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ABSTRACT The continuous emergence of new variants of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) urges better understanding of the functional motifs in
the spike (S) protein and their tolerance to mutations. Here, we focused on the S29 motif,
which, during virus entry, requires cleavage by a host cell protease to release the fusion
peptide. Though belonging to an immunogenic region, the SARS-CoV-2 S29 motif (811-
KPSKR-815) has shown hardly any variation, with its three basic (K/R) residues being
.99.99% conserved thus far. By creating a series of mutant pseudoviruses bearing the
spikes of Wuhan-Hu-1, its G614 mutant or the Delta and Omicron variants, we show that
residue K814 (preceding the scissile R815) is dispensable for TMPRSS2 yet favored by the
alternative TMPRSS13 protease. Activation by TMPRSS13 was drastically reduced when
the SARS-CoV-2 S29 motif was swapped with that of the low pathogenic 229E coronavirus
(685-RVAGR-689), and also, the reverse effect was seen. This swap had no impact on rec-
ognition by TMPRSS2. In the Middle East respiratory syndrome coronavirus (MERS-CoV)
spike, introducing a dibasic scissile motif was easily accepted by TMPRSS13 but less so by
TMPRSS2, confirming that TMPRSS13 favors a sequence rich in K/R residues. Pseudovirus
entry experiments in Calu-3 cells confirmed that the S29 mutations have minor impact on
TMPRSS2. Our findings are the first to demonstrate which S29 residues are important for
SARS-CoV-2 spike activation by these two airway proteases, with TMPRSS2 being more
tolerant to variation than TMPRSS13. This preemptive insight will help to estimate the
impact of S29 motif changes as they appear in new SARS-CoV-2 variants.

IMPORTANCE Since its introduction in humans, SARS-CoV-2 is evolving with frequent
appearance of new variants. The surveillance would benefit from proactive character-
ization of the functional motifs in the spike (S) protein, the most variable viral factor.
This is linked to immune evasion but also influences spike functioning. Remarkably,
though located in a strongly immunogenic region, the S29 cleavage motif has, thus far,
remained highly conserved. This suggests that its sequence is critical for spike activation
by airway proteases. To investigate this, we assessed how pseudovirus entry is affected
by changes in the S29 motif. We demonstrate that TMPRSS2 readily accepts variations in
this motif, whereas the alternative TMPRSS13 protease is more fastidious. The Wuhan-Hu-1,
G614, Delta and Omicron spikes showed no difference in this regard. Being the first in
its kind, our study will help to assess the impact of S29 variations as soon as they are
detected during variant surveillance.
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Since its emergence in December 2019, SARS-CoV-2 is undergoing worldwide selection,
with frequent appearance of new variants. The variability in the viral spike (S) antigen

is linked to immune evasion but also affects the functioning of S in virus entry, replication,
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and transmission. Substitution D614G, which arose in March 2020 and soon became domi-
nant, increases S protein stability (1, 2) and adoption of the open spike conformation, promot-
ing virus transmission (3, 4). Mutation P681R is present in the Delta and Kappa variants and
located adjacent to the S1/S2 furin recognition motif (RRAR) (Fig. 1A). This mutation enhances
cleavage of full-length S to the S1/S2 subunit form (5), the primed state that provokes cell-cell
fusion (6). Accordingly, P681R-mutant viruses like the Delta variant exhibit higher fusoge-
nicity, more efficient replication in cell culture (7), and higher pathogenicity in hamsters
(5). Conversely, the Omicron variant has a less fusogenic S protein and markedly lower vir-
ulence (8). Despite three mutations near the S1/S2 site (Fig. 1A), the spikes of Omicron virions
are mostly unprimed (9). Hence, the virulence and transmissibility of SARS-CoV-2 are linked to
delicately tuned cleavage characteristics of its spike protein.

Whereas S1/S2 priming is not required to allow virus entry, cleavage of the S29 site
(Fig. 1A) is essential, since it releases the fusion peptide (FP). In case of SARS-CoV-2 and MERS-
CoV, S29 cleavage occurs at or near the cell surface (10) when the virion is abundant in S1/S2
primed spikes. S29 cleavage of the SARS-CoV-2 spike is also promoted by engagement of the
ACE2 receptor (11). When priming is inefficient (e.g., in Omicron), the virus favors the alterna-
tive endosomal route in which the spike is activated by cathepsin B/L (9, 12). Regarding the
cell surface route, the key role of the TMPRSS2 protease in SARS-CoV-2 infection was estab-
lished in vitro (13) and in vivo. In a SARS-CoV-2 mouse model, TMPRSS2 knockout led to a sig-
nificant reduction in lung pathology and virus titers (14). Still, the observation that replication
was not abrogated implies that S can be activated by alternative airway proteases. One candi-
date, TMPRSS13, activates SARS-CoV-2 S quite effectively (2, 15, 16). In human airway-derived
Calu-3 cells, TMPRSS2 knockdown reduced virus replication dramatically (2, 17), yet TMPRSS13

FIG 1 The S29 motif of SARS-CoV-2 is rich in basic residues and, so far, highly conserved. (A) The S29 motif is identical in the Wuhan-
Hu-1 strain and G614, Delta, and Omicron variants of SARS-CoV-2 and conserved in SARS-CoV-1. Its KR motif is not present in MERS-S
and 229E-S, while the scissile R (underlined) is shared by all spikes. Boldface indicates basic (R or K) residues. FP, fusion peptide. The alignment
further shows the sequence differences in the S1/S2 and D614 regions (note that amino acid differences outside these regions are not covered).
The frame at the bottom shows the P5-P1 and P19-P29 designation of the S29 cleavage motif. (B) To determine the conservation rate of the P5
to P29 residues, a variation analysis was performed on 10,480,461 SARS-2-S sequences submitted to the GISAID database between 10 January
2020 and 29 April 2022. The y axis (different scales in the various panels) shows the number of sequences carrying the specified amino acid,
with the consensus residue marked in bold on the x axis.

SARS-CoV-2 Spike Activation by TMPRSS2 and TMPRSS13 mBio

July/August 2022 Volume 13 Issue 4 10.1128/mbio.01376-22 2

https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.01376-22


knockdown also had a significant effect (2). For TMPRSS2, but not TMPRSS13, the importance
was confirmed in human airway organoids (18). Hence, the role of TMPRSS13 in SARS-CoV-2
infection remains unclear.

Knowing which residues in the S1/S2 and S29 cleavage motifs are essential can help
to assess the impact of new variations as they emerge. Whereas the above-cited stud-
ies looked at S1/S2 site variations, we focused here on the S29 motif. Intrigued by the
observation that a dibasic scissile motif is present in SARS-CoV-2 but lacking in all four
low-pathogenicity human coronaviruses, we created a series of S-pseudotyped viruses
bearing mutations at P2-P5 (i.e., residues preceding the scissile R) (Fig. 1A). The efficiency of
TMPRSS2 and TMPRSS13 to activate these S29 mutants was assessed in transfected HEK293T
cells and Calu-3 cells, a cell line with endogenous expression of TMPRSS2 and TMPRSS13.
We verified that the S29 mutations had no impact on expression and priming of the spike in
pseudoparticles. Based on our findings, we conclude that TMPRSS2 readily accepts variations
at the S29 motif, whereas TMPRSS13 is more fastidious, with a preference for K/R-rich motifs
such as those present in SARS-CoV-2 but missing in less pathogenic coronaviruses.

The S29 site of SARS-CoV-2 shows low variability and K/R abundance.Within the
SARS-CoV-2 S29 motif (811-KPSKR-815), the scissile R815 residue is flanked by a second basic
(K814) residue (Fig. 1A). The motif lies in a strong B-cell epitope that elicits antibodies with
various virus-neutralizing capacity (19, 20), and for which the titers seem correlated with
COVID-19 disease severity (21). Longitudinal analysis of sera from vaccinated and infected
individuals identified several potential sites for antibody escape mutations in the FP epitope
region (22), including residues K811, K814, and R815 in the S29 motif. Still, in terms of virus evo-
lution, the S29 motif has so far shown strikingly low diversity (23). When we analyzed the
;10.5 million spike sequences in the GISAID database (Fig. 1B), all three basic residues in
the S29 motif (K811, K814, and R815) proved highly dominant, being present in.99.99% of the
sequences. This is less surprising for R815 (in only a few cases substituted by K), since it is the
probable scissile residue (11, 24). P812 and S813 are somewhat more tolerant to variation, con-
sistent with the presence of T813 in the SARS-CoV-1 spike (Fig. 1A) (25).

Mutations at the S29motif do not affect spike expression or S1/S2 cleavage. The high
conservation of the SARS-CoV-2 KxxKR motif suggests that its sequence is essential for spike
activation. Strikingly, a dibasic scissile motif is missing in all four endemic, less pathogenic
human coronaviruses (HCoVs), including HCoV-229E (25), while MERS-CoV bears an xRxxR
motif that can be processed by furin (26) (Fig. 1A). Hence, we designed a series of S29-mutated
S proteins (abbreviated SARS-2-S, MERS-S, and 229E-S) in which we swapped the motifs from
SARS-2-S and 229E-S or introduced or removed a Lys (K) at P2 or an Arg (R) at P4 (since MERS-
S contains a basic residue at P4 but not P5). For SARS-2-S, the mutations were introduced into
the spikes of Wuhan-Hu-1, its G614 mutant, the Delta variant, and the Omicron BA.1 variant.

Two separate batches of S-bearing MLV-pseudoparticles were produced in HEK293T cells,
pelleted, and analyzed for spike levels and cleavage by western blotting (Fig. 2A). Overall,
the S29-mutant pseudovirions were found to carry levels of total S protein (Fig. 2B, circles)
and cleaved S (Fig. 2B, bars) comparable to those of their respective wild-type (WT) viruses.
Even Mut3, which carries a change of 4 of 5 residues (RVAGR), showed spike expression and
S1/S2 cleavage similar to those of the WT. For the four variants of SARS-2-S, band intensity
tended to be slightly lower for Mut2 (KRSKR). The total S levels were comparable for the S29-
WT pseudovirions of Wuhan-Hu-1, G614, and Delta but 4-fold lower in the Omicron variant,
which equals the reduction seen in another study (9). Uncleaved S0 accounted for ;8% of
the total S protein level in Wuhan-Hu-1 and G614 and was not detected in Delta and
Omicron particles (Fig. 2B, bars). The superior S1/S2 priming of the Delta spike is well docu-
mented (5, 7). Also, the S29 mutants of MERS-S showed S1/S2 priming equally efficient
(;80%) to that of the WT. For 229E-S, the WT and mutants contained similar levels of several
cleavage products. In short, the level and priming state of pseudovirion spikes proved unaf-
fected by the S29 site changes that we studied.

Introducing the 229E-S29 motif in SARS-2-S causes severe impairment for TMPRSS13
but not for TMPRSS2.We next conducted a virus entry assay to monitor S29 activation
by TMPRSS2 and TMPRSS13. Pseudoviruses carrying WT or mutant S29 spikes were transduced
into HEK293T cells which had been transfected 1 day earlier with TMPRSS2, TMPRSS13, or
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FIG 2 Impact of S29 site changes on TMPRSS2- or TMPRSS13-mediated activation of pseudovirus entry. (A) Experimental setup. (B) Spike protein levels and
cleavage state in S-pseudotyped virions. The particles were produced in HEK293T cells, pelleted, and subjected to western blot analysis with anti-V5
antibody recognizing the S0 and S2 forms (top) and anti-MLV gag antibody (bottom). Open arrowheads, full-length (S0) spike; hatched arrowheads, cleaved
forms resulting from S1/S2 processing (SARS-2-S and MERS-S) or less specific cleavage (229E-S). The graphs below the images show the quantitative data
based on band intensities, obtained for two batches of pseudoparticles. Circles, sum of all S bands (normalized to the band of MLV-gag), expressed relative
to Wuhan-Hu-1 WT for SARS-2-S and the respective WT for MERS-S and 229E-S; bars, percent cleaved spike, calculated as 100 2 [S0]/[sum of all S bands].

(Continued on next page)
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empty (control) plasmid, plus the cognate virus receptor (Fig. 2A). Transduction was per-
formed in the presence of E64d to shut off the endosomal route in which S is activated by
cathepsin B/L instead of cell surface proteases (27).

TMPRSS2 and TMPRSS13 proved efficient activators of the four SARS-2-S variants,
giving an increase in S-driven pseudovirus entry (compared to cells transfected with empty
plasmid) between 9-fold (TMPRSS13 for Delta-WT) and 378-fold (TMPRSS2 for Wuhan-Hu-1-
WT) (Fig. 2C). As expected (2, 13, 28), TMPRSS2 effectively activated the three CoV species, the
fold increase being 378, 244, and 23 for the WT forms of SARS-2-S Wuhan-Hu-1, MERS-S, and
229E-S, respectively. The lower value for 229E-S is explained by lower levels of functional S in
these pseudovirions, due to unspecific cleavage (see above). Importantly, 229E-S was not acti-
vated by TMPRSS13, in sharp contrast with efficient usage of this protease by SARS-2-S and
MERS-S.

For SARS-2-S, TMPRSS2 activation was not or only slightly affected when the basic
charge at P2 (K to A; Mut1) was removed or the S29 motif was swapped with that of 229E-
S (Mut3). The effect of these mutations was also variable: compared to the respective WT,
Mut3 of Wuhan-Hu-1 showed a minor reduction (2-fold; P = 0.023), while the Delta-Mut3
and Omicron-Mut1 pseudoviruses showed a slight increase in TMPRSS2 activation (2-fold
[P = 0.022] and 5-fold [P = 0.037], respectively). In stark contrast, Mut1 and particularly
Mut3 had consistently negative impact on TMPRSS13-driven entry. For the Wuhan-Hu-1
spike, the reduction versus WT was 27-fold (Mut1) and 155-fold (Mut3) (P , 0.001 in both
cases). The impairment by Mut3 was less dramatic but still significant for the G614, Delta,
and Omicron variants (fold reduction versus their WT: 22 [P = 0.011]; 5 [P = 0.0080] and 8
[P = 0.014], respectively). Hence, introducing the 229E-S29 motif into SARS-2-S impaired
the capacity of TMPRSS13 to activate this spike. Inversely, 229E-S gained the ability to use
TMPRSS13 for entry activation when bearing the SARS-2-S29 motif (Mut1; 7-fold; P = 0.044)
or its K at P2 (Mut2; 5-fold; P = 0.0076).

All four SARS-2-S Mut2 (KRSKR) spikes showed significantly lower activation by TMPRSS2
and TMPRSS13. Since this mutated S29 motif contains a polybasic furin recognition motif
(KRxKR), Mut2 may possibly be more subject to extracellular furin (2), making it less depend-
ent on TMPRSS2 or TMPRSS13. This agrees with a report showing enhanced furin cleavage
for KRRKR-mutant SARS-2-S protein (29). Our assumption is supported by the observation
that MERS-S became 3-fold less TMPRSS2 dependent when its minimal furin recognition
motif (RxxR in WT) (26) was rendered more basic (RxKR in Mut1). Still, the picture may be
quite complex, since the inverse change, i.e., removing the P4-Arg residue that is required
for furin recognition (SASAR; Mut2), did not lead to higher activation of MERS-S by TMPRSS2
or TMPRSS13.

Finally, we assessed the entry of SARS-2-S Mut3 pseudovirions in cells transfected
with a combination of the TMPRSS2 and TMPRSS13 plasmids (Fig. 2D). Since the Mut3
viruses now showed entry comparable to that of their WT (P . 0.2 for the three variant
pairs tested), TMPRSS2 proved able to successfully compensate for their severe impair-
ment for TMPRSS13.

In short, substituting the P2-basic residue or the P2-P5 motif of SARS-2-S had a minor
influence on pseudovirus activation by TMPRSS2 but a significant impact on that by
TMPRSS13, a protease that disfavors the 229E-S29 motif. The impairment of these
S29 mutants for TMPRSS13 is not visible in cells that coexpress the more efficient
and less discriminating protease TMPRSS2.

The expressed TMPRSS2 and TMPRSS13 proteases show a similar pattern of auto-
cleavage and subcellular localization. Considering that low expression of TMPRSS13 might
be the reason for poor activation of some pseudoviruses, we verified the protease expression

FIG 2 Legend (Continued)
(C) Entry of WT and mutant S29 S-pseudotyped viruses into HEK293T cells transfected with TMPRSS2 or TMPRSS13. The bars show the factor activation, i.e.,
luminescence signal relative to the condition receiving empty instead of protease plasmid. Pooled data from four experiments, each performed in five or
six replicates, are shown. *, P # 0.05; **, P # 0.01; ***, P # 0.001 (nested t test, two tailed). ns, not significant. (D) Entry activation in TMPRSS2/TMPRSS13-
cotransfected HEK293T cells, for the S29-WT and -Mut3 forms of G614, Delta, and Omicron SARS-2-S pseudoviruses. ns, not significant (P . 0.05) (E).
Expression of TMPRSS2 and TMPRSS13 following transfection in HEK293T cells. The two Flag-tagged proteases were produced at similar protein levels, as
assessed by dot blot assay with anti-Flag antibody.
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level under our assay conditions. When transfected into HEK293T cells in equal DNA amounts,
the TMPRSS2 and TMPRSS13 plasmids generated comparable levels of Flag-tagged protein, as
evident from dot blot analysis with anti-Flag antibody (Fig. 2E). In addition, we did western
blotting with antibodies specific for the extracellular serine protease region of TMPRSS2 and
intracellular region of TMPRSS13 (Fig. S1A). In the case of TMPRSS2, the polyclonal antibody
detected two specific bands besides a few aspecific products. The band of ;55 kDa repre-
sents full-length TMPRSS2 (30), while that of ;32 kDa represents the serine protease domain
resulting from autocleavage. For TMPRSS13, we observed two dominant bands: full-length
TMPRSS13 having, in glycosylated form, a molecular weight (MW) of ;70 kDa and the pre-
sumed intracellular fragment of;26 kDa that results from autocleavage (31).

Next, to examine the subcellular localization of the expressed proteases, we performed im-
munostaining of the transfected cells followed by confocal microscopy. While the TMPRSS2-
and TMPRSS13-specific antibodies yielded a negative result, anti-Flag detection under cell-
permeabilized conditions resulted in clear and specific staining (Fig. S1B). TMPRSS2 and
TMPRSS13 showed a strikingly similar staining pattern, with weak staining of the plasma
membrane and apparently high abundance in the endoplasmic reticulum (ER) and secre-
tory pathway. The same picture was seen by another group, who confirmed the ER local-
ization of expressed TMPRSS13 by costaining with an anti-ER antibody (31). We observed
no plasma membrane staining under nonpermeabilized conditions, in full accordance with
another study using a C-terminus (in this case V5 tag)-directed antibody (32). The authors
observed that the cell surface localization was promoted by cotransfecting an inhibitory pro-
tein that suppresses autocleavage of TMPRSS13.

To conclude, our pseudovirus entry experiments were conducted under conditions
where both proteases were efficiently produced in their active form. The expressed
TMPRSS2 and TMPRSS13 proteins showed intriguing resemblance in terms of subcellu-
lar localization.

The S29mutations only slightly affect virus entry in Calu-3 cells, in which SARS-
2-S is activated by TMPRSS2. Since the above results were obtained under conditions
of protease overexpression, we also determined the entry efficiency of the S29-mutant
SARS-2-S pseudoviruses in Calu-3 cells, which endogenously express TMPRSS2 and
TMPRSS13 as well as the ACE2 receptor for virus attachment (2). Also, these experi-
ments were conducted in the presence of the cathepsin inhibitor E64d.

Regarding the S29-WT forms, Delta pseudovirus entered Calu-3 cells 7-fold more
efficiently than its Wuhan-Hu-1 counterpart (Fig. 3A), while Omicron showed a dra-
matic reduction of 43-fold. These findings concur with other reports (9, 33). The G614
variant exhibited 5-fold-lower Calu-3 cell entry than its D614 (i.e., Wuhan-Hu-1) parent.
This can be explained by the S-protein-stabilizing effect of mutation D614G, leading to
higher reliance on the cathepsin route (2), which we inhibited by conducting the assay
in the presence of E64d.

For most S29 mutants (Fig. 3B), the differences with their WT were small, even though they
were statistically significant due to very low variability in the Calu-3 entry assay. The profile
was similar for the Wuhan-Hu-1 and Delta pseudovirions, with Mut2 giving the strongest
reduction, Mut1 being slightly reduced and Mut3 being barely affected. The mutants’ profile
was different for the two variants exhibiting reduced Calu-3 cell entry and higher use of the
cathepsin route. Consequently, the correlation between the Calu-3 cell results and those
obtained in transfected HEK293T cells was clearest for Wuhan-Hu-1 and Delta, the two
SARS-2-S variants that are very effective at using the TMPRSS2 route. The furin-promoting
S29 motif in Mut2 reduced the use of TMPRSS2 in both cell lines, but the effect was less pro-
nounced in Calu-3 cells, which express rather low levels of furin (M. Laporte, unpublished
data). Entry of the Mut3 forms of Wuhan-Hu-1 and Delta was only slightly affected in Calu-3
and TMPRSS2-transfected HEK293T cells, in stark contrast to the severe impairment of Mut3
in TMPRSS13-transfected HEK293T cells. This validates that TMPRSS2 is the main activator of
SARS-2-S in Calu-3 cells.

Along the same line, siRNA-mediated knockdown of TMPRSS2 in Calu-3 cells caused a
significant reduction of 81%, in the entry efficiency of SARS-2-S pseudovirus (Wuhan-Hu-1
S29-WT) (Fig. 3C). Knocking down TMPRSS13 had no effect. Since the knockdown conditions
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were optimized for Calu-3 cells (34) and validated for these two proteases (2), we conclude
that TMPRSS2 overrules TMPRSS13 in activating the spike in these cells.

Broader relevance of our findings. This study anticipates the potential impact of S29
site changes as they may appear in new SARS-CoV-2 variants. Since the S29 motif lies in a
strong B-cell epitope (19–21), the virus might acquire mutations in this region to escape the
antibody response (22, 23). The fact that such variations are, thus far, rarely detected sug-
gests that the sequence of this K/R-rich motif is crucial for SARS-2-S activation by cell surface
proteases. Our study is the first to address this topic. First of all, we show that TMPRSS2 read-
ily accepts changes in the sequence preceding the scissile Arg (R815), in line with its ability to
activate different coronavirus spikes but also the fusion proteins of influenza A and B virus,
parainfluenza virus, and metapneumovirus (35), which all have different P2-P5 sequences.
The diversity of TMPRSS2 in terms of P2-P4 recognition was also visible in a broad analysis
of its substrate specificity (36). Reciprocally, we found that TMPRSS13 is more restricted,
showing preference for a dibasic scissile motif and aversion of the HCoV-229E P2-P5
sequence. The basic P2 residue (K814) differentiates SARS-2-S from 229E-S and the spikes of
all other low pathogenic HCoVs, which otherwise share a basic P5 residue. For each of the
four SARS-2-S variants that we studied (including the omicron variant, which is peculiar in
strongly relying on cathepsin-mediated endosomal entry [9, 12]), introducing the 229E-S29
motif caused severe impairment of TMPRSS13 cleavability. Since the reverse effect was also
seen, we propose that recognition by TMPRSS13 might be one of the factors regulating co-
ronavirus virulence. In fact, the preference of TMPRSS13 for K/R-rich cleavage motifs concurs
with its activity on multibasic hemagglutinins of highly pathogenic avian influenza viruses
(37). Combined with the presence of TMPRSS13 in human lung tissue (38), this raises the hy-
pothesis that loss of TMPRSS13 cleavability, by mutation of K814 or other unfavorable
changes at P2-P5, might reduce the capacity of SARS-CoV-2 to replicate in the lungs.

The key role of TMPRSS2 in SARS-CoV-2 infection has been established by knockdown
studies in a mouse model (14), human airway organoids (18), and the Calu-3 cell model (2,
17). Multicycle replication of SARS-CoV-2 in Calu-3 cells was reduced by about 90% and

FIG 3 Impact of the S29 motif changes on SARS-2-S pseudovirus entry in Calu-3 cells, in which TMPRSS2 is the
activating protease. (A) Entry efficiency of the four S29-WT viruses, expressed relative to Wuhan-Hu-1 pseudovirus. (B)
Entry of the S29-mutants, expressed relative to the corresponding WT. (A and B) Pooled data from three experiments,
each performed in 6 replicates. (C) Knocking down TMPRSS2 in Calu-3 cells caused a significant reduction in the entry
efficiency of Wuhan-Hu-1 pseudovirus (S29-WT), while knockdown of TMPRSS13 had no effect. Mean results of two
experiments, each performed in three to four replicates, are shown. **, P # 0.01; ***, P # 0.001; ****, P # 0.0001
(nested t test, two-tailed). ns, not significant.
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40% after knockdown of TMPRSS2 and TMPRSS13, respectively (2). The pseudovirus entry
data in this report confirm that TMPRSS2 surpasses TMPRSS13 as an activator of SARS-2-S.
This was evident in Calu-3 cells but even more so in HEK293T cells that we cotransfected
for both proteases. To fully assess the relevance of TMPRSS13, a cell type would be needed
that expresses TMPRSS13 but not TMPRSS2, besides the ACE2 receptor. To address this,
we performed an analysis of open access single-cell RNA sequencing data (Fig. S2 to S4)
(39–44). TMPRSS13 transcripts were found to be prominent in club cells and secretory cells
of human bronchus tissue and in alveolar type 1 and type 2 cells of human lung tissue
(Fig. S2). Coexpression of TMPRSS13 and ACE2 was visible in nasal goblet and ciliated cells,
bronchial club cells, and ileum enterocytes from healthy donors (Fig. S3), as well as in gob-
let, club and secretory cells from airway samples of COVID-19 patients (Fig. S4). In other tis-
sue samples (from healthy donors), coexpression was apparent only for TMPRSS2 and
ACE2, i.e., in lung alveolar cells, in enterocytes and progenitor cells from colon and rectum,
and in kidney proximal tubule cells. In pancreas and liver cells, neither TMPRSS13 nor
TMPRSS2 was coexpressed with ACE2. Although this analysis may contradict an important
role for TMPRSS13 in SARS-CoV-2 infection, a subtle effect in specific cell types (potentially
bearing a virus receptor other than ACE2) remains possible and is worth further investiga-
tion. For instance, to complement our pseudovirus experiments, a cell-cell fusion assay
could help to unravel the interplay between the spike (in the S1/S2-primed or unprimed
state), its receptor, and S29-activating protease and assess whether TMPRSS2 and
TMPRSS13 may differ in this regard. In this context, we refer to the link between spike fuso-
genicity and SARS-CoV-2 virulence, observed in animal studies with the Delta and
Omicron variants (5, 7, 8). Second, we are puzzled by the observation that the TMPRSS2
and TMPRSS13 proteins expressed in HEK293T cells gave relatively weak staining of the
plasma membrane but appeared to localize mainly in the ER and secretory pathway (as al-
ready seen by others [31, 45]). Since both undergo (auto)cleavage and shedding of the
extracellular protease domain, it remains to be determined in which form these proteases
conduct S29 cleavage during virus entry.

To conclude, though limited to a few mutations, our study shows that TMPRSS2 easily
accepts variations in the SARS-2-S29 motif, whereas the alternative TMPRSS13 protease
strongly favors a K/R-rich motif. This knowledge will help to estimate the impact of S29 site
changes as soon as they are observed during variant surveillance.

Experimental procedures. (i) Plasmid material. The SARS-2-S sequences were
cloned in the pCAGGS vector, starting from codon-optimized cDNAs for the spike of
Wuhan-Hu-1 (reference sequence YP_009724390.1), an Omicron BA.1 strain (GenBank no.
UFO69279.1; B.1.1.529) (both donated by K. Dallmeier, Leuven, Belgium), or a Delta strain
(GISAID number: EPI_ISL_12180364) (pLV-SpikeV8 from InvivoGen). The plasmids encoding
MERS-S (reference sequence YP_009047204.1) and 229E-S (reference sequence NP_073551.1)
were a kind gift from S. Pöhlmann (Göttingen, Germany). All spike sequences contained the
authentic ER retention signal (which was introduced if missing in the original cDNA) and a V5
tag added at the C terminus. Cloning and introduction of mutations (i.e., D614G and S29 site
changes) were performed with overlapping primers and NEBuilder HiFi DNA Assembly.

The expression plasmids for human angiotensin-converting enzyme 2 (ACE2; recep-
tor for SARS-2-S); dipeptidyl peptidase-4 (DPP4; for MERS-S); and aminopeptidase N
(APN; for 229E-S), were donated by S. Pöhlmann. The pcDNA3.11/C-(K)DYK-based plas-
mids encoding human TMPRSS2 and TMPRSS13 with a C-terminal Flag tag were pur-
chased from GenScript (34).

(ii) Pseudovirus entry assay in HEK293T and Calu-3 cells. Detailed methods can
be found elsewhere (2). Briefly, to produce S-pseudotyped murine leukemia virus (MLV) par-
ticles, the S-plasmids were combined with MLV gag-pol and firefly luciferase reporter plas-
mids (a gift from S. Pöhlmann) and forward transfected into HEK293T cells (Thermo
Scientific no. HCL4517), using Lipofectamine 2000 reagent (Invitrogen) and a 6-well format.
After 3 days incubation at 33°C (SARS-2-S and 229E-S) or 37°C (MERS-S), the pseudovirus-
containing supernatants were clarified by centrifugation and stored in aliquots at280°C.

Activation of pseudovirus entry by TMPRSS2 and TMPRSS13 was evaluated in white
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collagen-coated half-area 96-well plates, using medium with 10% fetal calf serum (FCS)
during all cell incubations. On day 21, Fugene 6 reagent (Promega; 0.1 mL per well) was
used for reverse transfection of HEK293T cells (15,000 cells per well) with TMPRSS2,
TMPRSS13, or empty plasmid combined with ACE2, DPP4, or APN plasmid (5 ng of each
DNA per well; reduced to 2.5 ng of TMPRSS2 plasmid and TMPRSS13 plasmid in the
cotransfection experiment). After overnight incubation at 37°C, the cells were first prein-
cubated for 2 h with 50 mM E64d. Next, the WT and mutant S29 pseudoviruses were
added and allowed to enter for 2 h. After replacement of the medium, the plates were
incubated for 3 days at 33°C. Finally, luciferase signal was measured using a luciferase
assay system kit and a GloMax Navigator luminometer (both from Promega). The assays
were conducted four times with each condition tested in five or six replicate wells.

To assess pseudovirus entry into Calu-3 cells (ATCC HTB-55), the cells were seeded in half-
area 96-well plates at 30,000 cells per well. One day later, they were exposed to 40 mM E64d
for 20 min at 37°C. After pseudovirus addition, entry was promoted by 45 min spinoculation
at 453 � g and 37°C, after which the plates were incubated for 2 h at 37°C. Throughout virus
entry, the medium contained low protein content (0.2% FCS and 0.03% bovine serum albumin
[BSA]) to keep the cell surface proteases fully active. Next, the inoculum was replaced by me-
dium with 10% FCS and the plates were incubated for 3 days at 33°C. Luminescence was
recorded as above. The Calu-3 assays were conducted three times with each condition tested
in six replicate wells.

For the knockdown study in Calu-3 cells (see reference 34 for all details), cell sus-
pensions were placed in white 96-well plates at 35,000 cells per well and then reverse
transfected with 10 nM small interfering RNA (siRNA) for TMPRSS2 or TMPRSS13 or a
scrambled control (On-TARGETplus siRNA SMARTpools from Dharmacon), using 0.5 mL
per well of Lipofectamine RNAiMAX (Thermo Fisher Scientific). One day later, the trans-
fection medium containing 10% FCS was replaced by medium with 0.2% FCS. At day 2
posttransfection, the above-described procedure was used for pseudovirus transduc-
tion, followed by luminescence recording after 3 days incubation. The knockdown
experiment was conducted twice in three or four replicate wells.

(iii) Western blot and dot blot analyses. To collect the pseudovirions, the superna-
tant stocks were added on top of a 20% sucrose cushion and centrifuged (2 h at 21,000 �
g and 4°C). After the pellet was lysed in radioimmunoprecipitation assay (RIPA) buffer, the
lysates were mixed with reducing loading dye, boiled, and then resolved on Bio-Rad XT
precast 4 to 12% bis-Tris gels using XT-MOPS (morpholinepropanesulfonic acid) running
buffer. After blotting, the membranes were stained with anti-V5 (Invitrogen R960-25;
1:1,000) and anti-MLV gag p30 (Abcam ab130757; 1:1,000) antibodies combined with
horseradish peroxidase (HRP)-linked secondary antibody (Dako P0447; 1:4,000). The bands
were detected with SuperSignal West Femto substrate (Thermo Scientific), imaged on a
Bio-Rad ChemiDoc MP imaging apparatus, and quantified with Image Lab software. Spike
band intensities were expressed relative to the band of MLV gag.

To analyze protease expression, HEK293T cells were transfected for TMPRSS2 and
TMPRSS13 (using the same conditions as in the pseudovirus assay) and, 48 h later, sub-
jected to RIPA extraction. After denaturing PAGE as described above, the blots were stained
with antibodies against TMPRSS2 (Life Technologies PA5-14265; 1:500), TMPRSS13 (Abcam
Ab59862; 1:1,000), and clathrin (BD Biosciences 610499; 1:1,000), combined with HRP-linked
secondary antibodies (Dako P0399 [1:4,000] and P0447 [1:8,000]). The bands were detected
and imaged as above. For the dot blot analysis, 2 mL of each HEK293T extract was spotted
on nitrocellulose membranes in undiluted or 1=2- and 1/4-diluted forms. Detection with
anti-Flag tag (Abcam Ab205606; 1:500), anticlathrin, and secondary antibodies was carried
out as described above.

(iv) Confocal microscopy. To circumvent cell loss during multiple wash steps, these
experiments were done with 293AD cells (Cell Biolabs AD-100), a HEK293-derived cell
line selected for superior plate attachment. The cells were transfected with TMPRSS2 or
TMPRSS13 as described above and seeded at 45,000 cells per well in 8-well plastic cham-
ber slides (Ibidi). Two days later, the cells were fixed with 4% formaldehyde and
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permeabilized with 0.1% Triton X-100, with phosphate-buffered saline (PBS) washes
between. Next, the cells were stained with anti-Flag tag antibody (Abcam Ab205606;
1:280) and Alexa Fluor 488-labeled goat anti-rabbit antibody (Thermo Fisher Scientific A-
11008; 1:500). The antibody diluent, 3% BSA in PBS, was also used in the wash steps.
Last, the cell nuclei were stained with Hoechst-33342 (Invitrogen). Microscopy was performed
on a TCS SP5 confocal microscope (Leica Microsystems). All images were captured with an
HCX PL APO 63 (numerical aperture [NA], 1.2) water immersion objective.

(v) Analysis of SARS-CoV-2 spike variance. A total of 10,480,461 spike sequences
were downloaded from the GISAID database (46) on 9 May 2022 and converted into a
Basic Local Alignment Search Tool (BLAST) database with CLC Main Workbench (Qiagen).
Each possible variant sequence carrying a single substitution at amino acids 811 to 817 was
then used as a BLAST query.

(vi) Statistical analysis. The values for averages and standard deviations were calcu-
lated from pooled luminescence readouts from three or four experiments. The statistical signif-
icance of differences between two data sets was analyzed by two-tailed nested t test,
using GraphPad Prism v.9.3.1 software.
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