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Hantaviruses are emerging rodent-borne negative-strand RNA viruses associated with severe human diseases.
Zoonotic transmission occurs via aerosols of contaminated rodent excreta and cells of the human respiratory
epithelium represent likely early targets. Here we investigated cellular factors involved in entry of the patho-
genic Old and New World hantaviruses Hantaan virus (HTNV) and Andes virus (ANDV) into human respiratory
epithelial cells. Screening of a kinase inhibitor library using a biocontained recombinant vesicular stomatitis
virus pseudotype platform revealed differential requirement for host kinases for HTNV and ANDV entry and

provided first hints for an involvement of macropinocytosis. Examination of a selected panel of well-defined
inhibitors of endocytosis confirmed that both HTNV and ANDV enter human respiratory epithelial cells via a
pathway that critically depends on sodium proton exchangers and actin, hallmarks of macropinocytosis.
However, HTNV and ANDV differed in their individual requirements for regulatory factors of macropinocytosis,
indicating virus-specific differences.

1. Introduction

Hantaviruses are emerging rodent-borne negative-strand RNA
viruses associated with severe human diseases and merit significant
attention as important public health problems (Jonsson et al., 2010;
Krautkramer and Zeier, 2014; Krautkramer et al., 2013; Manigold and
Vial, 2014; Vaheri et al., 2013b). The prototypic Hantaan virus (HTNV)
and Seoul virus (SEOV) are widespread in Asia where they cause he-
morrhagic fever with renal syndrome (HFRS) reaching 15% case-
fatality. The New World hantaviruses Sin Nombre (SNV) and Andes
(ANDV) are associated with hantavirus cardiopulmonary syndrome
(HCPS) in the Americas with up to 40% mortality. Hantaviruses are
currently the most important emerging viruses in Europe, including
Puumala virus (PUUV) endemic in Northern Europe and Dobrava-Bel-
grade virus (DOBV) in the Balkans (Vaheri et al., 2013a). While PUUV
causes nephropathia endemica, a milder form of HFRS, DOBV manifests
with more severe clinical disease. The lack of a licensed vaccine and the
limited therapeutic options make the development of novel antiviral
strategies against hantaviruses an urgent need.

Rodents represent the natural reservoir of hantaviruses but in-
sectivores such as shrews, moles and bats can also carry these viruses
which cause asymptomatic persistent infections in these hosts. Zoonotic
transmission occurs via aerosols of contaminated rodent excreta
(Hansen and Nichols, 2009; Vaheri et al., 2013a, 2013c) and cells of the
human respiratory epithelium represent likely early targets. After initial
replication at the site of entry, hantaviruses can enter the bloodstream
and disseminate systemically. In cases of severe infection, viral antigen
is detectable in dendritic cells, macrophages, lymphocytes, and in mi-
crovascular endothelial cells, whose functional perturbation contributes
to the fatal shock syndrome (Manigold and Vial, 2014; Muranyi et al.,
2005; Vaheri et al., 2013b).

Several candidate cellular receptors have been shown to interact
with glycoproteins of hantaviruses, in particular protocadherin-1
(PCDH1), avp3 integrin, decay-accelerating factor (DAF), and compo-
nents of the complement system (Gavrilovskaya et al., 1999, 1998;
Jangra et al., 2018; Krautkramer and Zeier, 2008; Popugaeva et al.,
2012; Raymond et al., 2005). Recent studies demonstrated that PCDH1
is essential for entry of New World hantaviruses into vascular
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endothelial cells in vitro and in vivo and plays a crucial role in the
pathogenesis of HCPS. Upon attachment to their receptor(s), hanta-
viruses are internalized by receptor-mediated endocytosis and undergo
membrane fusion in acidified endosomes (Albornoz et al., 2016). An
initial report demonstrated HTNV cell entry via clathrin-mediated en-
docytosis (Jin et al., 2002), whereas uptake of ANDV can occur in-
dependently of clathrin (Ramanathan and Jonsson, 2008). Several lines
of evidence support the notion that cell entry of HTNV and ANDV
critically depends on membrane cholesterol (Kleinfelter et al., 2015;
Krautkramer and Zeier, 2008; Petersen et al., 2014; Tischler et al.,
2005). A recent study combining an RNA interference (RNAI) silencing
screen with functional assays revealed that ANDV can use multiple
routes of endocytosis to enter primary human endothelial cells (Chiang
et al., 2016). However, the cellular entry pathway(s) used by patho-
genic hantaviruses to infect human respiratory epithelial cells remain
largely unknown. In the present study, we combined an unbiased screen
using a library of well-characterized kinase inhibitors covering major
cellular signaling pathways with a selected panel of inhibitors of en-
docytosis to perform a comparative analysis of HTNV and ANDV entry
into human respiratory epithelial cells. Our data provide first evidence
for a role of macropinocytosis in hantavirus entry into human re-
spiratory epithelial cells with notable virus-specific differences.

2. Results

2.1. Pseudovirions carrying the envelope glycoproteins of HTNV and ANDV
differ in entry kinetics and pH requirements leading to membrane fusion

A major challenge for work with live hantaviruses are the strict
biosafety requirements limiting work to BSL3 facilities. In the past
years, recombinant vesicular stomatitis virus (VSV)-derived pseudo-
viruses displaying heterologous viral glycoproteins were used in
seminal studies to uncover entry factors for hantaviruses, filoviruses,
arenaviruses, and phleboviruses (Carette et al., 2011; Jae et al., 2014,
2013; Jangra et al., 2018; Kondratowicz et al., 2011; Raaben et al.,
2017; Riblett et al., 2015). The studies revealed a very close correlation
of pseudotyped recombinant VSV with the authentic viruses. For our
present study, we therefore generated recombinant VSV pseudo-
particles bearing the glycoproteins of the prototypic Old World hanta-
virus HTNV and the South American ANDV. Briefly, HEK293F cell were
transfected with a plasmid expressing recombinant ANDV and HTNV
glycoproteins, followed by infection with recombinant VSV* AG-Luc in
which the glycoprotein (G) gene was deleted and replaced with reporter
genes encoding enhanced green fluorescent protein (EGFP; indicated by
an asterisk) and firefly luciferase (Luc) (Berger Rentsch and Zimmer,
2011). VSV* AG-Luc was propagated on VSV-G protein-expressing cells
resulting in VSV-G trans-complemented VSV* AG-Luc(VSV-G) particles.
When cells expressing hantavirus glycoproteins were infected with
VSV* AG-Luc(VSV-G), the hantavirus glycoproteins were incorporated
into the viral envelope. The resulting VSV* AG-Luc pseudotypes were
infectious and replication-competent but unable to produce infectious
progeny virus making them suitable for work at BSL2. In our hands, the
glycoproteins of ANDV and HTNV incorporated less efficiently into the
VSV envelope compared to other viral glycoproteins, resulting in sig-
nificant background due to residual VSV* AG-Luc(VSV-G) present in our
preparations. To overcome this limitation, the pseudotypes VSV* AG-
Luc(HTNV-G) containing HTNV-G and VSV* AG-Luc(ANDV-G) con-
taining ANDV-G were produced in the presence of the potent neu-
tralizing anti-VSVG mAb I-1 (Holland et al., 1989), resulting in virtually
negligible background. This approach yielded VSV pseudoparticles at
robust specific titers of 10°-10° IU/ML, compatible with our needs
(Fig. 1A, B). Measurement of luciferase activity and counting of EGFP
expressing cells in parallel specimens revealed a good correlation be-
tween the number of EGFP-positive cells and luminescence (data not
shown), allowing the use of the luciferase reporter to quantify infection
in a semi-high-throughput assay format.
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Upon receptor-mediated endocytosis, hantaviruses are delivered to
acidified endosomal compartments (Jin et al., 2002; Ramanathan and
Jonsson, 2008), where low pH induces membrane fusion (Cifuentes-
Munoz et al., 2014). In a first step, we investigated the kinetics of en-
dosomal escape of VSV* AG-Luc(HTNV-G) and VSV* AG-Luc(ANDV-G)
using the well-characterized human epithelial cell line A549. Specifi-
cally, we determined the time required for the pseudotypes to become
resistant to the lysosomotropic agent ammonium chloride. When added
to cells, ammonium chloride rapidly depletes the endosomal pH gra-
dient and blocks low-pH-dependent cellular processes without causing
overall cytotoxicity (Rojek et al., 2008). As benchmarks, we included
VSV* AG-Luc(VSV-G) that exit from early endosomes (Johannsdottir
et al., 2009) and VSV* AG-Luc(LCMV-GP) pseudotypes decorated with
the glycoproteins derived from the Old World arenavirus lymphocytic
choriomeningitis virus (LCMV), that undergoes fusion at late endo-
somes (Pasqual et al., 2011). To allow virus-cell attachment without
internalization, A549 cells were incubated with pseudotypes at 4 °C for
1.5h. Unbound virus was removed, and cells rapidly shifted to 37 °C to
allow internalization. After different time points, 20 mM ammonium
chloride was added to cells and kept throughout the experiment to
block further entry via low pH-triggered membrane fusion. The number
of infected cells was determined after 16 h by counting EGFP-positive
cells. Pseudotypes bearing VSV-G and LCMV-GP envelope glycoproteins
escaped with a half-times of circa 10 and 45 min, respectively, as ex-
pected (Johannsdottir et al., 2009; Pasqual et al., 2011). Endosomal
escape of VSV* AG-Luc(HTNV-G) and VSV* AG-Luc(ANDV-G) pseudo-
types occurred with distinct half times of < 30 min and > 45 min, re-
spectively (Fig. 1C, E), indicating different entry kinetics.

The transition from early to late endosomal compartments is ac-
companied by progressive acidification of the luminal space, resulting
in a pH gradient that serves as guidance cue for viruses to trigger fusion
(Yamauchi and Greber, 2016). To assess the pH threshold of membrane
fusion by VSV* AG-Luc(HTNV-G) and VSV* AG-Luc(ANDV-G), we pro-
gressively raised the endosomal pH by adding increasing concentrations
of ammonium chloride to cells and monitored productive entry. In line
with the differential kinetics of endosomal escape (Fig. 1C, E), VSV*
AG-Luc(ANDV-G) displayed higher sensitivity to ammonium chloride
than VSV* AG-Luc(HTNV-G), indicating that the latter escapes from
earlier, less acidified compartments (Fig. 1D, E). This observation is
consistent with the previously reported membrane fusion by ANDV-G
and HTNV-G at pH 5.9 and 6.3, respectively (Cifuentes-Munoz et al.,
2011; Ogino et al., 2004). Interestingly, despite faster entry kinetics,
VSV* AG-Luc(VSV-G) appeared more sensitive to ammonium chloride
compared to VSV* AG-Luc(HTNV-G) (Fig. 1C, D). This suggested de-
layed escape of VSV* AG-Luc(HTNV-G) from an earlier compartment,
possibly due to the use of a different pathway of endocytosis.

2.2. Identification of cellular kinases involved in HTNV-G and ANDV-G-
mediated cell entry

In a first attempt to identify novel cellular factors required for
hantavirus entry, we screened a library of selected, well-defined kinase
inhibitors that cover major signaling pathways, implementing our
pseudotypes in a semi-high-throughput assay format. To avoid artifacts
due to toxicity, the candidate compounds underwent previous evalua-
tion in a cell viability test that detects changes in cellular ATP levels
under the exact assay conditions. Candidate inhibitors that resulted
in > 20% reduced cell viability under the assay conditions were ex-
cluded from the screen (Fig. 2D). For positive screening, A549 cells
were treated with candidate compounds for 30 min, followed by in-
fection with VSV* AG-Luc(HTNV-G) (Fig. 2A) and VSV* AG-Luc(ANDV-
G) (Fig. 2B) (MOI of 0.05) in the presence of the drugs for 1.5 h. Drugs
were washed out, cells cultured in the presence of 20 mM ammonium
chloride for 16 h, and productive infection detected by luciferase assay.
For comparison, we included VSV* AG-Luc(VSV-G) (Fig. 2C). Candidate
inhibitors that resulted in reproducibly > 70% reduction of pseudotype
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Fig. 1. Characterization of pseudotype viruses. (A) Titration of VSV* AG-Luc(VSV-G), VSV* AG-Luc(HTNV-G) and VSV* AG-Luc(ANDV-G) on A549 cells. Serial
dilutions of the indicated viruses were incubated with monolayers of A549 cells, followed by detection of the EGFP reporter by direct immunofluorescence.
Representative titers are indicated. Bar = 100 pM. (B) Specificity to neutralizing activity of anti-VSV-G antibody. A549 cells were infected with VSV* AG-Luc(VSV-G),
VSV* AG-Luc(HTNV-G) and VSV* AG-Luc(ANDV-G) in the presence or absence of the VSVG neutralizing antibody I1 (I1 mAb). Bar = 100 uM. (C) Kinetics of
endosomal escape of pseudoviruses. VSV* AG-Luc(VSV-G), VSV* AG-Luc(HTNV-G), VSV* AG-Luc(ANDV-G) and VSV* AG-Luc(LCMV-GP) (200 IU/well) were at-
tached to monolayers of A549 cells in the cold for 1.5h. Unbound virus was removed, and the cells rapidly shifted to 37 °C. At the indicated time points, 20 mM
ammonium chloride was added and left throughout the experiment. After 16 h, infection was assessed by counting EGFP-positive cells per well. Data are means + SD
(n = 3). (D) Ammonium chloride sensitivity of viral membrane fusion. A549 cell monolayers were infected with VSV* AG-Luc(VSV-G), VSV* AG-Luc(HTNV-G),
VSV* AG-Luc(ANDV-G) and VSV* AG-Luc(LCMV-GP) in presence of the indicated concentrations of ammonium chloride and incubated 1.5 h at 37 °C. After removing
the inoculum, 20 mM ammonium chloride was added to block all pH-dependent viral fusion. After 16 h, productive infection was assessed by counting EGFP-positive
cells per well. Data are means + SD (n = 3). (E) Calculated t;,» and ICso values of (B) and (C), respectively.

infection in two independent screens were considered as hits. The route in hantavirus entry, we applied a panel of well-defined “diag-
broadly active tyrosine kinase inhibitor tyrphostin-9 and the compound nostic” inhibitors against cellular factors involved in macropinocytosis
GF109203X blocked entry of all pseudotypes tested (Fig. 2A-C). proposed by Mercer and Helenius (Mercer and Helenius, 2009, 2012).
Overall, the inhibition profile of VSV* AG-Luc(HTNV-G) resembled that To minimize duration of drug exposure and avoid unwanted off-target
of VSV* AG-Luc(VSV-G), with the exception of sunitinib that showed effects, cells were treated with the inhibitor for 30 min, followed by

some specificity for HTNV-G (Fig. 2A, C). In contrast, comparison of the infection with the pseudoviruses in the presence of the inhibitor
profiles obtained with VSV* AG-Luc(HTNV-G) and VSV* AG-Luc(ANDV- (Fig. 3A). After 1.5h, the inhibitor was washed out with medium
G) revealed significant differences including several candidate com- containing 20 mM ammonium chloride to block further entry. Produc-

pounds that specifically inhibited VSV* AG-Luc(ANDV-G) but not tive infection was assessed after 16 h by counting EGFP-positive cells or
VSV* AG-Luc(HTNV-G). Of particular interest were the epithelial by luciferase assay. A conserved hallmark of macropinocytosis is the

growth factor receptor (EGFR) inhibitor gefitinib and the myosin light dependence on sodium proton exchangers (NHE), which are sensitive to
chain kinase (MLCK) inhibitors ML-7 and ML-9, which block entry of amiloride drugs such as 5-(N-ethyl-N-isopropyl)-amiloride (EIPA)
several viruses via macropinocytosis (Mercer and Helenius, 2009, (Mercer and Helenius, 2009, 2012). Entry of VSV* AG-Luc(HTNV-G)
2012). and VSV* AG-Luc(ANDV-G), but not of recombinant human adenovirus
(AdV)-5, was inhibited by EIPA in a dose-dependent manner, without

2.3. Entry of HTNV-G and ANDV-G pseudoviruses into epithelial cells causing significant toxicity (Fig. 3B). In the presence of EIPA, the
shows hallmarks of macropinocytosis number of infected cells was reduced, whereas the remaining infected
cells exhibited similar levels of EGFP, consistent with inhibition of viral

Over the past years, macropinocytosis has emerged as a major entry entry (Fig. 3C). Since dependence on actin is another essential feature
pathway for a range of animal viruses (Mercer and Helenius, 2009, of macropinocytosis (Mercer and Helenius, 2009, 2012), we treated
2012). To further investigate a possible role of this important endocytic cells with cytochalasin D, which disrupts actin filaments, as well as

59
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jasplakinolide, which stabilizes actin fibers. Treatment with the two 2009, 2012).

inhibitors reduced subsequent infection with VSV* AG-Luc(HTNV-G)
and VSV* AG-Luc(ANDV-G), without affecting cell viability (Fig. 3D).
To exclude possible effects of actin inhibitors on post-entry steps of
infection, we added the inhibitors after viral cell entry. In contrast to
the marked reduction of viral entry, cytochalasin D and jasplakinolide
did not affect post-entry steps of infection (Fig. 3E).

Macropinocytosis is constitutively active in some cell types, e.g.
professional phagocytes, whereas in most cells, including epithelia, the
pathway needs to be activated (Mercer and Helenius, 2012). Activation
of macropinocytosis by viruses induces sometimes dramatic changes in
overall cellular membrane dynamics that manifest as “blebbing” char-
acterized by formation of dynamic membrane protrusions with con-
comitant cell rounding and accelerated actin depolymerization (de
Vries et al., 2011; Krzyzaniak et al., 2013; Mercer and Helenius, 2008,
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Fig. 2. Screening of kinase inhibitor library
identified cellular factors implicated in viral
entry. (A-C) A549 cells were pretreated with
10 pM of compounds for 30 min and infected
with  VSV* AG-Luc(HTNV-G), VSV* AG-Luc
(ANDV-G), and VSV* AG-Luc(VSV-G) in the
presence of drugs. After 1.5h, cells were wa-
shed three times with medium containing
20 mM ammonium chloride, followed by 16 h
of incubation in the presence of the lysoso-
motropic agent. Infection was detected by lu-
ciferase assay and the control (DMSO) set at
100%. Stars indicate candidate compounds
that showed = 70% inhibition in two in-
dependent screens. Black stars indicate broadly
active compounds and red stars compounds
that specifically lowered VSV* AG-Luc(ANDV-
G) infection. Blue star: specific inhibitor of
VSV* AG-Luc(HTNV-G). (D) Cell viability was
monitored by the CellTiter-Glo® assay. The
gray V symbol indicates kinase inhibitors that
let to > 20% reduction in cellular ATP levels
and were considered toxic. Infection was de-
tected by luciferase assay and the control
(DMSO) set at 100%.

As a first step, we investigated if engagement of A549 cells
by VSV* AG-Luc(HTNV-G) and VSV* AG-Luc(ANDV-G) affects their
overall morphology including the poxvirus vaccinia (VACV), which
activates macropinocytosis for productive entry (Mercer and Helenius,
2008). Briefly, viruses were bound to A549 cells at high MOI (3) in the
cold, unbound virus removed, and cells shifted rapidly to 37 °C. After
different time points, cells were fixed and alterations in cell shape vi-
sualized by staining for filamentous (F)-actin. Consistent with previous
reports (Mercer and Helenius, 2008), exposure of A549 cells to VACV
induced characteristic alterations in cell shape evidenced by rounding
(Fig. 4A). Exposure of cells to VSV* AG-Luc(HTNV-G), VSV* AG-Luc
(ANDV-G) likewise affected cell morphology evidenced by increased
cell rounding, compared to exposure to a mock preparation (Fig. 4A).
Since morphological examination of cells is rather subjective, we took a
more quantitative approach. Virus-induced changes in cell morphology
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Fig. 3. Entry of VSV* AG-Luc(HTNV-G) and VSV* AG-Luc(ANDV-G) into A549 epithelial cells shows hallmarks of macropinocytosis. (A) Schema of the entry assay.
For details, please see text. EE, early endosome; LE, late endosome. (B) The amiloride drug EIPA blocks entry of VSV* AG-Luc(HTNV-G) and VSV* AG-Luc(ANDV-G)
without causing cell toxicity. A549 cells were treated with the indicated concentrations of EIPA for 30 min, followed by infection with VSV* AG-Luc(HTNV-G),
VSV* AG-Luc(ANDV-G), and AdV5 expressing EGFP in the presence of drugs for 1.5 h. Infected cells were detected by counting EGFP-positive cells. Data are means
+ SD (n = 3) normalized to the DMSO control (set at 100%) and presented as percentage of infection relative to control. Data were analyzed by one-way ANOVA; p-
value * *: p < 0.01; * **: p < 0.001. Cell toxicity was monitored by the CellTiter-Glo® assay and data represent means + SD (n = 3) of Relative Light Units (RLU). (C)
Example of inhibition of VSV* AG-Luc(HTNV-G) by EIPA visualized by EGFP fluorescence of infected cells (B). Please note the similar EGFP fluorescence intensity
with increasing EIPA concentration. Bar = 100 pm. (D) Actin inhibitors block entry of hantavirus pseudoviruses without affecting cell viability. A549 cells were
pretreated with the indicated concentrations of cytochalasin D (Cyto) and jasplakinolide (Jas) for 30 min. Subsequent infection with VSV* AG-Luc(HTNV-G) and
VSV* AG-Luc(ANDV-G) was performed in presence of drugs during 1.5h. Productive infection was assessed as in (B). Data are means + SD (n = 3); p-value
p < 0.01; ***: p < 0.001. Cell toxicity was monitored by the CellTiter-Glo® assay and data are presented as means + SD (n = 3) of RLU. (E) Amiloride drug and
actin inhibitor compounds are involved in VSV* AG-Luc(HTNV-G) and VSV* AG-Luc(ANDV-G) entry but not post-entry steps of infection. Effects on viral entry were
assessed as described in (B) and (D), with A549 cells being treated with EIPA (20 uM), cytochalasin D (5 uM) and jasplakinolide (0.5 uM). For the post-entry assay,
infection with VSV* AG-Luc(HTNV-G) and VSV* AG-Luc(ANDV-G) took place in absence of inhibitors. After removing the inoculum and washing the cells, EIPA
(20 uM), cytochalasin D (5 uM) and jasplakinolide (0.5 pM) were added together with 20 mM ammonium chloride and the cells left overnight. Data are means + SD
(n = 3). Cell viability was assessed by the CellTiter-Glo® assay, based on the post-entry experiment setting. Data are shown as means + SD (n = 3) of RLU.

* %

and actin distribution that accompany viral entry via macropinocytosis
often correlate with increased F-actin depolymerization (Mercer and
Helenius, 2009, 2012; Mercer et al., 2010). Using a recently developed
assay, we therefore quantitatively assessed the ratios of globular
monomer (G)-actin vs. F-actin upon exposure of cells to VSV* AG-Luc
(HTNV-G) and VSV* AG-Luc(ANDV-G), using VACV and jasplakinolide
that stabilizes F-actin as positive and negative controls, respectively
(Krzyzaniak et al., 2013). A549 cells were exposed to viruses at high
MOI (3). At the indicated time points, cells were lysed under conditions
that specifically solubilize G-actin, but not F-actin as detailed in Ma-
terials and Methods. After fractionation by micro-scale ultra-

ratio of G/F-actin (Fig. 4B, C). VSV* AG-Luc(HTNV-G) and VSV* AG-Luc
(ANDV-G) likewise shifted the equilibrium in favor of G-actin, albeit
less efficiently, in particular in case of HTNV (Fig. 4B, C). In sum, the
data suggested that entry of HTNV-G and ANDV-G pseudoviruses into
epithelial cells shows hallmarks of macropinocytosis.

2.4. Entry of HTNV-G and ANDV-G pseudoviruses differentially depends on
cellular factors involved in the regulation of macropinocytosis

In addition to NHE and actin, macropinosome formation requires
several regulatory factors, including the small GTPases Cdc42 and

centrifugation, supernatant and pellets were analyzed for actin content
by Western blot. As expected, engagement of VACV resulted in marked
de-polymerization of F-actin after 60 min, evidenced by an increased
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Racl, p2l-activating kinase-1 (PAK1), neuronal Wiskott-Aldrich syn-
drome protein (N-WASP), phosphoinositol-3 kinase (PI3K), and the
actin-related protein 2/3 (Arp2/3) (Mercer and Helenius, 2012). As a
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Fig. 4. Exposure of A549 cells to VSV* AG-Luc(HTNV-G) and VSV* AG-Luc(ANDV-G) changes cellular actin dynamics. (A) Changes in cell morphology induced by
VSV* AG-Luc(HTNV-G) and VSV* AG-Luc(ANDV-G). Sub-confluent A549 cells were mock-treated or exposed to VSV* AG-Luc(HTNV-G), VSV* AG-Luc(ANDV-G), or
VACV (3 IU/cell) for one hour in the cold. Please note that the indicated MOI of 3 IU/cell likely underestimates the number of virus particles/cell, due to a IU/particle
ratio < 1 for the viruses used. Cells were shifted to 37 °C for 60 min, fixed, and F-actin staining performed with phalloidin-FITC (bar = 20 um). (B) Quantitative
assessment of changes in actin polymerization during virus entry. Triplicate specimens of A549 cells were exposed to VSV* AG-Luc(HTNV-G), VSV* AG-Luc(ANDV-
G), or VACV-RFP (3 IU/cells) as in (A). As a negative control, we included 1 uM jasplakinolide. Lysis conditions specifically solubilize G-actin, but not F-actin,
allowing fractionation by micro-scale ultracentrifugation. Pellets containing F-actin (F1-3) and supernatants containing G-actin (G1-3) were mixed with SDS-PAGE
sample buffer and equal relative amounts probed in Western blot. Please note the shift towards more G-actin in specimens exposed to VSV* AG-Luc(HTNV-G),
VSV* AG-Luc(ANDV-G), or VACV-RFP, but not mock or jasplakinolide. (C) Quantification of (B). Actin signals in the blots in (B) were quantified by densitometry.

Data are means of the triplicate signals + SD in arbitrary densitometric units.

next step, we therefore addressed the role of Cdc42 and Racl in
VSV* AG-Luc(HTNV-G) and VSV* AG-Luc(ANDV-G) entry into A549
cells using the well-known inhibitors Pirll and NSC 23766. Pirll spe-
cifically inhibited entry of VSV* AG-Luc(ANDV-G) but not of VSV* AG-
Luc(HTNV-G), indicating that Cdc42 has a specific, non-redundant role
in the entry of ANDV but not of HTNV (Fig. 5A). The Racl inhibitor
NSC 23766 showed no effect on any of the pseudotypes, but reduced
entry of VACV, as expected (Fig. 5B). Infection of VSV* AG-Luc(HTNV-
G) and VSV* AG-Luc(ANDV-G) infection were significantly reduced
after inhibition of PAK1 and N-WASP by IPA-3 and wiskostatin, re-
spectively (Fig. 5C, E). Infection of VSV* AG-Luc(ANDV-G), but not
VSV* AG-Luc(HTNV-G) was reduced after inhibition of PI3K with
wortmannin (Fig. 5D). Neither VSV* AG-Luc(ANDV-G) nor VSV* AG-
Luc(HTNV-G) were affected by the Arp2/3 inhibitor CK869 (Fig. 5F).
In most cell types, macropinocytosis is not constitutively active, but
can be induced by activation of receptor tyrosine kinases (RTK) and
other signaling receptors. In particular, the RTKs EGFR and hepatocyte
growth factor (HGFR) have been linked to entry of several viruses via
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macropinocytosis (Eierhoff et al., 2010; Krzyzaniak et al., 2013; Mercer
and Helenius, 2008; Oppliger et al., 2016). To investigate a possible
role of EGFR and HGFR in VSV* AG-Luc(HTNV-G) and VSV* AG-Luc
(ANDV-G) entry, we employed the inhibitors gefitinib and EMD
1214063. Gefitinib and EMD 1214063 markedly reduced the infectivity
of VSV* AG-Luc(ANDV-G), but had only mild effects on VSV* AG-Luc
(HTNV-G) (Fig. 6A, B). Productive entry of viruses via macropinocytosis
often depends on non-muscle myosin II that is involved in fission of
macropinosomes (Mercer and Helenius, 2009). In accordance with the
role of macropinocytosis in the entry of hantaviruses, the MLCK in-
hibitors ML-7 and ML-9 were identified as hits in our screen (Fig. 2B).
Examination of the dose-dependent inhibition of pseudotype entry by
ML-7 showed that VSV* AG-Luc(ANDV-G) was highly sensitive to this
drug whereas VSV* AG-Luc(HTNV-G) was blocked only by higher drug
concentrations (Fig. 6C).

To avoid possible artifacts linked to the A549 cell line chosen for our
study, we validated selected candidate inhibitors in the well-established
human lung epithelial line WI-26VA4. Titration of VSV* AG-Luc(HTNV-
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Fig. 5. VSV* AG-Luc(HTNV-G) and VSV* AG-Luc(ANDV-G) show differential dependence on cellular factors implicated in macropinocytosis. (A-F) Monolayers of
A549 cells were pretreated with the indicated drugs at the given concentrations and then infected for 1.5h with HTNV-G and ANDV-G pseudoviruses as in (3 A).
VACV was included as positive control where indicated. At 16 h p.i., productive infection was detected by counting EGFP-positive cells and the DMSO (D) control set
at 100%. VACV was quantified by detection of the RFP reporter by direct fluorescence, scoring red cells. Data are means + SD, (n = 3) with p-values *: p < 0.05; * *:
p = 0.01; ***: p < 0.001. Cell viability was assessed by the CellTiter-Glo® assay. Data are shown as means + SD (n = 3) in RLU.

G) and VSV* AG-Luc(ANDV-G) in WI-26VA4 cells resulted in similar
relative titers as in A549 cells, albeit with lower overall infectivity
(Fig. 7A). As previously observed in A549 cells (Fig. 3), entry of
VSV* AG-Luc(HTNV-G) and VSV* AG-Luc(ANDV-G) into WI-26VA4
cells critically depended on NHE and actin (Fig. 7B, F). Interestingly,
the Cdc42 inhibitor Pirll that markedly reduced VSV* AG-Luc(ANDV-
G) infection in A549 cells showed only a mild effect in WI-26VA4 cells
(Fig. 7C), suggesting cell-type specific differences. Infection of both
VSV* AG-Luc(HTNV-G) and VSV* AG-Luc(ANDV-G) in WI-26VA4 cells
showed dependence on PAK1 and MLCK (Fig. 7D, E), as previously
observed in A549 cells (Figs. 5C and 6C). The overall similarity of the
inhibitor profile in two different well-established human respiratory
epithelial cell lines further supports a role for macropinocytosis in
HTNV and ANDV entry into this cell type.

In sum, examination of candidate cellular factors involved in mac-
ropinocytosis revealed that entry mediated by both HTNV-G and ANDV-
G into human epithelial cells critically depended on NHE and actin,
fulfilling the basic criteria for macropinocytosis (Mercer and Helenius,
2009, 2012). However, entry mediated by HTNV-G and ANDV-G de-
pended on only partially overlapping sets of regulatory factors,
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revealing important virus-specific differences.

3. Discussion

Previous studies revealed complex cell type-specific use of different
endocytic pathways by hantaviruses for cell entry (Chiang et al., 2016;
Gavrilovskaya et al., 1999, 1998; Jin et al., 2002; Kleinfelter et al.,
2015; Krautkramer and Zeier, 2008; Petersen et al., 2014; Popugaeva
et al., 2012; Ramanathan and Jonsson, 2008; Raymond et al., 2005). To
explore the largely unknown mechanisms of HTNV and ANDV entry
into human respiratory epithelial cells, we combined an unbiased small
molecule screen with functional studies using specific inhibitors for
endocytosis. To circumvent biosafety restrictions, we employed a bio-
contained recombinant VSV-based pseudotype platform to perform
viral entry studies. Recombinant VSV pseudoviruses have become
powerful BSL2 surrogates to study cell entry of highly pathogenic
emerging viruses, including hantaviruses (Brouillette et al., 2018;
Carette et al., 2011; Jae et al., 2014, 2013; Jangra et al., 2018; Jemielity
et al., 2013; Kondratowicz et al., 2011; Moller-Tank et al., 2014, 2013;
Raaben et al., 2017; Riblett et al., 2015). Monitoring pH-dependence
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Fig. 6. Inhibitors of receptor tyrosine kinases and myosin kinase. (A-B) HTNV-G and ANDV-G pseudoviruses entry is dependent on EGFR but only ANDV-G pseu-
dovirus entry requires HGFR. A549 cells were pretreated for 30 min with the indicated concentrations of inhibitors. Cells were then infected with VSV* AG-Luc
(HTNV-G) and VSV* AG-Luc(ANDV-G) in the presence of the drug for 1.5h. After wash-out of the drug, fresh complete medium containing 20 mM ammonium
chloride was added and cells incubated at 37 °C for 1.5 h. Infection was detected by direct EGFP fluorescence and the DMSO control set at 100%. Data are means
+ SD (n = 3), with p-value *: p < 0.05; * *: p < 0.01; * **: p < 0.001. Cell viability was determined by the CellTiter-Glo® assay. Data are means + SD, (n = 3). (C)
A549 cells were treated with different concentration of ML-7 for 30 min and infected with VSV* AG-Luc(HTNV-G) and VSV* AG-Luc(ANDV-G) in the presence of the
drugs. After 1.5h, cells were washed 3 times with medium containing 20 mM ammonium chloride, followed by 16 h of incubation in the presence of the lysoso-
motropic agent. Infection was assessed by counting of EGFP-positive cells and the control (DMSO) set at 100%. Data are means + SD (n = 3) with p-value * **:
p < 0.001. Cell viability was determined by CellTiter-Glo® assay. Data are means + SD (n = 3).

and entry kinetics of VSV* AG-Luc(HTNV-G) and VSV* AG-Luc(ANDV-
G), we verified the previously reported differences in the pH values
required to trigger membrane fusion by these viruses (Cifuentes-Munoz
et al.,, 2011; Ogino et al., 2004; Ray et al., 2010). As expected, the
distinct membrane fusion-triggering pH values correlated with differ-
ential entry kinetics, further supporting the notion that HTNV and
ANDV escape from early and late endosomal compartments, respec-
tively.

In a first step, we used our pseudotypes to screen a kinase inhibitor
library covering major signaling pathways implicated in viral entry in a
semi-high-throughput assay. Our screen identified only partially over-
lapping sets of cellular kinases required for cell entry of VSV* AG-Luc
(HTNV-G) and VSV* AG-Luc(ANDV-G), suggesting virus-specific dif-
ferences. The screening data further provided first evidence of a pos-
sible link between hantavirus entry and macropinocytosis, which is
increasingly recognized as a major viral entry pathway hijacked by
important airborne human pathogens such as poxviruses (Mercer and
Helenius, 2008), respiratory syncytial virus (RSV) (Krzyzaniak et al.,
2013), and influenza A virus (de Vries et al., 2011).

For further validation, we used a “diagnostic” panel of well-defined
inhibitors of regulatory factors involved in macropinocytosis. Entry of
both VSV* AG-Luc(HTNV-G) and VSV* AG-Luc(ANDV-G) into A549 and
WI-26VA4 human epithelial cells and critically depended on NHE and
actin, which are considered as major non-redundant hallmarks of
macropinocytosis (Mercer and Helenius, 2012). Inhibition of NHE by
amiloride drugs lowers the sub-membrane pH and prevents activation
of the small GTPases Cdc42 and Racl that are key regulators of actin
dynamics (Koivusalo et al., 2010). Several viruses that enter via
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macropinocytosis such as VACV (Mercer and Helenius, 2008), RSV
(Krzyzaniak et al., 2013), and African swine fever virus (Sanchez et al.,
2012), show strict dependence on both Cdc42 and Racl. Using the
specific inhibitor Pirll, we found a non-redundant role for Cdc42 in
entry of VSV* AG-Luc(ANDV-G) into A549 cells, but not WI-26VA4
cells, suggesting cell-type specific differences. In contrast, VSV* AG-Luc
(HTNV-G) entered both A549 and WI-26VA4 cells independently of
Cdc42. None of the viruses required Racl for entry, suggesting re-
dundant roles for Racl in entry via macropinocytosis at least for some
viruses. Both, VSV* AG-Luc(ANDV-G) and VSV* AG-Luc(HTNV-G)
showed dependence on PAK1 and N-WASP, whereas the Arp2/3 com-
plex seemed dispensable for entry. Monitoring dose-dependence of in-
hibition revealed higher dependence of VSV* AG-Luc(ANDV-G) on
PAK1 and N-WASP compared to VSV* AG-Luc(HTNV-G). The reasons
for this phenomenon are currently unclear and may relate to different
roles of upstream regulatory factors.

Macropinocytosis is constitutively active in specialized cell types,
whereas in most cells, including epithelial cells, the pathway needs to
be activated via signaling receptors like RTKs and integrins. Our studies
identified EGFR and HGFR as previously unknown entry factors for
hantavirus cell entry. Both RTK are widely expressed in different
human epithelial cells types and can contribute to viral entry via
macropinocytosis (Eierhoff et al., 2010; Krzyzaniak et al., 2013; Mercer
and Helenius, 2008; Oppliger et al., 2016). Inhibition of EGFR reduced
entry of VSV* AG-Luc(ANDV-G) and VSV* AG-Luc(HTNV-G), whereas
blocking of HGFR selectively affected VSV* AG-Luc(ANDV-G) entry.
Together with the differential requirement for Cdc42, these findings
suggest important virus-specific differences in upstream signaling
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Fig. 7. Validation of selected inhibitors in the human lung epithelial cell line WI-26VA4. (A) Titration of VSV* AG-Luc(VSV-G), VSV* AG-Luc(HTNV-G) and VSV* AG-
Luc(ANDV-G) on WI-26VA4 cells. Serial dilutions of the indicated viruses were incubated with fresh monolayers of WI-26VA4 cells, followed by detection of the EGFP
reporter by direct fluorescence. Representative titers are indicated. (B-F) Monolayers of WI-26VA4 cells were pretreated with the indicated drugs at the given
concentrations and then infected for 1.5h with HTNV-G and ANDV-G pseudoviruses as in (3 A). After 16 h, productive infection was detected by counting EGPF-

positive infected cells and the DMSO (D) control set at 100%. Data are means + SD, (n = 3) with p-value *

:p < 0.05; **: p < 0.01; ***: p < 0.001. Cell viability

was assessed by the CellTiter-Glo® assay. Data are shown as means + SD (n = 3) of Relative Light Units (RLU).

linked to uptake of VSV* AG-Luc(ANDV-G) and VSV* AG-Luc(HTNV-G).
It is currently unclear if the viruses activate RTKs to promote uptake or
if they depend on steady-state levels of RTK activation that serve as
“permissive” signals. Notably, the ECs, values for RTK inhibitors gefi-
tinib and EMD 1214063 against viral entry observed in our study were
well above the ECsg reported for inhibition of receptor phosphorylation
(Bladt et al., 2013) and we cannot formally exclude the involvement of
additional, yet unknown kinases. Another notable difference was the
higher sensitivity of VSV* AG-Luc(ANDV-G) but not VSV*AG-Luc
(HTNV-G) towards inhibitors of myosin light chain kinase involved in
closure of large macropinocytotic vesicles (Mercer and Helenius, 2012).
The conserved essential roles of PAK1, N-WASP, and EGFR for VSV*
AG-Luc(ANDV-G) and VSV* AG-Luc(HTNV-G) entry makes these

65

regulatory factors possible targets for therapeutic anti-viral interven-
tion. In a next step, we will validate selected candidate inhibitors of
HTNV and ANDV entry identified here with live virus isolates under
BSL3.

Previous examination of cellular factors involved in viral cell entry
via macropinocytosis revealed significant variation between different
viruses (Mercer and Helenius, 2009, 2012), suggesting that the patho-
gens can recruit specific sets of regulatory factors, according to their
needs. The observed dependence of VSV* AG-Luc(ANDV-G) and VSV*
AG-Luc(HTNV-G) entry on specific non-overlapping sets of known cel-
lular regulators of macropinocytosis further supports this notion. The
recently discovered differential use of PCDH1 for entry of ANDV, but
not HTNV into endothelial cells (Jangra et al., 2018) opens the
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possibility that HTNV-G and ANDV-G may have evolved to recognize
distinct sets of receptors and/or co-receptors on human epithelial cells.
Interestingly, PCDH1 is expressed in human respiratory epithelial cells
(Koning et al., 2012), where it plays a role in regulation of the epithelial
barrier function (Kozu et al., 2015). The exact function of PCDH1 in
hantavirus entry into respiratory epithelial cells and a possible link to
macropinocytosis are under investigation in our laboratory. In sum, our
study defines sets of candidate cellular factors involved in HTNV and
ANDV entry into a human respiratory epithelial cell line and identifies
specific small molecule inhibitors. Our results may therefore help to
develop urgently needed novel antiviral strategies against these emer-
ging pathogens.

4. Materials and methods
4.1. Plasmids, antibodies, and reagents

PWRG/HTNV-M (Hooper et al.,, 2001) was kindly provided by
Connie. S. Schmaljohn (U.S. Army Medical Research Institute of In-
fectious Diseases, Fort Detrick, USA). The expression plasmid pI18 for
the glycoprotein of ANDV strain CHI-7913 was kindly provided by
Nicole Tischler (Molecular Virology Laboratory, Fundacién Ciencia &
Vida, Santiago, Chile) and has been described previously (Cifuentes-
Munoz et al., 2010). Expression plasmids encoding VSV-G and LCMV-
GP (clone 13) have been reported previously (Perez et al., 2003). The
VSV neutralizing antibody 11 (I1 mAb) has been described (Holland
et al., 1989). The inhibitors included Pirll (Chembridge); wiskostatin
(Enzo); and 5-(N-ethyl-N-isopropyl) amiloride (EIPA), NSC237766,
wortmannin, cytochalasin D, IPA-3, jasplakinolide, ML-7, and ammo-
nium chloride (NH4Cl) (Sigma). EMD 1214063 was from Selleckchem.
The SCREEN WELL® kinase inhibitor library was from Enzo Life Science
(catalog no. BML-2832-0100) supplemented with a customized library
containing 10 FDA-approved kinase inhibitors (imatinib mesylate, ge-
fitinib, erlotinib, sorafenib tosylate, desatinib, sunitinib malate, nilo-
tinib, lapatinib ditosylate, pazopanib-HCL, and bosutinib). For
screening, the compounds were used at 10 uM. The CellTiter-Glo® Assay
System and the ONE-Glo™ Luciferase Assay System were obtained from
Promega (Madison WI).

4.2. Cells

Human lung carcinoma alveolar epithelial (A549) cells and human
lung epithelial cell line WI-26VA4, were cultured in Dulbecco modified
Eagle medium (DMEM) GlutaMAX™ (Gibco) supplemented with 10%
(vol/vol) fetal calf serum (FCS) (Amimed) at 37 °C under 5% CO, at-
mosphere. For infection studies, 357000 cells/ well were seeded in a 96-
well plate and cultured overnight until cell monolayer formation.

4.3. Pseudotype virus production and viruses

The pseudotype viral system was based on the recombinant
VSV* AG-Luc vector in which the glycoprotein gene (G) had been de-
leted and replaced with genes encoding green fluorescent protein
(EGFP; indicated by an asterisk) and luciferase (Luc) (Berger Rentsch
and Zimmer, 2011). HEK293F cells were plated in 10 cm dishes at
6 x 10° cells/dish and transiently transfected with plasmids encoding
glycoproteins of interest using lipofectamine. After 42h cells were
transduced with VSV* AG-Luc(VSV-G), pseudoviruses bearing VSV-G,
with an MOI = 3-5 for 2h at 37 °C. The inoculum was removed and
cells were subsequently washed twice with serum-free DMEM and in-
cubated with fresh DMEM containing 10% FCS with an neutralizing
anti-VSVG mAb I-1 diluted 1:100 in order to lower unspecific back-
ground. Twenty-four hours later, supernatants were collected and ti-
trated. Recombinant human adenovirus serotype 5 (AdV5) expressing
EGFP has been described previously (Oppliger et al., 2016). Re-
combinant vaccinia virus (VACV) MR strain expressing RFP (Mercer
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and Helenius, 2008) was provided by Jason Mercer (University College
London, UK) and was produced as mature virus (Mercer and Helenius,
2008).

4.4. Entry kinetics of pseudoviruses

Confluent monolayers of A549 cells seeded in a 96-well plate were
incubated on ice for 30 min. Viruses diluted in DMEM 10% (vol/vol)
FCS were added to the cells and incubated in the cold for 1.5h. After
removing the inoculum, cells were washed twice with cold PBS and
shifted at 37 °C by adding pre-warmed DMEM containing 10% FCS and
putting the plate rapidly in the incubator at 37 °C. Ammonium chloride
diluted in DMEM with 10% (vol/vol) FCS at a final concentration of
20 mM was added to the cells at the indicated time points. After 16 h of
incubation at 37 °C and 5% CO,, productive infection was quantified by
counting the EGFP-positive cells per well.

4.5. Ammonium chloride sensitivity of viral glycoprotein-mediated
membrane fusion

VSV* AG-Luc(VSV-G), VSV* AG-Luc(HTNV-G), VSV* AG-Luc(ANDV-
G) and VSV* AG-Luc(LCMV-GP) were diluted in DMEM with 10% (vol/
vol) FCS in the presence of the indicated concentration of ammonium
chloride and added to A549 monolayers. After 1.5h of incubation at
37°C and 5% (vol/vol) CO,, the inoculum was removed and fresh
DMEM supplemented with 10% (vol/vol) FCS and 20 mM of ammo-
nium chloride was added to the cells. After 16 h of incubation at 37 °C
and 5% (vol/vol) CO,, productive infection was quantified by counting
the EGFP-positive cells per well.

4.6. Screening of a kinase inhibitor library

A549 cells were plated in each well of a 96-well plate and cultured
overnight, resulting in monolayers. The cells were pretreated with
candidate compounds dissolved in DMSO for 30 min. Around 4000 IU/
well of VSV* AG-Luc(VSV-G), VSV* AG-Luc(HTNV-G), and VSV* AG-
Luc(ANDV-G) were added in the presence of candidate compounds.
After 1.5 h, the inoculum was removed and the cells were washed three
times and incubated for 16 h in complete medium containing 20 mM
ammonium chloride. Infection was quantified by measuring luciferase
activity using ONE-Glo™ luciferase system. The cytotoxicity of com-
pounds was assessed using a CellTiter-Glo® luminescent cell viability
assay (Promega), which determines the number of viable cells on the
basis of ATP levels. Luminescence signals were quantified by using
GloMax® Multi Detection System (Promega). Kinase inhibitors that
showed = 70% viral inhibition were considered hits. Compounds that
caused = 20% reduction in cellular ATP levels according to CellTiter-
Glo® assay were removed from the screen.

4.7. HTNV-G and ANDV-G pseudovirus entry assays

Cells were seeded in 96-well plates at 3.5 x 10* cells per well and
grown into confluent monolayers for 16-20 h, unless stated otherwise.
Cells were treated with drugs for 30 min, followed by infection with the
indicated viruses in presence of the drug for 1.5h at 37 °C. Unbound
virus was removed, cells washed twice with DMEM supplemented with
20mM ammonium chloride, and fresh complete medium added in
presence of the lysosomotropic agent. At 16-20 h post-infection, pro-
ductive infection was detected via the EGFP reporter using direct
fluorescence using an EVOS FLoid Cell Imaging Station (ThermoFisher)
or luciferase assay. Luciferase signals were detected with the ONE-Glo™
Luciferase Assay System (Promega) and a Berthold microplate fluores-
cence reader.

To assess possible effects of candidate inhibitors on post-entry steps,
monolayers of A549 cells in a 96-well plate were infected in absence of
drug with the indicated viruses for 1.5h. The inoculum was removed
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and fresh medium supplemented with the indicated candidate drugs or
solvent control (DMSO) together with 20 mM ammonium chloride was
added and left overnight. Productive infection was assessed 16 h post-
infection by counting the EGFP-positive cells.

4.8. Quantification of filamentous (F) and globular (G) actin

Extraction of F/G actin was performed using the F/G in vitro assay
kit from Cytoskeleton Inc. (BK037) following the manufacturer's in-
structions. Briefly, 10° A549 cells were seeded in 24-well plates and
cultured for 24 h resulting in closed monolayers. VSV* AG-Luc(HTNV-
G), VSV* AG-Luc(ANDV-G), and VACV-RFP (3 IU/cell) were added for
the indicated time point at 37 °C. The indicated MOI of 3 IU/cell likely
underestimates the number of virus particles, due to a IU/particle
ratio < 1 for the viruses used. After brief washing in complete DMEM
(pre-warmed), all liquid was removed and 100 pl of LAS2 buffer (pre-
pared according to the manufacturers information) added per well.
Cells were removed using a cell scraper and lysed for 10 min. Lysates
were transferred into new tubes and subjected to low speed cen-
trifugation (5’000 rpm for 5min) to remove cell debris. Cleared su-
pernatants were subjected to ultracentrifugation (100°000g, 1h).
Pellets containing F-actin and supernatants with G-actin were sus-
pended in equal volumes of SDS-PAGE sample buffer. Actin contents in
the F- and G-actin fractions were assessed by Western blotting using
anti-actin antibody contained in the kit. Signals were quantified by
densitometry as described (Kunz et al., 2003).

4.9. Statistical analysis

Graphical representation and statistical analysis were performed
using GraphPad Prism 7 software. P values of < 0.05 were considered
statistically significant.
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