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Christine L. Zimmer,1 Sindhu Vangeti,4 Laura Rivino,5 Yee-Sin Leo,6 David Chien Lye,6 Paul A. MacAry,7 Clas Ahlm,8
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SUMMARY

Cytotoxic lymphocytes normally kill virus-infected
cells by apoptosis induction. Cytotoxic granule-
dependent apoptosis induction engages the intrinsic
apoptosis pathway, whereas death receptor (DR)-
dependent apoptosis triggers the extrinsic apoptosis
pathway. Hantaviruses, single-stranded RNA viruses
of the order Bunyavirales, induce strong cytotoxic
lymphocyte responses in infected humans. Cytotoxic
lymphocytes, however, are largely incapable of erad-
icating hantavirus-infected cells. Here, we show that
the prototypic hantavirus, Hantaan virus (HTNV), in-
duces TRAIL production but strongly inhibits TRAIL-
mediated extrinsic apoptosis induction in infected
cells by downregulating DR5 cell surface expression.
Mechanistic analyses revealed that HTNV triggers
both 26S proteasome-dependent degradation of
DR5 through direct ubiquitination of DR5 and ham-
pers DR5 transport to the cell surface. These results
corroborate earlier findings, demonstrating that
hantavirus also inhibits cytotoxic cell granule-depen-
dent apoptosis induction. Together, these findings
show that HTNV counteracts intrinsic and extrinsic
apoptosis induction pathways, providing a defense
mechanism utilized by hantaviruses to inhibit cyto-
toxic cell-mediated eradication of infected cells.

INTRODUCTION

Cytotoxic lymphocytes, such as natural killer (NK) cells and CD8

T cells, play an important role in the immune system by their
2124 Cell Reports 28, 2124–2139, August 20, 2019 ª 2019 The Autho
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capability to kill virus-infected cells. This killing capacity is

executed via two different mechanisms: cytotoxic granule-

dependent induction of apoptosis and death receptor (DR)-

dependent induction of apoptosis, the latter induced by specific

ligands of the tumor necrosis factor (TNF) superfamily (Walczak,

2013). TNF-related apoptosis-inducing ligand (TRAIL; TNFSF10)

is one such ligand used by cytotoxic lymphocytes to trigger

extrinsic apoptosis in DR4 (TNFRSF10A)- and/or DR5

(TNFRSF10B)-expressing cells (Henkart and Sitkovsky, 1994;

Kearney et al., 2018; Martı́nez-Lostao et al., 2015; Pan et al.,

1997; Sheridan et al., 1997). The interaction of TRAIL with DR4

or DR5, expressed on the surface of the target cell, enables

the recruitment of the death-inducing signaling complex (DISC)

to the DR and the activation of caspase-8, which in turn activates

caspase-3 (Kischkel et al., 2000; Sprick et al., 2000). Virus-medi-

ated targeting of the DR4 and DR5 apoptosis-inducing pathway

has been observed for certain DNA viruses, such as hepatitis B

virus and adenovirus, leading to inhibition of TRAIL-mediated in-

duction of apoptosis (Shin et al., 2016; Tollefson et al., 2001).

This type of immune evasionmechanism has not been described

for RNA viruses.

Orthohantaviruses (hereafter referred to as hantaviruses) are

single-stranded RNA viruses of the order Bunyavirales. These

zoonotic viruses have a worldwide distribution determined by

the geographic location of their natural host reservoirs (Jonsson

et al., 2010; Vaheri et al., 2013). The natural hosts of hantaviruses

are asymptomatically and persistently infected. In humans, how-

ever, several rodent-borne hantaviruses cause two severe acute

hyperinflammatory syndromes: hemorrhagic fever with renal

syndrome (HFRS) predominantly seen in Asia and Europe, and

hantavirus pulmonary syndrome (HPS) observed in the Ameri-

cas, with fatality rates of 0.1%–10%and 35%–40%, respectively

(Manigold and Vial, 2014; Schönrich et al., 2008; Vaheri et al.,

2013). Transmission of hantaviruses to humans occurs primarily
r(s).
commons.org/licenses/by/4.0/).
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Figure 1. HTNV Infection Stimulates TRAIL Production

(A) TRAIL mRNA levels in HTNV-infected relative to uninfected endothelial cells over time. HUVECs were infected with HTNV and samples harvested at 6, 12, 24,

48, 72, and 96 h p.i. TRAIL mRNA levels were normalized against GusBmRNA levels, and fold change in TRAIL mRNA levels in HTNV-infected cells compared to

uninfected cells was calculated. Data shown represent the mean ± SD from three independent experiments.

(B) Western blots of total cellular TRAIL protein in HTNV-infected and uninfected HUVECs. One representative experiment out of three independent experiments

is shown.

(legend continued on next page)
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via inhalation of dust from virus-contaminated rodent excreta.

After initial infection of the respiratory system, hantaviruses

establish a systemic infection with endothelial cells as their pri-

mary targets (Mackow and Gavrilovskaya, 2009; Vaheri et al.,

2013). Infection triggers strong cytotoxic lymphocyte responses,

including increased levels of activated NK cells and CD8 T cells

(Björkström et al., 2011; Braun et al., 2014; Lindgren et al., 2011;

Kilpatrick et al., 2004; Manigold and Vial, 2014; Schönrich et al.,

2008; Vaheri et al., 2013: Klingström et al., 2019). However, an-

alyses of patient autopsies do not reveal any destruction of in-

fected cells (Zaki et al., 1995), suggesting that activated cyto-

toxic lymphocytes are incapable of eradicating infected cells.

We recently showed that hantaviruses efficiently inhibit cytotoxic

granule-dependent induction of apoptosis of infected target

cells (Gupta et al., 2013; Solà-Riera et al., 2019). Specifically,

the viral nucleocapsid protein was shown to inhibit granzyme B

(Gupta et al., 2013; Solà-Riera et al., 2019), a protease ex-

pressed by cytotoxic lymphocytes, suggesting that hantaviruses

have evolved a specific strategy to counteract lymphocyte-

mediated killing via the intrinsic pathway of apoptosis.

Here, we investigated the effects of hantavirus on TRAIL pro-

duction and, importantly, on TRAIL-mediated killing of infected

cells. Infection of endothelial cells with the prototypic hantavirus,

Hantaan virus (HTNV), triggered increased production of soluble

TRAIL (sTRAIL) as well as of membrane-bound TRAIL. NK cells

co-incubated with infected endothelial cells showed increased

TRAIL production, potentially arming these cytotoxic lympho-

cytes for TRAIL-mediated killing of target cells. Strikingly,

however, we observed that HTNV-infected cells resisted

TRAIL-mediated induction of apoptosis. When exploring the

mechanisms behind this, we observed that HTNV causes down-

regulation of cell surface DR5 on infected cells.We show that this

is achieved by two separate mechanisms. Initially, HTNV infec-

tion triggered a transient 26S proteasome-dependent degrada-

tion of DR5. At later time points, HTNV affected the intracellular

transport of DR5 leading to perinuclear accumulation of DR5.

Together, these findings show that HTNV, a small RNA virus,
(C) Fold change of total cellular TRAIL protein levels in HTNV-infected and unin

analysis using the software ImageJ and calculated as fold change increase compa

mean ± SD from three independent experiments.

(D) Immunofluorescence images of TRAIL expression in HTNV-infected and uninfe

(red), and with DAPI (blue) for nuclear counterstaining. One representative exper

(E) Expression levels (mean fluorescence intensity [MFI]) of cell surface-bound TR

the mean ± SD from three independent experiments.

(F) TRAIL levels in supernatants from HTNV-infected and uninfected HUVECs. D

(G) TRAIL levels in supernatants from NK cells co-incubated with HTNV or con

experiments including three healthy NK cell donors per experiment (n = 9).

(H) TRAIL levels in supernatants from NK cells co-incubated with HTNV-infected

Supernatants were then collected 6, 12, and 24 h later. Data shown represent th

donors per experiment (n = 9).

(I) TRAIL expression on CD56dimCD16+ (left) and CD56brightCD16� (right) NK cell

representative experiment out of four independent experiments each including a

(J) Levels of CD56dimCD16+ and CD56brightCD16�NK cells expressing TRAIL after

without direct contact (Transwell). Data shown represent the mean ± SD of four ind

(n = 11).

(K) Plasma levels of sTRAIL in HFRS patients (n = 17) during acute (median 5 days

Mean levels are indicated with red lines.

Infection of HUVECswas done at amultiplicity of infection (MOI) of 1. Paired t test w

***p < 0.001; Wilcoxon rank test was used in (K); ****p < 0.0001. See also Figure
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uses two separate mechanisms to ensure inhibition of TRAIL-

mediated killing of infected cells.

RESULTS

HTNV Infection Causes Increased TRAIL Production
Endothelial cells are the main targets of hantaviruses (Mackow

and Gavrilovskaya, 2009). To investigate whether hantaviruses

per se can induce TRAIL production in endothelial cells, we in-

fected primary human umbilical vein endothelial cells (HUVECs)

with the prototypic hantavirus HTNV. At different time points

post-infection (p.i.), samples were collected and analyzed for

TRAIL mRNA and protein levels. qRT-PCR analysis showed

increased TRAIL mRNA levels in infected cells from 12 h p.i.

and onward, with levels peaking at 48 h p.i. (Figure 1A). Further-

more, increased TRAIL protein levels were detected by immu-

noblot analysis from early on after infection and clearly at 72

and 96 h p.i. (Figures 1B and 1C). The increased TRAIL expres-

sion was confirmed by immunofluorescence analysis in in-

fected cells at 72 h p.i. (Figure 1D). Additionally, flow cytometry

analysis revealed significantly increased cell surface expres-

sion of TRAIL on infected cells 72 h p.i. (Figure 1E). To test

whether HTNV also stimulated the release of sTRAIL from in-

fected cells, sTRAIL levels in supernatants were evaluated by

ELISA. Significantly higher sTRAIL levels were observed in su-

pernatants from infected compared to uninfected cells at 72

and 96 h p.i. (Figure 1F). Together, these findings show that

HTNV infection of endothelial cells leads to increased TRAIL

production.

To investigate whether hantavirus infection could stimulate

TRAIL production also in cytotoxic lymphocytes, NK cells were

first exposed to HTNV directly. Analysis of supernatants from

exposed and control NK cells indicated that HTNV does not

induce sTRAIL release fromNK cells under these conditions (Fig-

ure 1G), which is in line with previous observations that NK cells,

at least in vitro, are not infected by HTNV (Braun et al., 2014).

However, increased sTRAIL levels were observed when NK cells
fected HUVECs over time. Expression was measured by band densitometry

red to total cellular TRAIL in uninfected cells at 24 h. Data shown represent the

ctedHUVECs at 72 h p.i. Cells were stained for TRAIL (green), for virus infection

iment out of three independent experiments is shown. Scale bar, 20 mm.

AIL in HTNV-infected and uninfected HUVECs over time. Data shown represent

ata shown represent the mean ± SD from three independent experiments.

trol medium. Data shown represent the mean ± SD from three independent

or uninfected HUVECs. NK cells were added to the endothelial cells at 72 h p.i.

e mean ± SD from three independent experiments with three healthy NK cell

s after 24 h of co-incubation with HTNV-infected or uninfected HUVECs. One

t least two healthy NK cell donors (n = 11) is shown.

24 h of co-incubation with HTNV-infected or uninfected HUVECs, in contact or

ependent experiments with at least two healthy NK cell donors per experiment

after onset of disease) and convalescent phase (median 55 days after onset).

as used for statistical evaluation in (C), (E), (F)–(H), and (J); *p < 0.05; **p < 0.01;

S1.
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Figure 2. HTNV Protects Infected Cells from TRAIL-Mediated Killing

(A) Immunofluorescence pictures of uninfected and HTNV-infected A549 cells after exposure to increasing concentrations of TRAIL. Cells were stained for

apoptosis (TUNEL [red]), for virus infection (green), and with DAPI (blue) for nuclear counterstaining. One representative experiment out of three independent

experiments is shown. Scale bar, 20 mm.

(B) Levels of HTNV-infected and uninfected TUNEL-positive cells. Cell counts of apoptotic cells (i.e., TUNEL-positive cells) were determinedwith ImageJ software

and based on R300 cells per condition. Data shown represent the mean ± SD from three independent experiments.

(C) Western blots of PARP, caspase-8, and caspase-3 in HTNV-infected and uninfected A549 cells after exposure to TRAIL. Monoclonal antibody (mAb) 1C12

was used for detection of HTNV N protein. One representative experiment out of three independent experiments is shown.

(D) Levels of cleaved PARP in HTNV-infected, compared to uninfected, A549 cells after exposure to TRAIL. Harvested cell lysates were analyzed by western blot

and the intensity of the cleaved PARP and full-length PARP bands determined by densitometry using the software ImageJ. The ratio from uninfected cells

represents maximal cleaved PARP/full-length PARP ratio (100%). Data shown represent the mean ± SD from three independent experiments.

(legend continued on next page)
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were co-incubated with infected endothelial cells (Figure 1H),

suggesting that HTNV indirectly stimulates NK cells to produce

TRAIL. Furthermore, flow cytometry analysis revealed increased

cell surface expression of TRAIL on NK cells co-incubated with

infected compared to uninfected endothelial cells (Figure 1I).

Noteworthy, both less differentiated (CD56brightCD16�) and

terminally differentiated (CD56dimCD16+) NK cells responded

to hantavirus-infected cells by upregulating TRAIL production,

although a stronger effect was observed within the

CD56brightCD16� NK cell population (Figures 1I and 1J).

Moreover, although a stronger effect was observed on NK cells

in direct contact with infected HUVECs, clearly upregulated

TRAIL levels were observed also on NK cells separated from

endothelial cells in a Transwell setting (Figure 1J), suggesting

that the TRAIL upregulation is not dependent on direct contact.

Furthermore, ELISA analysis revealed significantly higher

sTRAIL plasma levels during the acute compared to the convales-

cent phase of Puumala virus (PUUV)-infected Swedish HFRS pa-

tients (Figure 1K). This is in line with a previous report on HTNV-in-

fected Chinese HFRS patients (Liu et al., 2006), indicating that

increased TRAIL production is common during human hantavirus

infection. Additionally, samples from patients suffering from two

other viral infectious diseases, dengue fever and influenza, were

analyzed for sTRAIL levels. sTRAIL has been implicated in patho-

genesis of influenza by causing increased pulmonary edema

(Peteranderl et al., 2016). Therefore, we also analyzed sTRAIL

levels in plasma from influenza virus-infected patients. Elevated

levels of sTRAIL have been reported in dengue fever patients

(Limonta et al., 2014; Arias et al., 2014), showing that increased

levels of serum sTRAIL is not unique for human hantavirus infec-

tions. Here, we observed slightly increased levels of sTRAIL in

dengue virus-infected patients during the acute compared to

convalescent phase (p = 0.0512), and no clear increase in sTRAIL

levels in influenza virus-infected patients as compared to healthy

controls (Figure S1). The observed sTRAIL levels were similar in

acute HFRS and acute dengue fever (Figures 1K and S1). Taken

together, these data show that HTNV induces TRAIL production

in infected cells, and indirectly triggers TRAIL production by NK

cells, potentially arming these cells for subsequent killing of target

cells.
(E) Levels of caspase-8 in HTNV-infected, compared to uninfected, A549 cells afte

the intensity of the caspase-8 bands was determined by densitometry using the s

(100%). Data shown represent the mean ± SD from three independent experime

(F) Levels of caspase-3 in HTNV-infected, compared to uninfected, A549

western blot, and the intensity of the caspase-3 and procaspase-3 bands

from uninfected cells represents maximal caspase-3/procaspase-3 ratio (

experiments.

(G) Levels of caspase-8 activity in TRAIL-exposed HTNV-infected, compared to

represented maximal caspase-8 activity. Data shown represent the mean ± SD f

(H) Levels of caspase-3 activity in TRAIL-exposed HTNV-infected, compared to

represented maximal caspase-3 activity. Data shown represent the mean ± SD f

(I) Levels of TUNEL-positive HTNV-infected and uninfected HUVECs after exposu

Cell counts of apoptotic cells (i.e., TUNEL-positive cells) were determined with Im

the mean ± SD from three independent experiments.

(J and K) Cellular caspase-8 (J) and caspase-3 (K) activity in HTNV-infected and un

caspase-3 activity of cells from the different conditions were compared to the activ

mean ± SD from three independent experiments.

A549 cells and HUVECs were infected with HTNV at MOI 1. Paired t test

****p < 0.0001.
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HTNV Inhibits TRAIL-Mediated Apoptosis
Given the observed hantavirus-mediated induction of TRAIL,

we next sought to explore possible effects of TRAIL on infected

cells. A549 cells, a cell line known to be sensitive to TRAIL-

mediated killing, were left uninfected or infected with HTNV

and exposed to TRAIL and subsequently assessed for the level

of apoptotic cells by TUNEL staining. Increased levels of

TUNEL-positive uninfected cells were observed with increasing

concentrations of TRAIL (Figures 2A and 2B). In contrast, few

TUNEL-positive HTNV-infected cells were observed, even after

exposure to high concentrations of TRAIL (Figures 2A and 2B).

To confirm that HTNV inhibited TRAIL-mediated induction of

apoptosis, we analyzed for cleaved PARP (cPARP), an

apoptotic marker (Boulares et al., 1999), using western blot.

Upon TRAIL treatment, less cPARP was observed in infected

compared to uninfected cells (Figures 2C and 2D), confirming

that HTNV inhibited TRAIL-mediated activation of apoptosis

in infected cells.

To investigate at what step of the TRAIL-mediated extrinsic

pathway HTNV interfered with, we assessed the levels of acti-

vated caspase-8 and caspase-3 in TRAIL-exposed cells.Western

blot analysis revealed significantly less active, cleaved, caspase-8

in TRAIL-exposed infected compared to uninfected cells (Figures

2C and 2E), suggesting that HTNV inhibits activation of caspase-

8. In line with this, also significantly less active, cleaved, caspase-

3 was observed in TRAIL-exposed infected compared to

uninfected cells (Figures 2C and 2F). Assessment of cellular

caspase-8 and caspase-3 activity further showed a decrease in

the activity of these caspases in HTNV-infected cells compared

to uninfected cells upon TRAIL exposure (Figures 2G and 2H).

Next, we analyzed the effects of TRAIL on HTNV-infected

HUVEC. As previously reported by others (Secchiero et al.,

2003), HUVECs remained resilient to TRAIL-mediated killing (Fig-

ure 2I). However, cycloheximide (CHX) treatment enhances the

effects of TRAIL, resulting in killing of HUVECs (Li et al., 2003).

Interestingly, while CHX-treated uninfected HUVECs succumbed

to TRAIL, HTNV-infected CHX-treated HUVECs did not (Figures

2I). Furthermore, clearly higher levels of caspase-8 and cas-

pase-3 activity were observed in CHX and TRAIL-exposed unin-

fected, compared to infected, HUVECs (Figures 2J and 2K),
r exposure to TRAIL. Harvested cell lysates were analyzed by western blot, and

oftware ImageJ. The ratio from uninfected cells represents maximal caspase-8

nts.

cells after exposure to TRAIL. Harvested cell lysates were analyzed by

was determined by densitometry using the software ImageJ. The ratio

100%). Data shown represent the mean ± SD from three independent

uninfected, A549 cells. Caspase-8 activity in TRAIL-treated uninfected cells

rom three independent experiments.

uninfected, A549 cells. Caspase-3 activity in TRAIL-treated uninfected cells

rom three independent experiments.

re to increasing concentrations of TRAIL with or without cycloheximide (CHX).

ageJ software and based onR300 cells per condition. Data shown represent

infected HUVECswhen exposed to TRAIL with or without CHX. Caspase-8 and

ity in non-treated uninfected control HUVECs. The results shown represent the

was used for statistical evaluation; *p < 0.05; **p < 0.01; ***p < 0.001;
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Figure 3. HTNV Induces DR5 Downregulation on Infected Cells

(A) Histogram showing DR5 surface expression on HTNV-infected and uninfected A549 cells over time. One representative experiment out of three independent

experiments is shown.

(B–D) Fold change in expression levels (MFI) of cell surface (B) DR5, (C) DR4, and (D) HLA-E on HTNV-infected A549 cells compared to expression on uninfected

A549 cells over time. Data shown represent the mean ± SD from three independent experiments.

(E) Histogram showing DR5 surface expression on HTNV-infected and uninfected HUVECs over time. One representative experiment out of three independent

experiments is shown.

(legend continued on next page)
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showing that HTNV inhibits TRAIL-mediated killing of infected

HUVECs.

Taken together, these findings showed that HTNV protects in-

fected cells from TRAIL-mediated apoptosis. Moreover, the data

indicated that HTNV inhibits an early step in the TRAIL-mediated

extrinsic apoptotic pathway, thereby hampering activation of

caspase-8.

Hantavirus Downregulates DR5 Cell Surface Expression
Certain DNA viruses can downregulate DR4 and/or DR5 and

thereby inhibit TRAIL-mediated activation of caspase-8 and sub-

sequent induction of apoptosis (Benedict et al., 2001; Du et al.,

2009). Whether any RNA virus has adopted a similar strategy is

currently unknown. However, the finding of reduced levels of

activated caspase-8 in TRAIL-exposed infected cells (Figures

2C, 2E, and 2G), suggested that HTNV might interfere with

DR4 and/or DR5 expression. To test this hypothesis, A549 cells

were infected with HTNV and cell surface expression of DR4 and

DR5 was assessed by flow cytometry. Strikingly, DR5 cell sur-

face expression was significantly decreased on infected cells

compared to uninfected cells (Figures 3A and 3B), showing

that HTNV affects DR5 cell surface expression. DR4 was barely

detected on uninfected cells (data not shown), and HTNV infec-

tion did not affect DR4 cell surface expression in any significant

way (Figure 3C). As previously reported (Braun et al., 2014),

HTNV caused increased HLA-E cell surface expression on

A549 cells (Figure 3D), showing that HTNV infection has different

effects on the expression levels of different cell surface proteins.

We next analyzedwhether HTNV could also affect DR5 cell sur-

face expression on primary endothelial cells. Flowcytometry anal-

ysis revealed high levels of DR5 cell surface expression on unin-

fected HUVECs (Figure 3E). From 48 h p.i. and onward, DR5

was clearly downregulated on HTNV-infected HUVECs (Figures

3E and 3F). As reported earlier, DR4 was barely, if at all, detected

on the surface of uninfected HUVECs (Sato et al., 2010), and

expression was not affected by HTNV infection (Figure 3G). In

line with previous reports (Björkström et al., 2011; Braun et al.,

2014), and as observed on A549 cells (Figure 3D), HTNV strongly

induced cell surface expression of HLA-E onHUVECs (Figure 3H),

showing that hantaviruses do not have a general inhibitory effect

on expression of endothelial cell surface proteins. Flow cytometry

analysis and specific gating on infected cells among the HTNV-

exposed cells revealed that downregulation of cell surface DR5

occurred on HTNV-infected cells but not in bystander uninfected

cells (Figures 3I, 3J, S2A, and S2B), showing that active viral repli-

cation is needed for the observed DR5 downregulation. To

analyze whether HTNV-caused DR5 downregulation was HUVEC

donor dependent, we infected and analyzed HUVECs derived
(F–H) Fold change in in expression levels (MFI) of cell surface (F) DR5, (G) DR4, and

HUVECs over time. Data shown represent the mean ± SD from three independe

(I) DR5 cell surface expression on gated N-protein� (uninfected) and N-protei

One representative experiment out of three independent experiments is shown.

(J) Expression levels (MFI) of DR5 cell surface expression on N-protein� (uninfecte

at 24 h p.i. The results shown represent the mean ± SD from three independent

(K and L) Expression levels (MFI) of cell surface DR5 (K) and HLA-E (L) on HTNV-inf

from 4 independent donors obtained and analyzed as three independent experim

A549 cells and HUVECs were infected with HTNV at MOI 1. Paired t test was us

See also Figure S2.
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from four different donors. Downregulation of DR5, as well as up-

regulation of HLA-E, was consistent among all HTNV-infected

HUVECs (Figures 3K and 3L).

We finally tested whether other hantaviruses could affect DR5

cell surface expression. Both the HFRS-causing PUUV, and the

non-pathogenic hantavirus Prospect Hill virus (PHV), also down-

regulated DR5 cell surface expression on HUVECs (Figures

S2C–S2E), suggesting that this effect might be a general feature

of hantaviruses. As observed for HTNV, PUUV and PHV also

induced increased HLA-E expression (Figures S2F and S2G).

PUUV and PHV have a fast infection kinetics in HUVECs (Figures

S2H and S2I), likely explaining why downregulation of DR5

occurred already at 24 h p.i (Figures S2C–S2E).

HTNV Causes an Initial Transient 26S Proteasome-
Dependent Depletion of DR5
To explore the mechanisms behind the hantavirus-mediated

downregulation of DR5, we next analyzed the effects of HTNV on

DR5 mRNA and protein levels over time following infection of

HUVECs. qRT-PCR analysis showed that neither DR5 nor DR4

mRNA levels were significantly altered by HTNV infection (Figures

4A and 4B), indicating that HTNV does not inhibit transcription of

DR5 or DR4. In contrast, western blot analysis showed a massive

downregulation of DR5 in infected cells at 48 h p.i. (Figures 4C and

4D). Interestingly, at 72 h p.i., despite almost no detectable DR5

cell surface expression (Figures 3E and 3F), similar levels of total

cellular DR5 were observed in infected and uninfected cells, and

at 96 h p.i., higher levels of total cellular DR5 were observed in in-

fected compared to uninfected cells (Figures 4C and 4D). More-

over, at 72 and 96 h p.i., higher levels of the short isoform of DR5

(DR5S), an alternatively spliced variant of DR5 (Screaton et al.,

1997),weredetected in infectedcompared touninfectedcells (Fig-

ures 4C and 4E). In contrast to the observed HTNV-mediated

downregulation of DR5 at 48 h p.i., levels of procaspase-8 and

Fas-associated death domain (FADD) were not affected at this

time point after infection (Figure 4C), suggesting that at 48 h p.i.,

HTNV specifically downregulates DR5 and not the other compo-

nents of the DISC complex. These results were also observed us-

ing flow cytometry analysis of surface and intracellular DR5.

Decreased surface-expressed and intracellularly expressed DR5

wasobservedat 48hp.i., while at 72and96hp.i. decreased levels

of cell surface, but not of intracellular, DR5 was observed (Figures

4F–4I and S3). Additionally, by labeling cell surface proteins with

biotin, and then analyzing the extracted cell surface proteins, we

observed clearly less DR5 on the cell surface of HTNV-infected

cells at 48 and 96 h p.i. (Figure 4J), showing that HTNV strongly

downregulates DR5 cell surface expression over time in infected

cells.
(H) HLA-E on HTNV-infected HUVECs compared to expression on uninfected

nt experiments.

n+ (infected) HUVECs within the HTNV-infected cell population at 24 h p.i.

d) and N-protein+ (infected) HUVECs within the HTNV-infected cell population

experiments.

ected and uninfected HUVECs over time. Data shown represent themean ± SD

ents, each including the 4 donors.

ed for statistical evaluation; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure 4. HTNV Causes a Transient Depletion of DR5 Followed by Increased Intracellular Accumulation of Newly Produced DR5

(A and B) DR5 (A) and DR4 (B) mRNA levels in HTNV-infected HUVECs compared to uninfected HUVECs over time. Data shown represent the mean ± SD from

three independent experiments.

(C) Western blot images of DR5, TRAIL, procaspase-8, and FADD in HTNV-infected and uninfected HUVECs. One representative experiment out of three

independent experiments is shown.

(D and E) Levels of total DR5 (D) and of DR5S (E) in HTNV-infected, compared to uninfected, HUVECs over time. Fold change expression was measured by band

densitometry analysis using the software ImageJ, normalized against calnexin levels and calculated as increase compared to total cellular DR5 or DR5S only in

uninfected cells at 24 h. Data shown represent the mean ± SD from three independent experiments.

(F) DR5 expression on HTNV-infected and uninfected HUVECs over time. One representative experiment out of three independent experiments is shown.

(G) Expression levels (MFI) as fold change in surface expression of DR5 onHTNV-infected, compared to uninfected, HUVECs over time. Data shown represent the

mean ± SD from three independent experiments.

(legend continued on next page)
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The finding that HTNV caused a transient depletion of DR5 in

infected cells without inhibiting DR5 mRNA transcription, sug-

gested that HTNV caused degradation of DR5. Hepatitis B virus

triggers autophagy in infected cells leading to increased degra-

dation of DR5, thereby inhibiting TRAIL-mediated killing of

infected cells (Shin et al., 2016). To investigate whether HTNV

might trigger a similar mechanism at 48 h p.i., we analyzed in-

fected and uninfected cells for markers of autophagy. However,

western blot analysis revealed that levels of Beclin-1, Atg16L1b,

Atg16L1a, and Atg5 were not increased in infected compared to

uninfected cells at 48 h p.i. (Figure S4A). Moreover, no significant

increase in LC3AB-II (phosphatidylethanolamine coupled

LC3AB, amarker for autophagy induction) or in the ratio between

LC3AB-I/LC3AB-II was observed in infected cells at 24 and 48 h

p.i. (Figures S4B and S4C). These results suggested that the

observed HTNV-mediated downregulation of DR5 at 48 h p.i.

was not dependent on increased autophagy.

DR5 can be targeted for degradation by the ubiquitin protea-

some system (Kim et al., 2013; Song et al., 2010), but whether

viruses can trigger this mechanism has previously not been

shown. To investigate whether the HTNV-mediated depletion

of DR5 involved the ubiquitin proteasome system, at 30 h p.i.

we treated infected cells for 5 h with the 26S proteasome inhib-

itor MG132 (Lee and Goldberg, 1998) or with SMER-3, an inhib-

itor of the Skp1-Cullin-F-box (SCF) E3 ubiquitin ligase complex

that mediates ubiquitination of proteins, targeting these for

degradation by the 26S proteasome (Aghajan et al., 2010;

Petroski and Deshaies, 2005), and then analyzed the effects on

DR5 at 48 h p.i. Treatment withMG132 or SMER-3 both reversed

HTNV-mediated DR5 depletion, as shown by western blot

analysis (Figures 5A–5D and S5A). Interestingly, flow cytometry

analyses showed that these inhibitors also restored DR5 cell sur-

face expression on HTNV-infected cells (Figures 5E–5H). Inhibi-

tion of the 26S proteasome byMG132 also restored DR5 surface

expression on HTNV-infected A549 cells (Figures 5I and 5J) and,

strikingly, resulted in sensitization of HTNV-infected A549 cells

to TRAIL-mediated killing (Figures 5K and 5L).

Taken together, these data suggest that HTNV triggers an

increased 26S proteasome-dependent degradation of DR5,

thereby causing a downregulation of DR5 cell surface expres-

sion at 48 h p.i. Moreover, the finding that inhibition of the 26S

proteasome in HTNV-infected cells resulted in restored DR5

cell surface expression on infected cells, sensitizing them to

TRAIL-mediated killing, shows that downregulation of DR5 is

crucial for HTNV-caused inhibition of TRAIL-mediated killing.

HTNV Infection Causes Ubiquitination of DR5
Ubiquitination of proteins flags them for proteasomal degrada-

tion. In order to better understand how DR5 was specifically tar-

geted for 26S proteasome degradation, we next investigated
(H) Intracellular DR5 expression in HTNV-infected and uninfected HUVECs

(see Figure S3). One representative experiment out of three independent expe

(I) Expression levels (MFI) as fold change in intracellular expression of DR5 in HT

represent the mean ± SD from three independent experiments.

(J) DR5 protein on HTNV-infected and uninfected HUVECs. Cell surface proteins

proteins. TNFR1 was used as loading control. One experiment is shown.

HUVECs were infected with HTNV at MOI 1. Paired t test was used for statistical e
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whether HTNV could affect ubiquitination of DR5. To this end,

we used an in situ proximity ligation assay (PLA), allowing for

detection of DR5-ubiquitin interacting complexes. PLA allows

for direct detection of protein interactions and modifications. In

brief, protein interaction complexes are detected by staining

with two antibodies (here one antibody against DR5 and one

against ubiquitin), followed by two secondary antibodies con-

taining unique oligonucleotides (PLA probes). Proximity between

the two secondary antibodies allows for rolling circle DNA syn-

thesis and amplification. Finally, complementary detection

oligos coupled to fluorochromes hybridize to the amplicons,

allowing for detection by fluorescent microscopy. Clearly

increased levels of DR5-ubiquitin interacting complexes were

observed in HTNV-infected cells early after infection (Figures

6A and 6B). The number of DR5-ubiquitin interacting complexes

in HTNV-infected cells increased from 24 h p.i. to 42 h p.i., and

then rapidly decreased, being almost undetectable 72 and

96 h p.i. (Figures 6A and 6B). In line with these results, western

blot analysis revealed a constant decrease in total DR5 protein

levels from 30 h p.i. until 48 h p.i., when the lowest level of total

cellular DR5 was observed (Figures 6C and 6D). Overall, these

data suggest that HTNV, early after infection, induces ubiquitina-

tion of DR5 for subsequent proteasomal degradation, thereby

causing a transient depletion of DR5 in infected cells.

HTNV Infection Causes a Later Subcellular
Relocalization of DR5
The findings of decreased DR5 cell surface expression from 72 h

p.i. and onward (Figures 3E and 3F), despite increased DR5 pro-

tein levels (Figures 4C and 4D), suggested that HTNV altered the

normal cellular localization of DR5, preventing efficient cell sur-

face transport. To investigate this possibility, staining of DR5 in

infected and uninfected cells was done at different time points

after infection, and subcellular localization of DR5 was then

analyzed by confocal microscopy. Uninfected cells showed a

similar staining pattern of DR5 at all time points (Figure 7A). At

48 h p.i., DR5 was hardly detected at all in HTNV-infected cells

(Figure 7A), which was in line with the finding that HTNV caused

a transient depletion of DR5 at this time point (Figures 3E, 3F, 4C,

and 4D). Interestingly, at 72 and 96 h p.i., a perinuclear localiza-

tion of DR5 was observed in the infected cells (Figure 7A).

Furthermore, co-localization studies showed higher levels of

DR5 and LAMP-1 double-positive vesicles in HTNV-infected

compared to uninfected cells (Figures 7B, 7C, and S6).

Chloroquine (CQ) has been shown to induce DR5 accumulation

in lysosomes (Akpinar et al., 2016). Mirroring observations in

HTNV-infected cells, perinuclear accumulation of DR5 and

increased levels of DR5 and LAMP-1 double-positive vesicles

were observed in CQ-treated uninfected cells (Figures 7B

and 7C). DR5 co-localized with LAMP-1 in 15.62 ± 7.17%
over time. Calnexin was used as internal control for intracellular staining

riments is shown.

NV-infected, compared to uninfected, HUVECs over time. The results shown

were biotinylated and subsequently purified for the exclusion of intracellular

valuation; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. See also Figure S3.
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Figure 5. Proteasomal Inhibition Restores DR5 Expression on the Cell Surface of HTNV-Infected Cells and Results in TRAIL-Mediated Killing
of Infected Cells

(A) Western blot images of DR5 expression on HTNV-infected HUVECs after MG132 treatment. One representative experiment out of three independent

experiments is shown.

(B) Fold change of DR5 expression over time in HTNV-infected compared to uninfected HUVECs following MG132 treatment. Band densitometry analysis was

performed with ImageJ software. The intensity of DR5 bands was normalized against calnexin levels and compared to DR5 expression in uninfected cells at 24 h

p.i. Data shown represent the mean ± SD from three independent experiments.

(C) Western blot images of DR5 expression on HTNV-infected HUVECs after SMER-3 treatment. One representative experiment out of three independent

experiments is shown.

(legend continued on next page)
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(median ± SD) of the uninfected cells, in 68.80 ± 6.47% of the

HTNV-infected cells, and in 84.95 ± 7.33% of the CQ-treated

cells (Figure 7C). Partial co-localization of DR5 with the late en-

dosomal marker Rab7a, and with the autophagosomal marker

LC3, were observed in some infected cells (Figures S7A–S7C).

Co-localization of DR5 with the Golgi marker RCAS-1, and with

calnexin, was not found to be clearly increased in HTNV-infected

compared to uninfected cells (Figures S7D and S7E). Taken

together, these results suggest that HTNV, in an unknown

manner, interferes with the subcellular localization of newly

produced DR5, inducing enrichment of DR5 in LAMP-1-positive

organelles and preventing cell surface expression of DR5.

DISCUSSION

Here, we show HTNV-infected cells to be resistant to TRAIL-

mediated killing. Mechanistic analysis demonstrated that

HTNV downregulates DR5 cell surface expression by initially

inducing a transient 26S proteasome-dependent degradation

of DR5 followed by a later induced inhibition of transport of

DR5 to the cell surface.

Cytotoxic lymphocytes are crucial for the immune system’s

ability to eliminate virus-infected cells. Besides activating the

common intrinsic apoptotic pathway via cytotoxic granule-

dependent induction of apoptosis, cytotoxic lymphocytes have

a unique capacity to activate the extrinsic apoptotic pathway in

target cells by utilizing TNF-superfamily ligands such as TRAIL.

By simultaneously using different mechanisms to activate both

intrinsic and extrinsic apoptotic pathways, cytotoxic lympho-

cytes maximize the chances of eliminating virus-infected cells

and other aberrant cells including tumor cells. However, certain

DNA viruses, such as hepatitis B virus, adenoviruses, g-herpes-

viruses, and human papillomavirus type 16, inhibit DR-mediated

killing of infected cells, e.g., by downregulating DR5, thereby

counteracting extrinsic apoptosis (Benedict et al., 2001;
(D) Fold change of DR5 expression over time in HTNV-infected compared to unin

performed with ImageJ software. The intensity of DR5 bands was normalized aga

p.i. Data shown represent the mean ± SD from three independent experiments.

(E) Flow cytometry histograms displaying DR5 cell surface levels onHTNV-infected

One representative experiment out of three independent experiments is shown.

(F) Expression levels (MFI) of cell surface expressed DR5 on HTNV-infected HUV

independent experiments.

(G) Flow cytometry histogram displaying DR5 cell surface levels on HTNV-i

representative experiment out of three independent experiments is shown.

(H) Expression levels (MFI) of cell surface DR5 on HTNV-infected HUVECs after SM

experiments.

(I) Flow cytometry histograms showing cell surface expression of DR5 on HTNV

DMSO only. One representative experiment out of three independent experimen

(J) Expression levels (MFI) of cell surface DR5 on HTNV-infected A549 cells after M

experiments.

(K) Immunofluorescence pictures of TRAIL-exposed uninfected and HTNV-infec

stained for apoptosis (TUNEL [red]), for virus infection (green), and with DAPI (b

independent experiments is shown. Scale bar, 20 mm.

(L) Levels of TUNEL-positive HTNV-infected and uninfected A549 cells after treatm

A549 cells) were determined with ImageJ software and based onR300 cells per

experiments.

HUVECs and A549 cells were infected with HTNV at MOI 1. For proteasome inh

proteasome inhibitor MG132 or the E3 ubiquitin ligase inhibitor SMER-3 for 5 h. D

(Figure S5). Paired t test was used for statistical evaluation; *p < 0.05; **p < 0.01
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Du et al., 2009; Garnett et al., 2006; Kabsch and Alonso, 2002;

Thome et al., 1997). Additionally, cancer cells have also been

shown to inhibit extrinsic apoptosis. Indeed, soon after TRAIL

was discovered, it was suggested as a possible treatment of

cancer (Ashkenazi et al., 1999). However, clinical trials have so

far largely failed to show a positive effect due to resistance

mechanisms and likely other effects (Kearney et al., 2018;

Walczak, 2013).

Hantaviruses are single-stranded negative-sense RNA viruses

with a tri-segmented RNA genome, encoding 4–5 proteins

(Vaheri et al., 2013). Despite this small repertoire of viral proteins,

hantaviruses manipulate several antiviral mechanisms in in-

fected cells, including interferon responses and intrinsic

apoptosis (Gupta et al., 2013; Matthys and Mackow, 2012;

Solà-Riera et al., 2019), protecting the virus from the infected

cell’s antiviral responses. At the same time, hantavirus infection

triggers a massive activation of cytotoxic lymphocytes, which

should serve to eradicate infected cells. However, despite high

levels of activated NK cells and CD8 T cells in hantavirus-in-

fected patients (Björkström et al., 2011; Kilpatrick et al., 2004;

Lindgren et al., 2011; Van Epps et al., 2002), analyses of au-

topsies from deceased patients have revealed that infected

endothelial cells are intact (Zaki et al., 1995), and others have

also reported not observing clear cytopathic effects on infected

endothelial cells (Safronetz et al., 2014; Klingström et al., 2019;

Vaheri et al., 2013). These observations suggested the possibility

that hantaviruses could inhibit cytotoxic lymphocyte-mediated

killing, likely contributing to the observed high levels of infected

cells in patients. Indeed, we recently showed that hantaviruses

protect infected cells from being killed by cytotoxic lympho-

cytes, and that the nucleocapsid protein is a granzyme B inhib-

itor, showing that hantaviruses possess a strategy to specifically

inhibit cytotoxic granule-dependent induction of apoptosis

(Gupta et al., 2013; Solà-Riera et al., 2019). However, the fact

that cytotoxic lymphocytes can also kill virus-infected cells using
fected HUVECs following SMER-3 treatment. Band densitometry analysis was

inst calnexin levels and compared to DR5 expression in uninfected cells at 24 h

HUVECs treatedwith increasing concentrations ofMG132 or with DMSOonly.

ECs after MG132 treatment. Data shown represent the mean ± SD from three

nfected HUVECs treated with increasing concentrations of SMER-3. One

ER-3 treatment. Data shown represent themean ±SD from three independent

-infected A549 cells treated with increasing concentrations of MG132 or with

ts is shown.

G132 treatment. Data shown represent the mean ± SD from three independent

ted A549 cells with or without proteasomal inhibition by MG132. Cells were

lue) for nuclear counterstaining. One representative experiment out of three

ent with MG132 and TRAIL. Cell counts of apoptotic cells (i.e., TUNEL-positive

condition. The results shown represent the mean ± SD from three independent

ibition studies, at 30 h p.i., HUVECs and A549 cells were treated with the 26S

epletion of free ubiquitin by MG132-treatment was confirmed by western blot

; ***p < 0.001; ****p < 0.0001. See also Figure S5.
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Figure 6. DR5 Downregulation in HTNV-Infected Cells Occurs by Direct Ubiquitination of DR5 Protein

(A) Immunofluorescence images displaying DR5-ubiquitin interactions as red punctae in HTNV-infected HUVECs over time. In situ proximity ligation assay (red)

was performed with rabbit anti-DR5 and mouse anti-ubiquitin antibodies. Cells were subsequently stained for virus infection (green) and with DAPI (blue) for

nuclear counterstaining. One representative experiment out of three independent experiments is shown. Scale bar, 20 mm.

(B) Levels of DR5-ubiquitin interactions per cell in HTNV-infected and uninfected HUVECs over time. The number of punctae was determined with ImageJ

software and based on R300 cells per condition. The results shown represent the mean ± SD from three independent experiments.

(C) Western blot showing DR5 in HTNV-infected and uninfected HUVECs over time. One experiment out of two independent experiments is shown.

(D) Fold change expression of total DR5 in HTNV-infected compared to uninfected HUVECs over time. Fold change expression was measured by band

densitometry analysis using the software ImageJ, normalized against calnexin protein levels, and calculated as increase compared to total cellular DR5 in

uninfected cells at 24 h p.i. Data shown represent the mean ± SD from two independent experiments.

HUVECs cells were infected with HTNV at MOI 1. Paired t test was used for statistical evaluation; *p < 0.05; **p < 0.01.
other mechanisms, e.g., via TRAIL, suggested that hantaviruses

may inhibit also other apoptosis-inducing pathways.

HTNV triggers TRAIL production by NK cells during co-incu-

bation with infected endothelial cells. We also observed that

HTNV induces TRAIL production in infected endothelial cells

themselves, showing that HTNV can trigger TRAIL production

in nonimmune cells. The former finding is in line with a previous

report that describes increased cell surface expression of TRAIL

on cytotoxic lymphocytes during HFRS (Liu et al., 2006), sug-
gesting that cytotoxic lymphocytes respond to hantavirus infec-

tion by upregulating TRAIL production, thereby increasing their

potential to induce extrinsic apoptosis in targeted cells.

However, HTNV strongly prevented TRAIL-mediated killing of

infected cells. As such, we identified a hantavirus-mediated

anti-apoptotic mechanism, downregulation of DR5 cell surface

expression, showing that hantaviruses have evolved specific

strategies to protect infected cells from TRAIL-mediated killing

by hindering the extrinsic pathway of apoptosis. Moreover, our
Cell Reports 28, 2124–2139, August 20, 2019 2135



A

B C

Figure 7. DR5 Accumulates in LAMP-1-Positive Vesicles in HTNV-Infected Cells

(A) Immunofluorescence images of DR5 in uninfected and HTNV-infected HUVECs over time. Cells stained for DR5 (green), for virus infection (red), and with DAPI

(blue) for nuclear counterstaining. One representative experiment out of three independent experiments is shown. Scale bar, 20 mm.

(B) Immunofluorescence images of DR5 at 72 h p.i. in uninfected, HTNV-infected, and chloroquine (CQ)-treated uninfected HUVECs. CQ-treated uninfected cells

were used as control for DR5 accumulation and co-localization with LAMP-1. Samples were stained for DR5 (green), for virus infection (red), for LAMP-1 (violet),

and with DAPI (blue) for nuclear counterstaining. One representative experiment out of three independent experiments is shown. Scale bar, 20 mm.

(C) Graph displaying the percentage of cells showing subcellular co-localization of DR5 with LAMP-1 in uninfected cells, HTNV-infected cells, and CQ-treated

cells. Analysis and cell counting were performed using ImageJ software on immunofluorescence pictures acquired with a confocal microscope. Approximately

200 cells per condition were counted in each of the three independent experiments performed.

HUVECswere infected atMOI 1. CQ treatment (10 mM)was performed overnight; cells were thenwashed and freshmediumwas added. Paired t test was used for

statistical evaluation; *p < 0.05; **p < 0.01; ***p < 0.001. See also Figures S6 and S7.
data show that HTNV deregulates DR5 in a dual manner,

thereby ensuring decreased cell surface expression over time,

first by causing proteasomal degradation of DR5 and then by

interfering with the normal intracellular transport of DR5.

Humans express DR4 and DR5, which both can bind TRAIL

and subsequently activate the extrinsic pathway toward

apoptosis. However, under physiological conditions, TRAIL

binds to DR5 with higher affinity than to DR4 (Truneh et al.,

2000), and human endothelial cells express low levels of DR4

(Sato et al., 2010). Our data thus suggest that hantaviruses effi-

ciently inhibit cytotoxic lymphocyte-mediated killing of their

prime target in humans. Interestingly, rodents, the natural hosts

for HFRS and HPS-causing hantaviruses, only express DR5
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(Wu et al., 1999), pointing toward a possible specific interplay

between hantaviruses and DR5.

We observed that DR5 is ubiquitinated early after HTNV infec-

tion, potentially marking DR5 for degradation. The proteasome

system represents a major intracellular protein degradation facil-

ity, important for the homeostasis of cell surface proteins. Several

E3 ubiquitin ligases, including SCF-E3, catalyze the binding of

ubiquitin to cell surface receptors directing them for degradation

by the proteasome (Aghajan et al., 2010; Petroski and Deshaies,

2005). Treatment of HTNV-infected cells with the general 26S

proteasome inhibitor MG132 and with the SCF-E3 ubiquitin ligase

complex inhibitor SMER-3 both restored DR5 protein levels

and cell surface expression, suggesting that HTNV-mediated



depletion of DR5 is mediated via SCF-E3-dependent ubiquitina-

tion and subsequent 26S proteasome degradation.

The observed transient 26S proteasome-dependent depletion

of DR5 was followed by increased DR5 levels in the infected cells.

Remarkably, this did not correspond to increased cell surface

expression of DR5; instead, DR5 was detected perinuclearly,

co-localizing with LAMP-1-positive organelles. In addition, we

observed increased production of DR5S, an isoform of DR5 pro-

duced after alternative splicing (Screaton et al., 1997). DR5S is

normally not produced at high levels by primary cells, but elevated

levels are often detected in human cancer cells (Lewis et al., 2016;

Valley et al., 2012;Wang and Jeng, 2000). The potential function of

DR5S and how its production is regulated, is currently not well un-

derstood (Bin et al., 2007; Valley et al., 2012). The finding of DR5S
in HTNV-infected cells is intriguing, as it indicates the possibility

that hantaviruses affect the splicing machinery of infected cells.

The finding that hantaviruses strongly inhibit also TRAIL-medi-

ated killing demonstrates that hantaviruses have evolved

several, independent, mechanisms of how to efficiently inhibit

cytotoxic lymphocyte-mediated killing of hantavirus-infected

cells. This knowledge can have implications for the understand-

ing of hantavirus pathogenesis in humans and for these viruses’

ability to cause lifelong infection of their natural hosts.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Bank vole monoclonal anti-hantavirus nucleocapsid

protein (clone 1C12)

Lundkvist et al., 1991 Cat# N/A

Human polyclonal anti-hantavirus protein Stoltz et al., 2007 Cat# N/A

Mouse monoclonal anti-hantavirus glycoproteins

(10B8)

Abcam Cat# ab34765; RRID: AB_873823

Mouse monoclonal anti-hantavirus nucleocapsid

protein (B5D9)

ProGen Cat# B5D9-C; RRID: AB_204292

Sheep polyclonal anti-LAMP-1/CD107a R&D Systems Cat# AF4800; RRID: AB_1026176

Goat polyclonal anti-Rab7a Biorbyt Cat# orb323013; RRID: N/A

Mouse monoclonal anti-LC3 Sigma Aldrich Cat# SAB1305552; RRID: N/A

Goat polyclonal anti-RCAS-1 Novus Biologicals Cat# NB100-41096; RRID: AB_2097589

Mouse monoclonal anti-ubiquitin Cell Signaling Technology Cat# 3936; RRID: AB_331292

Rabbit monoclonal anti-TRAIL Cell Signaling Technology Cat# 3219; RRID: AB_2205818

Rabbit monoclonal anti-DR5 Cell Signaling Technology Cat# 8074; RRID: AB_10950817

Mouse monoclonal anti-DR5 Santa Cruz Biotechnology Cat# sc-166624; RRID: AB_2204942

Rabbit polyclonal anti-FADD Cell Signaling Technology Cat# 2782; RRID: AB_2100484

Mouse monoclonal anti-procaspase-8 Cell Signaling Technology Cat# 9746; RRID: AB_2275120

Rabbit monoclonal anti-caspase-8 Cell Signaling Technology Cat# 9496; RRID: AB_561381

Rabbit monoclonal anti-PARP Cell Signaling Technology Cat# 9532; RRID: AB_659884

Rabbit monoclonal anti-calnexin Cell Signaling Technology Cat# 2679; RRID: AB_2228381

Mouse monoclonal anti-procaspase-3/caspase-3 Abcam Cat# ab13585; RRID: AB_300480

Rabbit monoclonal anti-beclin-1 Cell Signaling Technology Cat# 3495; RRID: AB_1903911

Rabbit monoclonal anti-LC3A/B Cell Signaling Technology Cat# 12741; RRID: AB_2617131

Rabbit monoclonal anti-Atg5 Cell Signaling Technology Cat# 12994; RRID: AB_2630393

Rabbit monoclonal anti-Atg16L1 Cell Signaling Technology Cat# 8089; RRID: AB_10950320

Rabbit monoclonal anti-TNFR1 Cell Signaling Technology Cat# 3736; RRID: AB_2241018

Rabbit monoclonal anti-GAPDH Cell Signaling Technology Cat# 5174; RRID: AB_10622025

Goat polyclonal anti-human IgG Alexa Fluor

594 conjugate

Thermo Fisher Scientific Cat# A-11014; RRID: AB_1500628

Goat polyclonal anti-human IgG Alexa Fluor

488 conjugate

Thermo Fisher Scientific Cat# A-11013; RRID: AB_141360

Donkey polyclonal anti-sheep IgG Alexa Fluor

647 conjugate

Thermo Fisher Scientific Cat# A-21448; RRID: AB_10374882

Goat polyclonal anti-mouse IgG Alexa Fluor

647 conjugate

Thermo Fisher Scientific Cat# A-21236; RRID: AB_2535805

Goat polyclonal anti-mouse IgG Alexa Fluor

594 conjugate

Thermo Fisher Scientific Cat# A-11032; RRID: AB_2534091

Goat polyclonal anti-mouse IgG Alexa Fluor

488 conjugate

Thermo Fisher Scientific Cat# 35502; RRID: AB_844397

Goat polyclonal anti-rabbit IgG Alexa Fluor

647 conjugate

Thermo Fisher Scientific Cat# A-21245; RRID: AB_2535813

Goat polyclonal anti-rabbit IgG Alexa Fluor

488 conjugate

Thermo Fisher Scientific Cat# A-11008; RRID: AB_143165

Donkey polyclonal anti-goat IgG Alexa Fluor

647 conjugate

Thermo Fisher Scientific Cat# A-21447; RRID: AB_2535864

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse monoclonal anti-human TRAIL R1/TNFRSF10A

PE conjugated (clone 69036)

R&D Systems Cat# FAB347P; RRID: AB_2204787

Mouse monoclonal anti-CD261/DR4 VioBright FITC

conjugated

Miltenyi Biotec Cat# 130-109-034; RRID: AB_2656732

Mousemonoclonal anti-human TRAIL R2/TNFRSF10B

PE conjugated

R&D Systems Cat# FAB6311P; RRID: AB_2204812

Mousemonoclonal anti-human TRAIL R2/TNFRSF10B

unconjugated

R&D Systems Cat# MAB6311; RRID: AB_2204810

Mouse monoclonal anti-HLA-E PE conjugated Thermo Fisher Scientific Cat# 12-9953-42; RRID: AB_1834461

Mouse monoclonal anti-CD3 AF700 conjugated BD Biosciences Cat# 557943; RRID: AB_396952

Mouse monoclonal anti-CD253/TRAIL BV421

conjugated

BD Biosciences Cat# 564243; RRID: AB_2738696

Mouse monoclonal anti-CD14 V500 conjugated BD Biosciences Cat# 562693; RRID: AB_2737727

Mouse monoclonal anti-CD19 V500 conjugated BD Biosciences Cat# 561121; RRID: AB_10562391

Mouse monoclonal anti-CD16 BV711 conjugated BD Biosciences Cat# 740833; RRID: AB_2740490

Mouse monoclonal anti-CD56 PE-Cy7 conjugated BD Biosciences Cat# 557747; RRID: AB_396853

Human monoclonal anti-CD120a (TNFR1) PE

conjugated

Miltenyi Biotec Cat# 130-121-991; RRID: AB_2654723

Bacterial and Virus Strains

HTNV strain 76-118 Braun et al., 2014; Stoltz et al., 2007 Cat# N/A

PUUV strain Kazan-E6 Lundkvist et al., 1997 Cat# N/A

PHV strain PH-1 Solà-Riera et al., 2019 Cat# N/A

Biological Samples

Plasma from HFRS-patients and healthy controls Blood bank at the University

Hospital of Umeå, Umeå, Sweden

Cat# N/A

Plasma from flu patients and healthy controls Blood bank at the Karolinska

University Hospital, Stockholm,

Sweden

Cat# N/A

Plasma from dengue patients and healthy controls Blood bank at the Tan Tock

Seng Hospital, Singapore

Cat# N/A

PBMC from healthy subjects Blood Transfusion Clinic at the

Karolinska University Hospital

Huddinge, Stockholm, Sweden

Cat# N/A

Chemicals, Peptides, and Recombinant Proteins

MG-132 Sigma-Aldrich Cat# M7449

SMER-3 TOCRIS Cat# 4375/10

Chloroquine Sigma-Aldrich Cat# C6628

Cycloheximide Sigma-Aldrich Cat# C4859

Super Killer TRAIL Enzo Life Sciences Cat# ALX-201-115-C010

Critical Commercial Assays

NK cell isolation kit Miltenyi Biotec Cat# 130-092-657

Human sTRAIL/Apo2L Standard ELISA

Development Kit

Peprotech Cat# 900-K141

In Situ Cell Death Detection Kit, TMR red Roche Cat# 12156792910

Zenon Alexa Fluor 488 Mouse IgG1 Labeling Kit Thermo Fisher Scientific Cat# Z25002

Caspase-8 Activity Assay Kit, Colorimetric Sigma Aldrich Cat# CASP8C

Caspase-3 Activity Assay Kit, Colorimetric Sigma Aldrich Cat# CASP3C

Duolink� In Situ Detection Reagents Red Sigma Aldrich Cat# DUO92008

Duolink� In Situ PLA� Probe Anti-Mouse MINUS Sigma Aldrich Cat# DUO92004

Duolink� In Situ PLA� Probe Anti-Rabbit PLUS Sigma Aldrich Cat# DUO92002

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Duolink� In Situ Wash Buffers, Fluorescence Sigma Aldrich Cat# DUO82049

PierceTM Cell Surface Protein Isolation Kit Thermo Fisher Scientific Cat# 89881

Experimental Models: Cell Lines

Human: A549 ATCC Cat# CLL-185; RRID: CVCL_0023

African green monkey: Vero E6 ATCC Cat# CRL-1586; RRID: CVCL_0574

Human: HUVEC Lonza Cat# C2517A/ C2519A

Oligonucleotides

TRAIL (Hs00921974_m1); TaqManGene Expression

Assay (FAM)

Thermo Fisher Scientific Cat# 4331182

DR4 (Hs00269492_m1); TaqManGene Expression

Assay (FAM)

Thermo Fisher Scientific Cat# 4331182

DR5 (Hs00366278_m1); TaqManGene Expression

Assay (FAM)

Thermo Fisher Scientific Cat# 4331182

GUSB (Hs99999908_m1); TaqManGene Expression

Assay (FAM)

Thermo Fisher Scientific Cat# 4331182

Software and Algorithms

FlowJo version 9.8.1 Tree Star Inc. https://www.flowjo.com

FACSDiva 8.0.1 BD Biosciences http://www.bdbiosciences.com/en-us

Prism 7.0a GraphPad Software https://www.graphpad.com

ImageJ NIH https://imagej.nih.gov/ij
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents may be directed to the Lead Contact, Jonas Klingström

(jonas.klingstrom@ki.se).

This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects
Buffy coats, for isolation of NK cells from healthy human blood donors as described below, were obtained from the Blood Transfusion

Clinic at the Karolinska University Hospital Huddinge, Stockholm, Sweden. The collections and studies of peripheral blood from

healthy donors were approved by the Regional Ethical Review Board of Stockholm, Stockholm, Sweden (#2016/1415-32).

The collections and studies of peripheral blood fromHFRS patients (n = 17, 53% females, median (range) age; 41 (18-68) years) were

approved by the Regional Ethical ReviewBoard of Umeå University, Umeå, Sweden (#04-113M). The collections and studies of periph-

eral blood from influenza patients (n = 14, 50% females, median (range) age; 52.5 (24-78) years) were approved by the Regional Ethical

Review Board of Stockholm, Stockholm, Sweden (#2015/1949-31). The collections and studies of peripheral blood from dengue fever

patients (n = 24, 33% females,median (range) age; 40 (23-63) years) were approvedby the SingaporeNational HealthcareGroup ethical

review board, Singapore (DSRB 2013/00209 and DSRB 2008/00293). The collections were conducted according to the declaration of

Helsinki. Bloodwas collected after informed consent. Peripheral bloodwere collected in CPT tubes (BDBiosciences). Plasmawas then

isolated and stored at �80�C until analysis.

Microbe strains
The HTNV strain 76-118, PUUV strain Kazan-E6, and PHV strain PH-1, were propagated in Vero-E6 cells as previously described

(Stoltz et al., 2007). Infection of A549 cells and HUVECs with HTNV, PUUV or PHV was performed at 70%–80% confluency, with

multiplicity of infection (MOI) 1 or as stated in the text. In brief, the virus was diluted in virus dilution medium (HBBS supplemented

with 2% FCS, 2% HEPES and 1% penicillin-streptomycin) to the desired concentration before infection. The culture medium was

removed from the wells containing the cells and the infectious medium added as 200 mL (24 well plate) or as 1000 mL (6 well plate).

Cells were incubated at 37�C and shaken every 10 minutes during an hour. Afterward, the infectious medium was removed and the

cells washed once with PBS; fresh, pre-warmed medium was then added and the cells incubated in 5% CO2 at 37�C until further

analysis. All infection experiments were performed in a BSL3-laboratory.
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Cell Lines
Human A549 cells (obtained from ATCC, gender: male) were grown in MEM supplemented with 7.5% FCS, L-glutamine, and

penicillin-streptomycin in 5% CO2 at 37�C. Vero-E6 cells (obtained from ATCC, species: African green monkey, gender: female)

were maintained in MEM supplemented with 5% FCS, L-glutamine, and penicillin-streptomycin in 5% CO2 at 37�C. Vero-E6 cells

were used for hantavirus stock growth as previously described (Stoltz et al., 2007).

Primary cell cultures
Primary Human Umbilical Vein Endothelial cells (HUVECs; obtained from Lonza (pooled HUVECs from four female donors; Lot

Number: 0000471466; from single donors, gender: female (Lot Numbers: 0000090184, 0000488126, and 0000488956) and male

(Lot Number: 0000488959)) were maintained in endothelial growth medium (EGM-2) supplemented with growth factors according

to the manufacturer’s instructions (Lonza), in 5% CO2 at 37�C. Before infection, HUVECs were grown without supplementing the

EGM-2mediumwith hydrocortisone. Note that all humanmaterial utilized for Lonza’s products is ethically obtained andmeets global

guidelines.

Peripheral blood mononuclear cells (PBMCs) from healthy blood donors were isolated by density centrifugation (Ficoll-Hypaque

fromGEHealthcare), andNK cells were subsequently purified using a negative NK cell isolation kit (Miltenyi Biotec) resulting in > 95%

pure NK cells (data not shown). The purified NK cells were cultured overnight in complete RPMI 1640 medium supplemented with

10% FCS and L-glutamine in 5% CO2 at 37
�C, before being used in the experiments.

METHOD DETAILS

ELISA/Multiplex
Levels of sTRAIL in supernatants and plasma from HFRS-patients were analyzed according to the manufacturer’s instructions

(Peprotech, Human sTRAIL/Apo2L Standard ELISA Development Kit, #900-K141). Human plasma was diluted five-fold in ready-

to-use ELISA diluent (Mabtech). Plasma concentrations of sTRAIL in influenza and dengue fever patients were assessed using a

custom-made magnetic luminex screening assay (R&D Systems) according to the manufacturer’s instructions.

Inhibition and stimulation
HUVECs were exposed to increasing concentrations of MG132 (0.5 to 5 mM) or SMER-3 (1 to 2.5 mM) for 5 hours. After treatment, the

cells were washed twice with medium and then incubated in 5% CO2 at 37
�C until harvesting of cells for analysis. DMSO-only con-

trols were included. HUVECs were exposed to chloroquine (10 mM) for 24 hours. Cells were then washed twice with medium and

incubated in 5%CO2 at 37
�C until harvesting of cells for analysis. A549 cells were exposed to recombinant human TRAIL (super killer

TRAIL, Enzo Life Sciences) for 6 hours. Cells were then fixed with 4% PFA for 20 minutes at RT for subsequent TUNEL assay,

harvested for immunoblot assay or for caspase-8 and caspase-3 activity assays. HUVECs were exposed to recombinant human

TRAIL with or without cycloheximide (CHX; 2 mg/mL) for 6 hours. Cells were then fixed with 4% PFA for 20 minutes at RT for subse-

quent TUNEL assay, or harvested for caspase activity assay.

Immunoblot analysis
Amonoclonal antibody (mAb), 1C12, was used in order to specifically detect hantavirus nucleocapsid protein in the immunoblot anal-

ysis. mAbs for detection of TRAIL (clone C92B9), DR5 (clone D4E9), FADD (#2782), procaspase-8 (clone 1C12, Cat# 9746), caspase-

8 (clone 18C8), PARP/cleaved PARP (#9542), Beclin-1 (D40C5), Atg16L1 (D6D5), Atg5 (D5F5U), LC3A/B (D3U4C), TNFR1 (C25C1),

ubiquitin (P4D1), and calnexin (C5C9) were fromCell Signaling Technology. Cells were exposed to Trypzean solution (Sigma-Aldrich)

for harvesting, and homogenized in lysis buffer (150 mM NaCl, 2 mM EDTA, 1% NP-40, and 50 mM Tris [pH 7.6]) supplemented with

protease and phosphatase inhibitors (cOmplete minicocktail tablets and PhosSTOP inhibitor tablets; Roche) prior to analysis. Cell

lysates to be analyzed were mixed 3 to 1 with NuPAGE 4X LDS sample preparation buffer (Life technologies) supplemented with

2.5% 2-mercaptoethanol, incubated at 96�C for ten minutes, resolved on 10% NuPAGE Novex Bis-Tris gel (Life Technologies)

and transferred to PVDF membranes. Blocking was performed at room temperature (RT) for one hour in PBS supplemented with

5% non-fat dry milk and 0.2% Tween 20. The membranes were subsequently incubated with primary mAb for one hour at RT or

ON at 4�C, followed by the addition of horseradish peroxidase-conjugated anti-mouse or anti-rabbit IgG (Bio-Rad). Chemilumines-

cence substrate (ECL Prime western blotting detection kit, GE Healthcare) was used following the manufacturer’s protocol and

visualized with MS-ChemiBIS 3.2 (DNR Bio-Imaging Systems). ImageJ was used for densitometry analyses (NIH; Imaging Process-

ing and Analysis in Java; https://imagej.nih.gov/ij); relative densities of the target bands were compared to the reference Calnexin

bands for normalization.

Biotinylation assay
Cell surface protein isolation (Thermo Fisher Scientific) was performed following the manufacturer’s instructions. In short, cells were

biotinylated for 30 minutes at 4�C. The quenching reaction was added and then the cells were harvested. The cells were pelleted and

lysed for 30minutes on ice. Biotinylated surface proteins were then isolated on NeutrAvidin Agarose Resin. Samples were eluted with

SDS-PAGE sample buffer and 50 mM DTT. The resulting elutes were run on a gel and western blotting performed.
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Immunofluorescence
Polyclonal antibodies (pAb) from convalescent patient sera and the mAb 10B8 against hantavirus glycoproteins (Abcam) were used

to detect infected cells. The mAbs LAMP-1/CD107a (R&D Systems), LC3 (Sigma Aldrich), RCAS-1 (Novus Biologicals), Rab7a

(Biorbyt), TRAIL (clone C92B9; Cell Signaling Technologies), DR5 (clone D4E9; Cell Signaling Technologies), and calnexin (C5C9;

Cell Signaling Technologies) were used for immunofluorescence. The secondary antibodies anti-human IgG Alexa Fluor 594

conjugate, anti-human IgG Alexa Fluor 488 conjugate, anti-sheep IgG Alexa Fluor 647 conjugate, anti-mouse IgG Alexa Fluor 647

conjugate, anti-mouse IgG Alexa Fluor 594 conjugate, anti-mouse IgG Alexa Fluor 488 conjugate, anti-rabbit IgG Alexa Fluor 647

conjugate, anti-rabbit IgG Alexa Fluor 488 conjugate, and anti-goat IgG Alexa Fluor 647 conjugate were all from Life Technologies.

Nuclei were counter-stained with DAPI (Life Technologies). In brief, HUVEC and A549 cells were grown on sterilized glass coverslips

in 24-well plates. Fixation was performed with 4%PFA for 20 minutes at RT followed by three washes with PBS. The glass coverslips

were blocked with blocking solution (PBS containing 5% normal goat serum plus 0.3% Triton X-100) for one hour at RT. The cover-

slips were then incubated with specific primary antibodies for one hour at RT, washed thrice with PBS and incubated with secondary

conjugated antibodies for one hour at RT. Nuclei were counterstainedwith DAPI (Life Technologies). The coverslips weremounted on

glass slides using ProLong Gold Antifade Mountant (Thermo Fisher Scientific). Images were acquired with a fluorescent microscope

(Nikon, Eclipse TE300) or a confocal microscope (Nikon, Resonant scanning confocal, System A1R+) as stated in the figure legends.

Image processing and quantification were performed with the software ImageJ (NIH; Imaging Processing and Analysis in Java;

https://imagej.nih.gov/ij).

TUNEL assay
TUNEL (Terminal deoxynucleotidyl transferase dUTP Nick-End Labeling) assay (Roche) and staining for hantavirus antigen were per-

formed as previously described (Gupta et al., 2013). In brief, A549 cells were fixedwith 4%PFA for 20minutes at RT followed by three

washes with PBS. The glass coverslips were incubated with permeabilizing solution (PBS containing 0.5% Triton X-100) for eight

minutes at 4�C. The coverslips were then washed with PBS and incubated with TUNEL mix for 45 minutes at 37�C in the dark ac-

cording to manufacturer’s instructions (Roche). Then the coverslips were washed thrice with PBS and incubated with pAb from

convalescent patient sera for one hour at RT, washed thrice with PBS and incubated with anti-human IgG Alexa Fluor 488 conjugate

for one hour at RT. Nuclei were counterstained with DAPI (Life Technologies). After final washing with PBS, the coverslips were

mounted on glass slides using ProLong Gold Antifade Mountant (Thermo Fisher Scientific). Images were acquired with a fluorescent

microscope. Image processing and quantification were performed with the software ImageJ (NIH; Imaging Processing and Analysis

in Java; https://imagej.nih.gov/ij).

In situ proximity ligation assay
The in situ proximity ligation assay (Duolink� In Situ Detection Reagents Red, Duolink� In Situ PLA� Probe Anti-Mouse MINUS,

Duolink� In Situ PLA� Probe Anti-Mouse PLUS, and Duolink� In SituWash Buffers, Fluorescence, all from Sigma Aldrich) was per-

formed in the following manner. Cells on coverslips were fixed with 4% PFA for 20 minutes at RT and washed three times with

PBS. Cells were permeabilised in 0.1% Triton X-100 for 10 minutes at RT and washed with PBS-T (0.05% Tween 20) three times,

for 5 minutes each time. Subsequently, one drop of Duolink II Blocking Solution was added directly to the slides, which were incu-

bated for 1 hour at RT. Afterward, antibodies against ubiquitin (mouse antibody) and against DR5 (rabbit antibody) were diluted in

antibody diluent and added as 40 mL to each slide. The slides were incubated for 1 hour at RT. The slides were washed twice

with PBS-T with gentle agitation. 40 mL of PLA probes mix (10 mL PLA probe PLUS stock + 10 mL PLA probe MINUS stock +

30 mL antibody diluent) was added to each slide and the samples incubated for 1 hour at 37�C in a humidified chamber. The slides

were then washed twice with wash buffer A for 5 minutes with gentle agitation. The Duolink II ligation stock (5X) was diluted in high

purity water to produce a 1X Duolink II Ligation solution in which the ligase was subsequently diluted 1 in 40. 40 mL of Duolink II Liga-

tion solution containing ligase were added to each slide and incubated for 30 minutes at 37�C. The slides were again washed twice

with wash buffer A for 2minutes with gentle agitation. Meanwhile the Duolink II Amplification stock (5X) was diluted 1 in 5 in high purity

water to obtain a 1X Duolink II Amplification solution. The polymerase was then diluted 1 in 80 in the Duolink II Amplification solution

and 40 mL added to each slide. Incubation was performed ON at 37�C in a humidified chamber. The next morning the slides were

washed twice with wash buffer B for 10 minutes with gentle agitation. Second, the slides were washed with 0.01X wash buffer B

diluted in high purity water for 2 minutes with gentle agitation. The slides were then washed once with wash buffer A for 1 minute.

Finally, regular immunofluorescence staining was performed as early describedwith pAb from convalescent patient sera, anti-human

IgG Alexa Fluor 488 conjugate and DAPI. The slides were mounted using ProLong Gold AntiFade mounting reagent (Thermo Fisher

Scientifc). Images were acquired with a fluorescent microscope. Image processing and quantification were performed with the

software ImageJ (NIH; Imaging Processing and Analysis in Java; https://imagej.nih.gov/ij).

Enzymatic activity assay
The enzymatic activity of caspase-8 and caspase-3 were assessed using specific activity assays according to manufacturers’

instructions (Sigma-Aldrich). For analysis of cellular caspase activity after TRAIL treatment, cells were harvested and centrifuged

at 1500 rpm for 5 minutes at 4�C. Afterward, the cells were washed once with ice-cold PBS. Cell pellets were re-suspended in lysis

buffer (150 mM NaCl, 2 mM EDTA, 1% NP-40, and 50 mM Tris (pH 7.6)) without protease inhibitors and incubated for 15 minutes at
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4�C. Cell lysates were centrifuged at 14000 rpm for 10 minutes and supernatants snap frozen in liquid nitrogen. Total protein con-

centration in samples was analyzed by Bradford assay. The assays were performed at a total volume of 100 mL in 96 well plates

following manufacturer’s instructions.

Flow cytometry
ThemAbs DR4 (clone 69036) PE andDR5 (clone 71908) PE fromR&DSystems, HLA-E (clone 3D12) PE from eBioscience, DR4 (clone

DJR1) VioBright FITC from Miltenyi Biotec, and CD3 (clone UCHT1) AF700, TRAIL (clone RIK-2) BV421, CD14 (clone M5E2) V500,

CD19 (clone HIB19) V500, CD16 (clone 3G8) BV711, CD56 (clone B159) PE-CyTM7, all from BD Biosciences, were used for flow cy-

tometry. Staining of HUVECs and NK cells was performed as previously described (Braun et al., 2014). Briefly, cells were harvested

and stained with specific antibody cocktails diluted in FACS buffer (PBS containing 2% FBS and 2 mM EDTA) for 20 minutes at RT in

the dark. Stained cells were washed twice with FACS buffer. Cells were then fixed in 2% PFA for 10 minutes or permeabilized for

30minutes at RT in the dark for subsequent intracellular staining with specific antibodies for 20minutes at RT in the dark. For specific

DR5 intracellular staining, surface DR5 was blocked with the same, but unconjugated, antibody against DR5. Stained cells were then

washed twice with FACS buffer and fixed in 2%PFA for 10minutes at RT in the dark. For detection of nucleocapsid protein in infected

cells, 10 mL of specific antibody against nucleocapsid protein were mixed with 2.5 mL Zenon labeling reagent (labeled Fab fragment)

and incubated for 5 minutes at RT. Then 2.5 mL of mix containing non-specific IgG was added. The mix was shortly vortexed and

further incubated for another 5minutes at RT. The labeled antibodies were used for intracellular staining of cells after permeabilization

as described above. Samples were acquired on an LSR Fortessa (BD Biosciences) using FACSDiva software 8.0.1 (BD Biosciences)

and analyzed with the software FlowJo version 9.8.1 (Tree Star Inc.).

Quantitative RT-PCR
Total RNA from harvested cells was isolated using TriPure isolation reagent (Roche). RNA was then treated with Turbo DNA-free

(Ambion). cDNA synthesis was performed using the High-Capacity cDNAReverse Transcription Kit and RNase inhibitor from Thermo

Fisher Scientific. TaqMan Gene Expression Assay for human TRAIL (TNFSF10; Hs00921974_m1), DR4 (TNFRSF10A;

Hs00269492_m1), DR5 (TNFRSF10B; Hs00366278), and GusB (GUSB; Hs99999908_m1) (all from Thermo Fisher Scientific) were

used. Quantitative RT-PCR was performed using the QuantStudio 5 Real-Time PCR instrument (Thermo Fisher Scientific). Obtained

data were normalized to GusB and displayed as change in induction compared to that of uninfected cells.

QUANTIFICATION AND STATISTICAL ANALYSIS

Wilcoxon rank test was used to compare acute and convalescent HFRS samples. Paired t test and ordinary one-way ANOVA test

were used for statistical analysis of specific data groups and pooled datasets, respectively. The statistical details of experiments

are found in the figure legends. N-values are indicated in the figure legends and refer to biologically independent replicates.

GraphPad Prism software version 7.0 (GraphPad Software Inc.) was used for the analysis of data. Results are shown as mean ±

SD, p values < 0.05 were considered statistically significant. Statistical significance is symbolized with asterisks (ns, non-significant;

* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

DATA AND CODE AVAILABILITY

This study did not generate datasets or code.
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