing the
Kappa NTD.

(C) The fused Delta NTD in Kappa and WT
increased the fusion kinetics of their counterparts,
respectively. The line graphs on the right show the
percentage of the positive GFP area at 12, 14, 16,
20, 22, and 23 h post transfection. The data
showing the SEM at each time point were aver-
aged from two experiments. The heatmap at each
time point shows the mean of the GFP-positive
area over the field of view from two experiments.

The NTD has been proposed to modu-
late the RBD to a receptor-accessible
mode (Qing et al., 2021). We speculated
that by alternating the NTD of Delta into
Kappa that the receptor engagement
with ACE2 is affected. Indeed, we
observed an enhanced virus entry in the
Kappa chimera bearing the Delta NTD
(Figures 2G and 2H). However, an
increased accessibility to ACE2 cannot
solely account for the enhanced infectivity
observed in Calu3, as such an increase is
not evident for the cell lines where ACE2 is
also abundantly expressed. A marked in-
crease for chimeric Kappa spike to use
TMPRSS2 at the plasma membrane pro-
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DISCUSSION

We previously showed that some escape mutations reduced vi-
rus entry efficiency, for example N439K and Y453F, and H69/
V70 NTD deletion restored entry while maintaining immune
evasion (Kemp et al., 2021; Meng et al., 2021). Therefore, it is
possible that viruses have selected various mutations in the
RBD due to the immune pressure imposed on this immunodomi-
nant site by the host. However, these RBD-mutated viruses may
have suboptimal fitness, thus placing selection pressure in the
other regions such as the NTD to acquire compensatory muta-
tions. We propose that the NTDs in SARS-CoV-2 VOC have
evolved under such pressure. Consistent with this notion, we
observed that the Delta-NTD-revertant mutations (G156E and
157F/158R repair) were less efficient in entering lung cells and
were less immune evasive (Figure 3). Reassuringly, a similar
finding was recently reported in breakthrough B.1.617 viruses
where the same mutations in the NTD accounted for the attenu-
ated neutralization sensitivity (Mishra et al., 2022).

vides a plausible explanation for this
specificity; the chimeric Kappa spike is
as efficient as Delta on TMPRSS2 usage
(Figure 2D). This observation is in agree-
ment with our inhibitor experiments,
whereby the addition of the TMPRSS2 protease inhibitor camo-
stat has a more pronounced inhibitory effect for Kappa than for
Delta (Figures 2E and 2F), and fusing the Delta NTD in Kappa lib-
erates the camostat inhibition to the level of Delta (Figure S4).
However, the Delta NTD cannot enhance the cleavage of Omi-
cron spike nor its dependence on TMPRSS2 (Figures 5B and
5C), suggesting that the presence of the Delta NTD is not the
sole determinant of TMPRSS2 usage. Furthermore, although
allosteric conformational changes involving NTD and other re-
gions may contribute to phenotype (Raghuvamsi et al., 2021),
binding of the NTD to a secondary cofactor at the plasma mem-
brane cannot be completely excluded (McCallum et al., 2021b).

The NTD of VOCs, including poorly fusogenic Omicron (Meng
et al., 2022; Suzuki et al., 2022), once fused with WT exhibits an
increased fusion in the presence of trypsin, indicating the acces-
sibility of spike cleavage by host protease is affected through the
allostery of the NTD (Qing et al., 2022). We have proposed that
the sensitivity to TMPRSS2 correlates with cleavage status at
S1/82, which has an additional impact on the cell-to-cell fusion

23
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Figure 5. The SARS-CoV-2 Delta NTD or BA.2 NTD does not alter spike fusion or sensitivity to TMPRSS2 of BA.1
(A) PV bearing Delta, BA.1, BA.2, or chimeric forms of BA.1 and BA.2 spike were used to transduce Calu3, H1299, and 293T expressing endogenous levels of
ACE2 and TMPRSS2 and TMPRSS2-overexpressing 293T cells.
(B) Fusion kinetics of the chimeric Delta NTD in BA.1 and BA.2 along with their parental spikes. The heatmap at each time point shows the mean of the GFP-
positive area over the field of view from two experiments. The western blot showing cleavage of spike is directly underneath the heatmap.
(C) PV bearing BA.1, BA.2, or chimeras with Delta were transduced into either parental 293T cells or 293T cells overexpressing TMPRSS2. The fold increase of the
virus entry in TMPRSS2-overexpressing cells over parental cells is shown above the scatterplots.

(legend continued on next page)
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(Meng et al., 2022). Consistent with this notion, we found the
Delta NTD confers faster fusion kinetics in both WT and Kappa,
which coincides with an elevated S1/S2 cleavage in WT and
Kappa spike bearing the Delta NTD. However, S1/S2 cleavage
is unaltered in the Delta NTD bearing Omicron, which also has
poor fusogenicity (Figure 5B). These data demonstrated that re-
gions other than the NTD may also be required for efficient cleav-
age. Indeed, a recent study using a domain-swapping approach
has suggested that the RBD of Omicron contributes to inefficient
spike cleavage and inferior fusogenicity (Kimura et al., 2022). The
lack of allostery of the Omicron NTD may reside in the unique na-
ture of its spike (Cerutti et al., 2022; Cui et al., 2022; Gobeil et al.,
2022; Mannar et al., 2022; McCallum et al., 2022; Stalls et al.,
2022; Ye et al., 2022; Zhang et al., 2022). Compared with the
highly dynamic Delta spike, the Omicron spike is more packed
due to the newly acquired inter- and intra-domain interactions
(Gobeil et al., 2022; Zhang et al., 2022). Firstly, the tighter inter-
protomeric couplings are facilitated by the new substitutions
S373P and S375F from one protomer, with N501Y and Y505H
on the other, in the all 3-RBD-down position or between S375F
and F486 in the 1-RBD-up structure (Cui et al., 2022; Gobell
et al., 2022; Zhou et al., 2022). Secondly, intra-domain interac-
tions within the S1 region have also increased the inflexibility of
otherwise highly mobile features such as the NTD and NTD to
RBD (N2R) in S1 (Gobeil et al., 2022). Thirdly, the FP proximal re-
gion (FPPR) and 630 loop are more visible in the 1-RBD-up posi-
tion (Cui et al., 2022; Zhang et al., 2022), suggesting that these
two rigidified structural features could increase the energy level
that is required to bolster more RBD to the up position, which
may in turn impair the spike cleavage. The inter-domain interac-
tions between two B strands in close proximity of S2’ cleavage
site that was proposed to coordinate the NTD-induced spike
cleavage (Qing et al., 2022) may also be impaired in Omicron.
Taking together the structural data, it is plausible that the unique-
ness of the aforementioned structural features in Omicron may
contribute to the incompatibility when the NTD from other strains
was fused into the Omicron backbone.

We observed that the Kappa spike is less stable than that of
Delta (Figures 1B and 1D). We suspect that when Delta first
emerged with the RBD mutations, the intermediate strain was
less fit, leading to a premature S1 shedding. However, the sub-
sequently acquired mutations in the NTD allosterically foster
non-covalent interactions between S1 and S2, forming more sta-
bilized protomers before engagement with ACE2. This process
ultimately leads to active S1 shedding and exposure of the FP
(Raghuvamsi et al., 2021). D614G emerged as a positively
selected mutation in an early stage of the pandemic, persisting
in subsequent lineages by stabilizing trimeric spike. The more
stable form of S1 is therefore better positioned to engage with
ACE2 (Daniloski et al., 2021; Diaz-Salinas et al., 2022; Yang
et al.,, 2022; Yurkovetskiy et al., 2020; Zhang et al., 2020,
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2021b). It is reasonable to speculate that the effect of the NTD
mutations is analogous to the acquisition of D614G by strength-
ening the intra-molecular interactions to prevent S1 from being
loosened prematurely while bolstering the RBD in an ACE2-
accessible form.

In summary, our data support the cooperativity between NTD,
RBD, and the furin cleavage site. We propose that the NTD allo-
sterically affects the conformation of the RBD for ACE2 binding
and the furin cleavage site for spike cleavage. The precleaved
spike confers specificity on virus entry via TMPRSS2 usage
and drives a faster virus spread with more efficient spike-medi-
ated fusion. Our model explains the dominance of Delta over
Kappa by being highly immune evasive on the one hand through
the acquisition of known escape mutations, while on the other
hand gaining S1/S2 stability and increased infectivity in lung
cells. Our study highlights the importance of the continuous
effort in monitoring both RBD and NTD mutations in order to un-
derstand the biology of variants and possibly explains the lack of
dominant SARS-CoV-2 inter-variant recombinants bearing
breakpoints within spike. On the translational/therapeutic side,
combination antibody therapy targeting both the NTD and the
RBD might therefore be less prone to resistance than monother-
apy or combinations targeting the RBD alone.

Limitations of the study

Our study was based on viruses pseudotyped with different
spikes of interest. Although significant consistency has been
observed between the PV system and the live-virus system
regarding SARS-CoV-2 entry, there is still a possibility that the
observation made in PV might be different compared with the
real live-virus system. Hence, chimeric NTD infectious clones
are highly desirable to confirm our observations.
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(D) The fusion assay of BA.1, BA.2, and their chimeric BA.1 bearing the BA.2 NTD and BA.2 bearing the BA.1 NTD. The line graphs show the percentage of the
positive GFP area at 1 h interval post transfection. The data showing the SEM at each time point were averaged from two experiments.

(E) BA.1, BA.2, or chimeras bearing the BA.2 NTD or the BA.1 NTD together with Delta were transduced into either parental 293T cells or 293T cells over-
expressing TMPRSS2. The fold increase of the virus entry in T2-overexpressing cells over parental cells is shown above the scatterplots.

In (A), (C), and (E), the plots are representative of two experiments. Mean + SEM are shown for technical replicates (n = 4; two-sided unpaired Student’s t test).

*p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Anti-ACE2 antibody

Rabbit anti-SARS-CoV-2 S
Mouse anti-SARS-CoV-2 S1
Mouse anti HIV-1 p55/p24
Rabbit anti-GAPDH

R&D systems
Thermofisher
R&D systems
NIBSC
Proteintech

Cat#AF933; RRID:AB_355722
Cat#PA1-41165; RRID:AB_1087210
Cat#MAB105403

Cat#ARP313

Cat#10494-1-AP; RRID:AB_2263076

Anti-rabbit HRP conjugate Cell Signaling Cat#7074; RRID:AB_2099233
Anti-mouse HRP conjugate Cell Signaling Cat#7076; RRID:AB_330924
Goat anti-Rabbit IgG Alexa Fluor 647 Thermofisher Cat#A21244; RRID:AB_2535812
Bacterial and virus strains

XL1-blue cells Agilent Cat#200249
Biological samples

Airway organoids Joo-Hyeon Lee N/A

Human Sera Collier et al. (2021a) N/A
Chemicals, peptides, and recombinant proteins

E64D Tocris Cat#4545
Camostat Sigma-Aldrich Cat#SML0057
Fugene HD Transfection Reagent Promega Cat#E2311
Fugene 6 Transfection Reagent Promega Cat#E2691
Critical commercial assays

Bright-Glo Promega Cat#E2650
QuikChange Lightning Agilent Cat#210518
QuantiTect SYBR Green PCR Kit Qiagen Cat#204143
Experimental models: Cell lines

HEK293T ATCC Cat#CRL-3216
HEK293T-TMPRSS2 Leo James N/A
HEK293T-ACE2ATMPRSS2 Leo James N/A
HEK293T-GFP11 Leo James N/A
Vero-GFP1-10 Leo James N/A
Vero-ACE2/TMPRSS2 Emma Thomson N/A

Calu3 Paul Lehner N/A
A549-ACE2/TMPRSS2 Massimo Palmarini N/A
NCI-H1299 Simon Cook N/A
HelLa-ACE2 James Voss N/A
Oligonucleotides

SARS-CoV-2_Delta_G156E_Fwd: AG This paper N/A
CTGGATGGAAAGCGAGGTGTACAG

CAGCGCCAACAACTG

SARS-CoV-2_Delta_G156E_Rev: GC This paper N/A
AGTTGTTGGCGCTGCTGTACACCT

CGCTTTCCATCCAGCT

SARS-CoV-2_Delta_D142G_Fwd: G This paper N/A

CAACGACCCCTTCCTGGGCGTCTA
CTACCACAAGAAC

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
SARS-CoV-2_Delta_D142G_Rev: GT This paper N/A
TCTTGTGGTAGTAGACGCCCAGGA

AGGGGTCGTTGC

SARS-CoV-2_Delta_157F158R_Fwd: This paper N/A
GCTGGATGGAAAGCGGGTTCCGGG

TGTACAGCAGCGCC

SARS-CoV-2_Delta_157F158R_Rev: G This paper N/A
GCGCTGCTGTACACCCGGAACCCGC

TTTCCATCCAGC

Recombinant DNA

Plasmid: p8.91 Kemp et al. (2021) N/A
Plasmid: pCSFLW Kemp et al. (2021) N/A
Plasmid: pcDNA-SARS-CoV-2-D614G- Meng et al. (2021); Micochova et al. (2021) N/A
S-A19 WT

Plasmid: pcDNA-SARS-CoV-2-D614G- Meng et al. (2021) N/A
S-A19 AHB9V70

Plasmid: pcDNA-SARS-CoV-2-D614G- Micochova et al. (2021) N/A
S-A19 Delta

Plasmid: pcDNA-SARS-CoV-2-D614G- Micochova et al. (2021) N/A
S-A19 Kappa

Plasmid: pcDNA-SARS-CoV-2-D614G- This paper N/A
S-A19 BA.1

Plasmid: pcDNA-SARS-CoV-2-D614G- This paper N/A
S-A19 BA.2

Plasmid: pcDNA-SARS-CoV-2-D614G- This paper N/A
S-A19 Delta + KappaNTD

Plasmid: pcDNA-SARS-CoV-2-D614G- This paper N/A
S-A19 Kappa + DeltaNTD

Plasmid: pcDNA-SARS-CoV-2-D614G- This paper N/A
S-A19 WT + DeltaNTD

Plasmid: pcDNA-SARS-CoV-2-D614G- This paper N/A
S-A19 WT + KappaNTD

Plasmid: pcDNA-SARS-CoV-2-D614G- This paper N/A
S-A19 BA.1 + DeltaNTD

Plasmid: pcDNA-SARS-CoV-2-D614G- This paper N/A
S-A19 BA.2 + DeltaNTD

Plasmid: pcDNA-SARS-CoV-2-D614G- This paper N/A
S-A19 BA.1 + BA.2NTD

Plasmid: pcDNA-SARS-CoV-2-D614G- This paper N/A
S-A19 BA.2 + BA.INTD

Plasmid: pcDNA-SARS-CoV-2-D614G- This paper N/A
S-A19 Delta+681H/P

Plasmid: pcDNA-SARS-CoV-2-D614G- This paper N/A
S-A19 Delta + KappaNTD+681H/P

Plasmid: pcDNA-SARS-CoV-2-D614G- This paper N/A
S-A19 Delta D142G

Plasmid: pcDNA-SARS-CoV-2-D614G- This paper N/A
S-A19 Delta G156E

Plasmid: pcDNA-SARS-CoV-2-D614G- This paper N/A
S-A19 Delta 157F158R

Plasmid: pcDNA-SARS-CoV-2-D614G- Ferreira et al. (2021) N/A

S-A19 KappaRBD

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

GraphPad Prism GraphPad Software Version 9.4.0

FlowJo10 FlowJo https://www.flowjo.com/solutions/
flowjo/downloads

ImageJ NIH https://imagej.nih.gov/ij/

Other

RNA (MS2) Roche Cat#10165948001

HIV RT Milipore Cat#382129

Hindlll NEB Cat#R0104S

Nhel NEB Cat#R3131S

Bsu36l NEB Cat#0524S

RESOURCE AVAILABILITY

Lead contact
Further information should be directed to and will be fulfilled by the Lead Contact, Bo Meng bm432@cam.ac.uk.

Materials availability
All unique reagents generated in this study are available from the lead contact.

Data and code availability
Raw data in this study is available from the lead contact upon request. This paper does not report original code. Any additional in-
formation required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The study was primarily a laboratory based study using pseudotyped virus (PV) with mutations generated by site-directed mutagen-
esis. We tested infectivity in a variety of model cell lines with drug inhibitors. Sensitivity to antibodies in serum was tested using sera
collected from BNT162b2 vaccinees as part of the Cambridge NIHR Bioresource.

Ethical approval
Ethical approval for use of serum samples. Controls with COVID-19 were enrolled to the NIHR Bioresource Center Cambridge under
ethics review board (17/EE/0025).

Cell culture

Calu3 (a human lung epithelial cell line; a gift from Paul Lehner) cells were maintained in Eagle’s minimum essential medium contain-
ing 10% FBS and 1% PS. Vero-ACE2/TMPRSS2 cells (a monkey epithelial cell line overexpressing ACE2 and TMPRSS2; a gift from
Emma Thomson), HeLa-ACE2 (a human cervix epithelial cell line overexpressing ACE2; a gift from James Voss) and A549-ACE2/
TMPRSS2 (a human lung epithelial cell line overexpressing ACE2 and TMPRSS2; a gift from Massimo Palmarini) were maintained
in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% FBS and 1% PS. NCI-H1299 (a human lung epithelial cell line; a
gift from Simon Cook) cells were maintained in RPMI containing 10% FBS and 1% PS. 293T (CRL-3216; a human kidney epithelial
cell line) and its derivative cell lines including 293T-ACE2ATMPRSS2, 293T-TMPRSS2 and 293T-GFP11 have been described pre-
viously (Papa et al., 2021). All the 293T cell lines as well as Vero-GFP1-10 were maintained in DMEM with 10% FBS and 1% PS. All
cells were regularly tested and are mycoplasma free. Airway epithelial organoids were obtained and maintained as previously
described (Meng et al., 2022; Youk et al., 2020). Human distal lung parenchymal tissues were obtained from adult donors with no
background lung pathologies from Papworth Hospital Research Tissue Bank (T02233). Airway organoids were cultured in 48-well
plate and were passaged every 2 weeks as previously reported (Meng et al., 2022).

METHOD DETAILS
Plasmids

pcDNA-SARS-CoV-2-D614G-S WT, Delta, Kappa, Omicron BA.1 and Omicron BA.2 plasmids with 19 amino acid deletion at the
C-terminus were generated by gene synthesis. For the construction of the chimeras, the region encompassing the NTD was digested
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with Bsu361 and Hindlll or Nhel (all NEB) before being gel purified and ligated back to the respective backbone that was cut with the
same pair of restriction enzymes. Amino acid substitutions in the Delta NTD (D142G, G156E and repair of 157F and 158R) or 681H or
681P were introduced into the pcDNA-SARS-CoV-2-D614G-Delta-S plasmid using the QuikChange Lightning Site-Directed Muta-
genesis kit, following the manufacturer’s instructions (Agilent Technologies). Sequences were checked by Sanger sequencing. The
constructs of Kappa RBD only, AH69V70, p8.91 HIV-1 gag-pol expression vector and pCSFLW were reported previously (Ferreira
et al., 2021; Meng et al., 2021).

Pseudotype virus preparation and infectivity titration

Viral vectors were prepared by transfection of 293T cells using Fugene HD transfection reagent (Promega) as described previously
(Kemp et al., 2021). In brief, a 10 cm dish of 293T cells were transfected with a mixture of 11 uL of Fugene HD, 1 ug of pcDNAA19
spike, 1 pug of p8.91 HIV-1 gag-pol expression vector and 1.5 ng of pPCSFLW (expressing the firefly luciferase reporter gene with the
HIV-1 packaging signal). Viral supernatant was collected at 48 h after transfection, filtered through 0.45 um filter or clarified through
centrifugation and stored at —80°C. Infectivity was measured by luciferase detection (Bright Glo; Promega) in target cells. The raw
readings (in relative light unit (RLU)) were then normalised with the SG-PERT and plotted using GraphPad Prism 9.

PV SG-PERT

The SARS-CoV-2 spike-pseudotyped viruses containing supernatants were standardised using an SYBR Green-based product-
enhanced PCR assay (SG-PERT) as described previously (Pizzato et al., 2009). Briefly, 10-fold dilutions of virus supernatant
were lysed in a 1:1 ratio in a 2x lysis solution (made up of 40% glycerol v/v 0.25% Triton X-100 v/v 100mM KCI, RNase inhibitor
0.8 U/mL, TrisHCL 100mM, buffered to pH7.4) for 10 min at room temperature. Sample lysates (12 uL) were added to 13 uL of
SYBR Green master mix (containing 0.5 uM of MS2-RNA Fwd and Rev primers, 3.5 pmol/mL of MS2-RNA, and 0.125 U/pL of Ribo-
lock RNAse inhibitor) and cycled in a QuantStudio (Thermofisher). Relative amounts of reverse transcriptase activity were determined
as the rate of transcription of bacteriophage MS2 RNA, with absolute RT activity calculated by comparing the relative amounts of RT
to an RT standard of known activity.

Western blot

For cell lysates, transfected 293 cells were washed and lysed in cell lysis buffer (Cell Signaling). Lysates were then diluted with
4 x sample buffer (Biorad) and boiled for 10 min before subjected to western blotting. For virions, clarified supernatants were loaded
onto a thin layer of 8.4% optiprep density gradient medium (Sigma-Aldrich) and placed in a TLA55 rotor (Beckman Coulter) for ultra-
centrifugation for 2 h at 20,000 rpm. The pellet was then resuspended for western blotting. For protein detection, the following an-
tibodies were used: rabbit anti-SARS-CoV-2 S monoclonal antibody (Thermofisher), mouse anti-SARS-CoV-2 S1 (R&D systems),
rabbit anti-GAPDH polyclonal antibody (Proteintech), horseradish peroxidase (HRP)-conjugated anti-rabbit and anti-mouse IgG
polyclonal antibody (Cell Signaling). Chemiluminescence was detected using ChemiDoc Touch Imaging System (Bio-Rad). The
cleavage ratio of S1 or S2 to FL was determined by densitometry using ImagedJ (NIH).

Drug and receptor blocking assay

For drug assay, A549-ACE2-TMPRSS2 (A549-A2T2) cells or human airway organoids were either E64D (Tocris) or camostat (Sigma-
Aldrich) treated for 2 h at each drug concentration. For receptor blocking assay, 293T-ACE2ATMPRSS2 cells were treated with a
series titrations of anti-ACE2 antibody (R&D systems) for 2 h. This was then followed by the addition of a comparable amount of input
viruses pseudotyped with Delta, Kappa or chimeras (approx. 100,000 RLU). The cells were then left for 48 h before addition of sub-
strate for luciferase (Promega) and read on a Glomax plate reader (Promega). The RLU was normalised against the non-drug or non-
antibody control which was set as 100%.

Cell-cell fusion assay
Cell-cell fusion assays were described previously (Meng et al., 2022). Briefly, 293T GFP11 and Vero-GFP1-10 cells were seeded at
80% confluence in a 1:1 ratio in a 48 multiwell plate the day before.

Cells were co-transfected with 250 ng of spike expression plasmids using Fugene 6 following the manufacturer’s instructions
(Promega). Cell-cell fusion was measured using an Incucyte and determined as the proportion of green area to total phase area
over time. Data were normalised to non-transfected control. Graphs were generated using GraphPad Prism 9.

FACS for surface spike expression

293T cells were seeded in a 24 multiwell plate the day before. On the following day 500 ng of spike expressors, together with
200 ng of pEF-eGFP expressor for transfection control, were transfected using Fugene 6 following the manufacturer’s instruc-
tions (Promega). A day later, the cells were collected and washed for surface staining using 1 pL of rabbit anti-SARS-CoV-2 S
polyclonal antibody (Thermofisher) per condition followed by secondary staining using goat anti-rabbit IgG Alexa 647 (Thermo-
fisher) before analysing on LSR-II Pacman flow cytometer. A well of pEF-eGFP only transfected cells were served as a negative
control.
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Neutralisation assay
This was performed as previously described (Collier et al., 2021a, 2021b).
QUANTIFICATION AND STATISTICAL ANALYSIS
Experiments were done at least two times with two to four technical replicates. Relative luciferase units were measured with a Glo-
max luminometer. Data were analyzed using GraphPad PRISM software (version 9.4.0). Statistical tests are described in the figure

legends along n, mean, and standard deviation/error, where appropriate. Significant differences are annotated as *p < 0.05;
**p < 0.01; **p < 0.001; ***p < 0.0001.
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