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A B S T R A C T

Priming of the viral glycoprotein (GP) by the cellular proteases cathepsin B and L (CatB, CatL) is believed to be
essential for cell entry of filoviruses. However, pseudotyping systems that predominantly produce non-fila-
mentous particles have frequently been used to prove this concept. Here, we report that GP-mediated entry of
retroviral-, rhabdoviral and filoviral particles depends on CatB/CatL activity and that this effect is cell line-
independent. Moreover, we show that the human cell line Calu-3, which expresses low amounts of CatL, is
largely resistant to entry driven by diverse filovirus GPs. Finally, we demonstrate that Calu-3 cell entry mediated
by certain filovirus GPs can be rescued upon directed expression of CatL or DC-SIGN. Our results identify Calu-
3 cells as largely resistant to filovirus GP-driven entry and demonstrate that entry is limited at the stage of virion
attachment and GP priming.

1. Introduction

The family Filoviridae comprises three genera, Ebolavirus,
Marburgvirus and Cuevavirus. To date, there are five species of ebola-
viruses according to the ICTV (International Committee on Taxonomy
of Viruses), Zaire ebolavirus (only member: Ebola virus [EBOV]) Sudan
ebolavirus (only member: Sudan virus [SUDV]), Bundibugyo ebolavirus
(only member: Bundibugyo virus [BDBV]), Taï Forest ebolavirus (only
member: Taï Forest virus [TAFV]), Reston ebolavirus (only member:
Reston virus, [RESTV]), one species of marburgvirus, Marburg mar-
burgvirus (two members: Marburg virus [MARV] and Ravn virus
[RAVV]) and one species of cuevavirus, Lloviu cuevavirus (only member:
Lloviu virus [LLOV]) (Kuhn, 2017). There is compelling evidence that
all members of the three genera circulate in bats, which are believed to
serve as their natural reservoir, and that zoonotic transmissions of most
of these viruses to humans can induce severe disease (Mandl et al.,
2018; Olival and Hayman, 2014). Multiple filovirus outbreaks in Africa
were recorded during the last 52 years and usually entailed less than
500 cases (Centers for Disease Control and Prevention, 2018). In con-
trast, an outbreak of Ebola virus disease (EVD) in West Africa in 2013
resulted in an EVD epidemic with more than 10.000 deaths and

secondary transmission events in Europe and the US (Lo et al., 2017).
Further, a recent outbreak of EVD has started in the Democratic Re-
public of Congo, causing 543 confirmed cases and 309 deaths (WHO,
2018), and is still ongoing (as of January 2019). These examples show
that filovirus infection constitutes a serious health threat that is not
limited to African countries in which most filoviruses are endemic.
Despite promising results of clinical trials, neither vaccines nor antiviral
agents approved by regulatory agencies are currently available to
combat filovirus infection. Therefore, the development of antiviral
strategies remains a research focus and host cell factors required by
diverse filoviruses for spread but dispensable for host cell survival are
potential drug targets.

The filovirus glycoprotein (GP) mediates viral entry into target cells.
It is a highly N- and O-glycosylated type I transmembrane protein and it
is the sole viral protein incorporated into the viral envelope (Martin
et al., 2016). Host cell entry of filoviruses is best studied for EBOV and
we will therefore focus the subsequent discussion on factors important
for EBOV GP-driven entry. To initiate infection, EBOV particles first
attach to target cells, which can be facilitated by GP interactions with
attachment factors like the C-type lectin DC-SIGN (Alvarez et al., 2002;
Simmons et al., 2003). In addition or alternatively, attachment can be
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facilitated in a GP-independent fashion: Phosphatidylserine residues on
the viral envelope can be recognized by TIM (T-Cell Immunoglobulin
And Mucin Domain-Containing) proteins (Jemielity et al., 2013;
Kondratowicz et al., 2011; Moller-Tank et al., 2013) or, via an adaptor,
by tyro 3 kinases, including Axl, which are located on the cell surface
(Shimojima et al., 2006). After attachment, virions are taken up into
cells by macropinocytosis (Quinn et al., 2009; Saeed et al., 2010) and
are trafficked into late endosomes, where GP is processed by the host
cell cysteine proteases cathepsin B and L (CatB, CatL) (Chandran et al.,
2005; Kaletsky et al., 2007; Schornberg et al., 2006), which are known
to also process several other viral glycoproteins (Pager et al., 2006;
Simmons et al., 2005). Proteolytically processed GP (also termed
primed GP) then interacts with the cholesterol transporter Niemann-
Pick C1 (NPC1) (Carette et al., 2011; Cote et al., 2011) and, upon low
pH exposure and a poorly defined additional stimulus (Bale et al., 2011;
Brecher et al., 2012; Schornberg et al., 2006) mediates the fusion of
viral and late endosomal membranes, thereby allowing the release of
the viral genetic information in the host cell cytoplasm. Priming of GP
by CatB and to a lesser degree CatL is essential for host cell entry and
results frequently obtained with surrogate systems indicate that entry
driven by the GPs of all filoviruses might depend on CatB/CatL activity
(Gnirss et al., 2012; Maruyama et al., 2014; Misasi et al., 2012).
However, the relative dependence varies, with RESTV showing gen-
erally modest CatB/CatL dependence and MARV exhibiting pronounced
CatL (Misasi et al., 2012) but not CatB dependence (Gnirss et al., 2012;
Misasi et al., 2012). Moreover, EBOV entry into dendritic cells was
reported to be CatB but not CatL dependent (Martinez et al., 2010).
Notably, a study by Marzi and colleagues conducted with authentic
viruses suggested that EBOV and BDBV entry into cultured cells is CatB
dependent while entry of several other ebolaviruses is not (Marzi et al.,
2012). Moreover, the study showed that lack of CatB or CatL expression
is compatible with full viral spread and pathogenesis in the rodent host
(Marzi et al., 2012). The discrepancies between these results and the
CatB/CatL dependence reported by several other studies are in-
completely understood. However, one can speculate that particle shape
- filoviruses are filamentous while bullet-shaped or spherical particles
are frequently used to model filovirus entry - and target cell type may
play a role.

Here, we show that EBOV-GP-driven entry is CatB/CatL dependent
irrespective of the surrogate system and target cell type. Moreover, we
demonstrate that Calu-3 cells express very low levels of endogenous
CatL, in keeping with a previous study (Park et al., 2016), and are
largely refractory to entry driven by ebola-, marburg- and cuevavirus
GPs. Finally, we show that entry into Calu-3 cells can be rescued by
directed expression of DC-SIGN or CatL, suggesting that attachment and
GP priming can limit entry into these cells.

2. Results

2.1. EBOV-GP-driven entry into cell lines requires CatB/CatL activity
irrespective of the surrogate system and the target cell type

We first examined whether retroviral (mainly spherical), rhabdo-
viral (mainly bullet-shaped) and filoviral (mainly filamentous) particles
differ in their CatB/CatL-dependence for host cell entry. For this, we
used retro- and rhabdoviral vectors previously used to analyze EBOV-
GP-mediated host cell entry (Takada et al., 1997; Wool-Lewis and Bates,
1998) as well as replication competent vesicular stomatitis virus (VSV)
encoding EBOV-GP (Gonzalez-Hernandez et al., 2018). Moreover, we
employed two systems that depend exclusively on filovirus proteins.
First, we produced EBOV-like particles harboring luciferase by directed
expression of all viral proteins from plasmids, including a VP30 version
that is fused to firefly luciferase (Dietzel et al., 2017). Second, we
employed the EBOV trVLP system in which a EBOV minigenome is
packaged into filoviral particles due to expression of the missing open
reading frames (EBOV-NP, -VP30, - VP35 and - L) in trans (Schmidt

et al., 2018; Watt et al., 2014). While the VP30-Luc system allows
measuring a single delivery of VP30-luciferase into cells, the trVLP
system allows studying entry and spread of filovirus-like particles. Fi-
nally, we employed the endosomal cysteine protease inhibitors E-64d
and MDL28170 to block CatB/CatL activity in target cells. These in-
hibitors were previously shown to interfere with CatB/CatL activity

Fig. 1. EBOV-GP-driven entry into 293T cells requires CatB/CatL activity ir-
respective of the transduction system. 293T cells were seeded in 96-well plates
and pre-incubated with DMSO or the indicated concentrations of E-64d or
MDL28170 and then transduced with equal volumes of (A) single-cycle VSV
particles (VSVpp) pseudotyped with the indicated glycoproteins or no glyco-
protein as negative control; (B) replication-competent VSV or VSV-chimera
encoding EBOV-GP instead of VSV-G at a MOI of 0.1; (C) MLV particles pseu-
dotyped with the indicated glycoproteins or no glycoprotein; (D) EBOV-like
particles containing VP30-luciferase and bearing EBOV-GP, VSV-G or no gly-
coprotein; (E) EBOV-like particles generated in the trVLP system. Luciferase
activities in cell lysates were determined at 24 h post transduction as indicator
of transduction efficiency. In panels A–D, transduction mediated by EBOV-GP
and VSV-G is shown relative to transduction mediated by control particles
bearing no glycoprotein, which was set as 1. In panel E, transduction by par-
ticles produced in the absence of the viral polymerase, L, were set as 1. The
average of three independent experiments is shown in each panel. Error bars
indicate standard error of the mean (SEM). One-way ANOVA (ANalysis Of
VAriance) with Bonferroni post-test analysis was performed to test statistical
significance (*, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001).
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(Brana et al., 1999; Gewies and Grimm, 2003; Hoffmann et al., 2016;
Simmons et al., 2005) and were previously used to inhibit EBOV-GP-
driven entry (Gnirss et al., 2012; Kaletsky et al., 2007).

Analysis of GP-driven entry into 293T cells revealed that entry was
blocked by E-64d and MDL28170 in a concentration-dependent
manner, irrespective of whether GP was presented on retro-, rhabdo- or
filovirus particles (Fig. 1). In contrast, entry driven by the glycoprotein
(G) of vesicular stomatitis virus (VSV) was not affected by E-64d and
MDL28170, as expected. Moreover, analysis of entry of EBOV-GP-
bearing rhabdoviral particles into six different cell lines of human
(accidental host; 293T, Huh-7, A549 and Calu-3), non-human primate
(accidental host; Vero E6) and fruit bat (suspected reservoir host;
EpoNi/22.1) origin revealed that entry was sensitive to inhibition by E-
64d irrespective of the target cell type, although it should be stated that
entry into Calu-3 was very close to background (Fig. 2). Collectively,
our results show that, under the experimental conditions chosen, EBOV-
GP-driven entry was CatB/CatL-dependent irrespective of the surrogate
system and target cell line. Moreover, our results identify Calu-3 cells as
one of the very few cell lines that are largely resistant to GP-mediated
entry.

2.2. Calu-3 cells are largely resistant to entry driven by filoviral but not
arena-, paramyxo- and rhabdoviral glycoproteins

The inefficient EBOV-GP-driven entry into Calu-3 cells raised the
question whether this phenotype was specific for EBOV-GP or could
also be observed for other viral glycoproteins. In order to answer this
question, we investigated whether glycoproteins from viruses of diverse
viral families also fail to mediate efficient Calu-3 entry or whether this
effect is rather specific for EBOV-GP. We found that glycoproteins of
arena- (Lassa virus [LASV], lymphocytic choriomeningitis virus
[LCMV] and Machupo virus [MACV]), paramyxo- (Mumps virus [MuV]
and Nipah virus [NiV]) and rhabdoviruses (VSV) mediated entry into
Calu-3 cells with high efficiency and to roughly the same levels as
measured for Vero E6 cells (Fig. 3A). EBOV-GP-driven entry into Vero
E6 cells was highly efficient and comparable to that measured for the
other glycoproteins tested, while entry into Calu-3 cells was severely
attenuated (∼200-fold compared to Vero E6 cells) (Fig. 3A). In order to
investigate whether Calu-3 cells are largely refractory to entry driven
by filovirus GPs in general, we performed the same experiment but

tested GPs from viruses of all known filovirus species. All GPs tested
mediated efficient entry into control Vero E6 cells, with entry driven by
LLOV-GP being slightly less efficient than that observed for the other
GPs (Fig. 3B). In contrast, Calu-3 cell entry was severely attenuated for
all filovirus GPs with MARV-GP-driven entry being most efficient and
ranging ∼10-fold over background (Fig. 3B). Finally, use of the trVLP
system showed that Calu-3 cells were non-susceptible to EBOV-GP-
mediated transduction even if GP was presented in the context of EBOV-
like particles, although entry into Huh-7 cells was robust, and com-
parable results were obtained for MARV-GP (Fig. 3C). These results
reveal that Calu-3 cells are poorly susceptible to entry driven by filo-
viral glycoproteins but are readily susceptible to entry driven by arena-,
paramyxo- and rhabdoviral glycoproteins.

2.3. Directed expression of DC-SIGN or CatL can rescue Calu-3 cells entry
driven by several but not all filovirus GPs

A previous study found that Calu-3 cells express very low amounts
of endogenous CatL (Park et al., 2016). Quantitative RT-PCR analysis
confirmed the presence of low amounts of CatL transcripts as compared
to 293T (∼183-fold higher levels than Calu-3) and Huh-7 cells (∼264-
fold higher levels than Calu-3) (Fig. 4A). In contrast, CatB transcript
numbers in Calu-3 cells were comparable or only slightly lower than
those in 293T and Huh7 cells (∼3- and 13-fold), respectively (Fig. 4A).
Therefore, we next asked whether the low endogenous CatL levels in
Calu-3 cells were responsible for inefficient GP-mediated cell entry. In
parallel, we examined whether directed expression of other cellular
factors known to promote EBOV entry could rescue entry efficiency. To
address these questions, we transduced Calu-3 cells with vectors en-
coding CatB, CatL, Axl, DC-SIGN and NPC1, selected transduced cells
via antibiotics and then examined protein expression by immunoblot.
These analyses revealed robust expression of CatB, CatL, DC-SIGN,
NPC1 and Axl, indicating that transduction and selection were suc-
cessful (Fig. 4B).

Next, we determined whether the directed expression of the entry
factors stated above modulated entry driven by EBOV-GP and other
filovirus GPs. All particles examined were readily able to transduce
Vero E6 control cells with high efficiency, whereas entry into Calu-
3 cells was poor (Figs. 3B and 4C). In comparison, directed expression
of CatL in Calu-3 cells increased transduction driven by MARV-GP more

Fig. 2. EBOV-GP-driven entry is CatB/CatL-dependent
irrespective of the target cell line. Equal volumes of
VSVpp bearing the indicated glycoproteins or bearing no
glycoprotein were used for transduction of 293T, Huh-7,
A549, Calu-3, Vero E6, and EpoNi/22.1 cells pre-in-
cubated for 3 h with E-64d in the indicated concentra-
tions or DMSO as control. At 24 h post transduction, lu-
ciferase activities in cell lysates were quantified as
indicator of transduction efficiency. Transduction medi-
ated by EBOV-GP and VSV-G is shown relative to trans-
duction mediated by control particles bearing no glyco-
protein, which was set as 1. The average of four
independent experiments conducted with separate pseu-
dotype preparations is shown. Error bars indicate SEM.
One-way ANOVA with Bonferroni post-test analysis was
performed to test statistical significance (*, p ≤ 0.05).
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than 50-fold (Fig. 4C). In contrast, a roughly 2–6-fold increase was
observed for EBOV-GP-, SUDV-GP-, TAFV-GP- and RESTV-GP-driven
entry and only a 1.3-fold enhancement was observed for entry driven by
BDBV-GP and LLOV-GP. Moreover, directed expression of DC-SIGN in
Calu-3 cells augmented entry driven by EBOV-GP, SUDV-GP and
MARV-GP by at least 15-fold. For particles bearing RESTV-GP or TAFV-
GP a ∼2–4-fold increase of entry efficiency was observed, whereas the
increase of entry driven by BDBV-GP and LLOV-GP was less than 2-fold
(Fig. 4C). Finally, expression of the other entry factors did not modulate
transduction mediated by any of the filovirus GPs and none of the
factors had an impact on transduction mediated by VSV-G, as expected
(Fig. 4C). These results indicate that filovirus GP-driven entry into Calu-
3 cells is limited at the stage of attachment and priming and that the
severity of these limitations varies among the GPs of different filovirus
species.

2.4. Augmentation of filovirus GP-driven entry into Calu-3 cells via directed
expression of CatL or DC-SIGN can be blocked by a cathepsin L inhibitor and
a DC-SIGN antibody, respectively

We next sought to provide formal proof that the increased filovirus
GP-driven entry into Calu-3 cells expressing DC-SIGN and CatL as
compared to Calu-3 control cells was a direct consequence of the ex-
pression of these entry factors. For this, we investigated whether entry
augmentation could be blocked by the CatL inhibitor MDL28170 and an
antibody directed against DC-SIGN. We selected particles bearing
MARV-GP for these experiments, since MARV-GP-driven entry into CatL
and DC-SIGN expressing cells was markedly more efficient than entry
into Calu-3 control cells. Directed CatL expression in Calu-3 cells in-
creased the efficiency of MARV-GP-driven entry as expected and pre-
treatment with MDL28170 abolished this effect (Fig. 4D). Similarly,
directed expression of DC-SIGN augmented entry, confirming our re-
sults discussed above, and augmentation was partially abrogated by
pretreatment of target cells with a monoclonal antibody directed
against the ectodomain of DC-SIGN (Fig. 4E). In contrast, entry of
control particles bearing VSV-G was not sensitive to DC-SIGN antibody
or MDL28170. These results indicate that directed expression of CatL or
DC-SIGN augments MARV-GP-driven Calu-3 cell entry through direct

effects.

3. Discussion

Controversial results regarding the requirement of CatB/CatL ac-
tivity for filovirus entry have been reported (Chandran et al., 2005;
Marzi et al., 2012) and differences in the experimental systems used to
study GP-driven entry might account, at least in part, for the discrepant
observations. Our study shows that EBOV-GP-driven entry into different
cell lines depends on CatB/CatL activity and indicates that entry is
CatB/CatL dependent irrespective of the surrogate system used to
analyze GP. Moreover, we identify Calu-3 cells as largely resistant to
entry driven by EBOV-GP and other filovirus GPs and found that entry
can be restored by promoting attachment and/or CatL-dependent GP
priming.

CatB/CatL were identified as GP processing enzymes essential for
EBOV entry in a study that relied on both surrogate systems and in-
fectious EBOV (Chandran et al., 2005). Moreover, subsequent analyses
performed with surrogate models and/or authentic filoviruses con-
firmed CatB/CatL dependence of EBOV-GP-driven entry but also pro-
vided evidence that CatB/CatL dependence of entry driven by other
filoviral GPs was variable (Chandran et al., 2005; Gnirss et al., 2012;
Martinez et al., 2010; Misasi et al., 2012; Sanchez, 2007). For instance,
directed expression of CatB in CatB/CatL double knockout cells in-
creased EBOV-GP- and TAFV-GP-driven entry while directed expression
of CatL had only a moderate effect. Moreover, expression of both pro-
teases only moderately increased SUDV-GP-driven entry. In contrast,
directed expression of either CatB or CatL markedly increased RESTV-
GP-driven entry and expression of CatL but not CatB efficiently pro-
moted MARV-GP-driven entry (Misasi et al., 2012). The general re-
quirement for CatB and/or CatL activity for entry driven by most ebola-
and marburgvirus glycoproteins demonstrated by these studies was
contrasted by a report by Marzi and colleagues, who showed that Vero
cell infection by EBOV and to some degree BDBV depends on CatB but
not CatL activity while entry of TAFV, SUDV and RESTV is independent
of CatB/CatL activities (Marzi et al., 2012). Finally, this study demon-
strated that knockout of CatB or CatL does not interfere with EBOV
spread and pathogenesis in mice (Marzi et al., 2012). The reason for the

Fig. 3. Calu-3 cells are largely resistant to entry driven by
filoviral but not arena-, paramyxo-and rhabdoviral gly-
coproteins. Vero E6 and Calu-3 cells were transduced
with equal volumes of VSV particles pseudotyped with
the glycoproteins from diverse viruses (A) or pseudo-
typed with filovirus glycoproteins (B). Particles bearing
no glycoprotein served as negative control. At 24 h post
transduction, luciferase activities in cell lysates were
quantified as indicator of transduction efficiency.
Transduction mediated by the different glycoproteins is
shown relative to transduction mediated by control par-
ticles bearing no glycoprotein, which was set as 1. The
average of three independent experiments is shown. Error
bars indicate SEM. (C) Huh-7 and Calu-3 cells were in-
oculated with trVLPs encoding nano-luciferase for 6 h,
washed three times and incubated for 48 h. Thereafter,
the luciferase activity (given as relative luminescence
units, RLU) in cell lysates was measured. The averages of
four (Huh-7) and six (Calu-3) independent experiments
are shown, error bars indicate SEM. Two-way ANOVA
with Sidak posttest analysis was performed to test sta-
tistical significance (**, p ≤ 0.01; ***, p ≤ 0.001).
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discrepancy between these results is largely unclear and differences in
the particles used to study GP-driven entry and in the target cells might
be accountable.

The present study shows that the nature of the surrogate system
used to study EBOV-GP-driven entry does not have a prominent impact
on CatB/CatL dependence. Thus, 293T cell entry of retroviral particles,
rhabdoviral particles and filoviral particles was inhibited by E-64d and
MDL28170 in a dose-dependent fashion. In this context, it should be
stated that particles produced using the trVLP system should adequately
mimic virions produced in EBOV infected cells, since particle produc-
tion in the trVLP system exclusively depends on viral proteins and all
proteins encoded by EBOV are expressed in the particle producing cells
(Watt et al., 2014), which can release filamentous particles (Wang
et al., 2018). These results suggest that particle shape might not be a
major determinant of CatB/CatL dependence of EBOV-GP-driven entry.
However, particle production in the surrogate systems studied is likely
not uniform and it can at present not be excluded that for instance a
fraction of particles produced in the trVLP system is spherical or bullet
shaped and that only the cell entry of these particles is CatB/CatL-de-
pendent.

Analysis of lung- (A549, Calu-3), liver- (Huh-7) and kidney-derived

human cell lines showed that CatB/CatL dependence was independent
of the target cell type. Similarly, CatB/CatL dependence was not im-
pacted by the donor species, since EBOV-GP-driven entry into human,
non-human primate and fruit bat cell lines was CatB/CatL-dependent,
confirming a previous study (Hoffmann et al., 2016). However, these
experiments revealed that Calu-3 cell entry driven by EBOV-GP and all
other filovirus GPs studied was inefficient. This finding was remarkable
for two reasons: First, EBOV exhibits a broad cell tropism and EBOV-GP
is known to mediate entry into a diverse panel of cell lines, with only
lymphoid cells being refractory for incompletely understood reasons
(Dube et al., 2010; Wool-Lewis and Bates, 1998; Yang et al., 1998).
Second, Calu-3 cells have previously been shown to express very low
levels of endogenous CatL, which were incompatible with CatL-de-
pendent entry of MERS-CoV into these cells (Park et al., 2016). This
finding raised the question whether the low endogenous CatL expres-
sion might also limit EBOV-GP-driven entry into these cells.

We confirmed low CatL expression in Calu-3 cells and equipped
these cells with an expression cassette for CatL in order to unravel
whether CatL expression limits EBOV-GP dependent entry. In parallel,
we examined whether directed expression of the filovirus entry factors
NPC1, Axl and DC-SIGN increased entry efficiency, which would

Fig. 4. Directed expression of CatL and DC-SIGN can
rescue filovirus GP-driven entry into Calu-3 cells. (A)
CatB, CatL and β-actin mRNA expression in 293T, Huh-7
and Calu-3 cells was quantified by quantitative RT-PCR.
CatB and CatL copy numbers were plotted in relation to
β-actin copy numbers for each cell line. Shown is a single
representative experiment with triplicate samples, error
bars indicate standard deviation (SD). The results were
confirmed in a second independent experiment. (B) Calu-
3 cells engineered to stably express CatB, CatL, DC-SIGN,
NPC1, and Axl with a cMYC antigenic tag were subjected
to immunoblot analysis using an anti-cMYC antibody.
Detection of β-actin expression served as loading control.
Similar results were obtained in a separate experiment.
(C) Equal volumes of VSVpp bearing the indicated filo-
virus glycoproteins were used to transduce Calu-3 cells
stably expressing the indicated entry and attachment
factors. At 24 h post transduction, luciferase activities in
cell lysates were quantified as indicator of transduction
efficiency. Transduction driven by the different GPs in
Calu-3 cells stably expressing the indicated cellular fac-
tors is shown relative to transduction of Calu-3 control
cells which was set as 1. The average of five independent
experiments is shown. Error bars indicate SEM. (D) Calu-
3 control cells and Calu-3 CatL-cMYC cells were in-
cubated for 3 h with DMSO or 50 μM of MDL28170 and
transduced with equal volumes of VSV pseudotyped with
MARV-GP, VSV-G or bearing no glycoprotein. (E) Calu-3
control cells and Calu-3 DC-SIGN-cMYC cells were pre-
incubated for 1 h with 20 μg/ml of anti-DC-SIGN mono-
clonal antibody or an isotype matched control antibody
and then transduced with equal volumes of VSV particles
bearing the indicated glycoproteins or bearing no glyco-
protein. For panels (D) and (E) luciferase activity was
quantified at 24 h post transduction. Entry into Calu-3
CatL and Calu-3 DC-SIGN cells is shown relative to entry
into Calu-3 control cells, which was set as 1. The average
of at least five independent experiments is shown. Error
bars indicate SEM. One-way ANOVA with Bonferroni
post-test analysis was performed to test statistical sig-
nificance (*, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001).
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suggest that attachment (DC-SIGN, Axl) or receptor engagement (NPC1)
limits entry into Calu-3 cells. Finally, cells were equipped with CatB as
control. We found that both directed expression of DC-SIGN and CatL
can promote Calu-3 cell entry driven by filoviral GPs. However, the
entry promoting effect of these factors was dependent on the viral GP
studied. Expression of DC-SIGN, a calcium-dependent lectin that binds
to glycans on GP and promotes viral attachment to cells (Alvarez et al.,
2002; Simmons et al., 2003), markedly increased entry driven by EBOV-
GP, SUDV-GP and MARV-GP. Moreover, DC-SIGN expression moder-
ately augmented entry driven by RESTV-GP and TAFV-GP, suggesting
that viral attachment limits Calu-3 cell entry driven by most if not all
GPs tested. In comparison, directed expression of CatL markedly in-
creased MARV-GP- and moderately augmented EBOV-GP-, SUDV-GP-,
TAFV-GP- and RESTV-GP-driven entry. These findings are largely in
keeping with a previous report suggesting a pronounced contribution of
CatL to RESTV- and MARV-GP-driven entry (Misasi et al., 2012) and
demonstrate that priming can also limit GP-driven entry into Calu-
3 cells. Notably, entry driven by LLOV- and BDBV-GP was not appre-
ciably rescued upon CatL or DC-SIGN expression, although previous
studies showed that entry driven by these GPs depends on CatL activity
(LLOV) and is augmented by DC-SIGN expression (LLOV, BDBV)
(Maruyama et al., 2014; Marzi et al., 2006). The reasons for this effect
are at present unknown. However, one can speculate that both at-
tachment and priming limit LLOV and BDBV entry into Calu-3 cells,
suggesting that coexpression of DC-SIGN and CatL might render the
cells susceptible, a possibility that remains to be examined. Finally, it is
noteworthy that entry driven by MARV-GP was efficiently and com-
parably augmented upon directed expression of DC-SIGN or CatL. One
explanation could be that attachment and priming are operative at low
levels in these cells, in keeping with the low but detectable MARV-GP-
driven entry into untreated Calu-3 cells, and that boosting either one of
the two processes is sufficient to allow for robust MARV-GP-driven
entry. In this context, it is noteworthy that a functional link between
lectin-mediated augmentation of viral entry and CatB/L mediated GP
priming has previously been suggested (Matsuno et al., 2010). One
could thus speculate that binding of MARV-GP to DC-SIGN might re-
duce CatL-dependence of viral entry, potentially by routing particles
into a particular uptake pathway or by stabilizing a GP conformation in
which the CatL cleavage site is more exposed.

Collectively, our results show that low levels of endogenous CatL
can limit susceptibility of cells to filovirus GP-driven entry and may
thus constitute a determinant of filovirus cell tropism.

4. Materials and methods

4.1. Cell culture

Vero E6 (African green monkey kidney cells), 293T (human kidney
cells), Huh-7 (human liver cells), A549 (human lung adenocarcinoma
cells), Calu-3 (human bronchial adenocarcinoma cells) and EpoNi/22.1
(Buettikofer's epauletted fruit bat kidney cells) were incubated in a
humidified atmosphere at 37 °C and 5% CO2. Vero E6, 293T, EpoNi/
22.1, and Huh7 cell lines were maintained in Dulbecco's modified Eagle
medium (DMEM, PAN-Biotech), A549 cells were grown in DMEM:
Nutrient Mixture F-12 + GlutaMax medium (Gibco) and Calu-3 cells
were maintained in minimum essential medium (MEM, Gibco). All
media were supplemented with 10% fetal bovine serum (Biochrom) and
100 U/ml of penicillin and 0.1 mg/ml of streptomycin (PAN-Biotech).
Calu-3 cells stably expressing cMYC-tagged CatB (GenBank: XM_
017013097.2), CatL (GenBank: XM_005251716.4), DC-SIGN
(GenBank: AB527563.1), NPC1 (GenBank: AB971140.1), and Axl
(GenBank: BC032229.1) were generated using retroviral transduction
and vector pQCXIP. For further cultivation, cells were maintained in
MEM supplemented with 0.5 μg/ml of puromycin, 10% fetal bovine
serum, and 1% of penicillin-streptomycin. All cells were detached by
either resuspension in fresh culture medium (293T cells) or by the use

of trypsin/EDTA (PAN-Biotech) for further subcultivation and seeding.

4.2. Viruses

We employed a previously described recombinant VSV (recVSV)
containing a dual reporter consisting of eGFP and firefly luciferase
(fLuc) that is located between the open reading frames for VSV-G and
VSV-L(Gonzalez-Hernandez et al., 2018). Similarly, a chimeric VSV was
used in which the genetic information for VSV-G was replaced by that
of EBOV-GP (Gonzalez-Hernandez et al., 2018). All viruses were pro-
pagated on Vero E6 cells.

4.3. Plasmids

Expression plasmids encoding for the envelope glycoproteins of
EBOV, BDBV, TAFV, RESTV, SUDV, MARV, LLOV, NiV, MuV, LASV,
LCMV, MACV and VSV have been described previously (Hoffmann
et al., 2016; Wrensch et al., 2014; Krüger et al., 2015). The plasmids
required for the trVLP system (Watt et al., 2014) and VP30-luciferase
containing particles have also been described before (Hoffmann et al.,
2017). For the generation of CatB and CatL encoding retroviral vectors,
the respective open reading frames were amplified by PCR from cDNA
prepared from A549 cells and inserted into the vector pQCXIP using
NotI and BamHI restriction enzymes. The same strategy was applied for
generation of NPC1, DC-SIGN and Axl encoding vectors, and cDNA
prepared from Huh-7 cells (NPC1) and previously described expressions
plasmids (DC-SIGN, Axl (Pohlmann et al., 2001; Watt et al., 2014),)
were used as PCR template. The integrity of all PCR amplified se-
quences was confirmed by automated sequence analysis.

4.4. Production of rhabdoviral pseudotypes

The pseudotypes were generated and used for transduction as de-
scribed previously (Hoffmann et al., 2016). Briefly, 293T cells were
seeded in 6-well plates and transfected using calcium phosphate pre-
cipitation with plasmids encoding the viral glycoproteins under study
or empty plasmid (pCAGGS) as a negative control. At 18 h post trans-
fection, the cells were inoculated at a multiplicity of infection (MOI) of
3 with a replication-deficient VSV, in which the ORF for VSV-G had
been exchanged by two separate ORFs for eGFP and firefly luciferase
(fLuc) (Berger Rentsch and Zimmer, 2011) (kindly provided by G.
Zimmer). After 1 h incubation at 37 °C, the cells were washed with PBS
and incubated for 1 h with a 1:1,000 dilution of I1 (an anti-VSV-G
mouse hybridoma supernatant from CRL-2700; American Type Culture
Collection) to neutralize residual input virus. Finally, fresh culture
medium was added to the cells. At 18–20 h post transduction, super-
natants were collected, clarified from cell debris by centrifugation at
4,700×g for 10min, aliquoted, and stored at −80 °C until use.

4.5. Production of MLV pseudotypes

Transduction vectors based on murine leukemia virus (MLV,
MLVpp) were generated according to an established protocol (Wrensch
et al., 2014) with slight modifications. First, 293T cells grown in T-25
flasks were transfected with MLV-Gag/Pol (4 μg), MLV-Luc (6 μg)
(Wrensch et al., 2014)and expression plasmid for the respective gly-
coprotein (4 μg). At 16 h post transfection, the cell culture supernatant
was replaced by fresh culture medium. 48 h later, supernatants were
collected and clarified from debris by centrifugation (4,000×g,
10min).

4.6. Production of EBOV-like particles

Generation of EBOV-like particles containing VP30-Luc or the tet-
racistronic transcription and replication competent EBOV minigenome
(trVLP) was performed according to previously published protocols
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(Hoffmann et al., 2017, 2019; Watt et al., 2014):
Briefly, for production of VP30-Luc particles, 293T cells were grown

in T-75 cell culture flasks and transfected with expression plasmids for
EBOV-NP (1 μg), EBOV-VP35 (1 μg), EBOV-L (8.3 μg), EBOV-VP40
(2 μg), EBOV-GP or VSV-G (2 μg), and EBOV-VP30-Luc (12.5 μg). At
16 h post transfection, the cell culture supernatant was replaced by
fresh culture medium. 24 h later, supernatants were collected, clarified
from debris by centrifugation (4,000×g, 10min) and subsequently
concentrated employing Vivaspin concentrator columns (molecular
mass cutoff=30,000 kDa, Sartorius). Finally, volumes were equili-
brated to 500 μl by addition of DMEM.

For production of EBOV trVLPs, 293T cells were grown in 6-well
plates and transfected with expression plasmids for EBOV-NP (125 ng),
EBOV-VP35 (125 ng), EBOV-VP30 (75 ng) EBOV-L (1 μg), p4cis-vRNA-
RLuc (250 ng) and T7-polymerase (250 ng). At 16 h post transfection,
the cell culture supernatant was replaced by fresh culture medium. 48 h
later, supernatants were collected and clarified from debris by cen-
trifugation (4,000×g, 10min). trVLP assays with Calu-3 and Huh-7
target cells were essentially performed as described above, except that
the target cells were not pretransfected with support plasmids.
Moreover, the reporter gene was exchanged against nano-luciferase,
and the EBOV-GP ORF was either exchanged against MARV-GP or the
ORF was completely deleted. 200 μl cleared supernatant was used to
infect 90%–100% confluent target cells in 96-well format. Infection was
allowed to proceed for 6 h, and then cells were washed three times and
incubated for another 48 h, after which nano-luciferase activity was
measured.

4.7. Transduction/infection of cell lines and its inhibition with CatB and
CatL inhibitors

For transduction and infection, target cells were seeded in 96-well
plates. At 24 h after seeding, medium was removed and cells were in-
oculated with equal volumes of transduction vectors (VSVpp, MLVpp,
VP30-luc particles or trVLPs) or recVSV (MOI of 0.1). If required, cells
were previously treated with inhibitor or antibody (see below). In case
of transduction of 293T cells using EBOV-like particles based on the
trVLP system, target cells were transfected with expression plasmids for
EBOV-NP, -VP30, -VP35, -L and DC-SIGN prior (24 h) to transduction.
In order to quantify transduction/infection efficiencies, firefly (fLuc,
VSVpp, recVSV, MLVpp, VP30-Luc particles) or Renilla luciferase (rLuc,
trVLP particles) activities in cell lysates were measured 24 (VSVpp,
recVSV, VP30-Luc) or 48 h (MLVpp, trVLP) post transduction. For this,
cell culture medium was aspirated, 50 μL of cell culture lysis reagent
(Promega) was added and cells incubated for 30min at room tem-
perature. Lysates were then transferred to a white, opaque-walled 96-
well plate (Thermo Fisher Scientific), luciferin (fLuc; Beetle-Juice, PJK)
or coelenterazine (rLuc; Sigma-Aldrich) was added and luciferase ac-
tivity was measured in a microplate reader (Hidex Sense Microplate
Reader) using the PlateReader Software (version 0.5.41.0, Hidex).

4.8. Treatment of target cells with cathepsin inhibitors or anti-DC-SIGN
antibody

To investigate entry inhibition by MDL28170 (Tocris), E-64d
(Tocris) or DC-SIGN antibody (120,526, NIH-AIDS Research and
Reference Reagent Program), the inhibitors or medium was added to
target cells and the cells were incubated for 3 h (MDL28170/E-64d) or
1 h (DC-SIGN antibody) before transduction/infection was performed.

4.9. Quantification of CatB/CatL mRNA expression

Total RNA from 293T, Huh-7, and Calu-3 cell lines was extracted
using the RNeasy Mini Kit (Qiagen) following the manufacturer in-
structions. Afterwards, cDNA was produced using the SuperScript III
First Strand Synthesis System (Invitrogen) with random hexamers. To

determine the copy numbers CatB/CatL mRNA expression, quantitative
PCR was performed using the QuantiTect SYBR Green PCR Kit
(Qiagen), 1 μl of cDNA as template and the following primers:
Cathepsin B 5′-TACAGCCCGACCTACAAACA-3′, 5′-CCATGATGTCCTT
CTCGCTA-3’; Cathepsin L 5′-GCAGGTCATGAGTCCTTCCT-3′, 5′-CTTT
ACGTAGCCACCCATGC-3’; β-actin 5′-GGCTCCCAGCACAATGAAGA-3′,
5′-GGAGCCGCCGATCCA-3’. As standard, serial dilutions of expression
plasmids for CatB, CatL, and β-actin were subjected to PCR analysis. Ct
values were determined using the Rotor-Gene Q device along with the
Rotor-Gene Q software (Qiagen) and used to calculate their respective
copy numbers. Further, copy numbers for CatB and CatL were nor-
malized against that of β-actin.

4.10. Immunoblotting

To detect expression of entry and attachment factors in stably
transduced Calu-3 cell lines, the cells were lysed using 200 μL 2x so-
dium dodecyl sulfate (SDS)-containing lysis buffer (50mM Tris (pH
6.8), 10% glycerol, 2% SDS, 5% β-mercaptoethanol, 0.1% bromophenol
blue, 1 mM EDTA), and boiled for 15min at 95 °C. Subsequently, sam-
ples were separated by SDS-PAGE and blotted onto nitrocellulose
membranes (GE Healthcare Life Sciences; 0.2 μm). Afterwards, mem-
branes were blocked for 30min in PBS containing 5% milk powder and
0.1% Tween 20. Finally, expression of cMYC tagged CatL, CatB, DC-
SIGN, NPC1 and Axl was determined using undiluted supernatants of a
hybridoma cell line that secretes anti-MYC antibody (9E10). Bound
antibodies were detected using a horseradish peroxidase linked anti-
mouse antibody (Dianova) at a 1:5,000 dilution. Signals were detected
using the ChemoCam imaging system along with the
ChemoStarProfessional software (Intas).

4.11. Statistical analysis

To test for statistical significance, one-way or two-way analysis of
variance (ANOVA) with Bonferroni or Sidak posttest, respectively, was
performed using the GraphPad Prism software version 7.03 (GraphPad
Software).
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