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Hantaviruses can cause hemorrhagic fever with renal syndrome (HFRS) in Eurasia and
have led to public health threat in China. The pathogenesis of HFRS is complex and
involves capillary leakage due to the infection of vascular endothelial cells. Accumulating
evidence has demonstrated that hantavirus can induce apoptosis in many cells, but the
mechanism remains unclear. Our studies showed that Hantaan virus (HTNV) infection
could induce TNF-related apoptosis-inducing ligand (TRAIL) expression in primary human
umbilical vein endothelial cells (HUVECSs) and sensitize host cells toward TRAIL-mediated
apoptosis. Furthermore, TRAIL interference could inhibit apoptosis and enhance the
production of HTNV as well as reduce IFN-B production, while exogenous TRAIL
treatment showed reverse outcome: enhanced apoptosis and IFN-B production as
well as a lower level of viral replication. We also observed that nucleocapsid protein
(NP) and glycoprotein (GP) of HTNV could promote the transcriptions of TRAIL and its
receptors. Thus, TRAIL was upregulated by HTNV infection and then exhibited significant
antiviral activities in vitro, and it was further confirmed in the HTNV-infected suckling
mice model that TRAIL treatment significantly reduced viral load, alleviated virus-induced
tissue lesions, increased apoptotic cells, and decreased the mortality. In conclusion,
these results demonstrate that TRAIL-dependent apoptosis and IFN-g production could
suppress HTNV replication and TRAIL treatment might be a novel therapeutic target for
HTNV infection.

Keywords: HFRS, HTNV, TRAIL, apoptosis, IFN-f

INTRODUCTION

Hantaviruses (family Hantaviridae, order Bumyavirales) are enveloped, negative-sense viruses
and contain a tripartite RNA genome (S, M, and L segments), which encodes the nucleocapsid
protein, glycoproteins (G1 and G2), and the RNA-dependent polymerase protein, respectively (1).
Hantavirus infection causes two major diseases in infected human individuals: hemorrhagic fever
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FIGURE 4 | shRNA-mediated knockdown and rescue of TRAIL influence HTNV replication and apoptosis in HUVECs. HUVECTRALKD celis were infected with
HTNV76-118 (MOI = 1) for 2 h, treated with/without rTRAIL (40 ng/mL), and then followed by gRT-PCR and Western blot at different days to measure TRAIL-related
apoptosis factors and HTNV. The mRNA results shown were the average of three replicates. Values represent the mean + SD (*p < 0.05; **p < 0.01; ***, p 0.001). (A)
HTNV S mRNA, (B) TRAIL mRNA, (C) DR4 mRNA, (D) DR5 mRNA, (E) DcR1 mRNA, (F) DcR2 mRNA, (G) caspase-8 mRNA, and (H) caspase-3 mRNA. (1) HTNV
NP and TRAIL-related apoptosis proteins in HTNV-infected HUVECTFAL=KD celis at 2, 3, and 4 dpi. (J) HTNV NP and TRAIL-related apoptosis proteins of
HUVECTRAL=KD cells with rTRAIL rescue. Proteins were quantified using carestream software and compared with the mock group of 2 dpi; the data shown represents
one of three similar independent experiments. The numbers represent the relative density of the bands relative to the corresponding control.

we observed that HTNV infection caused anabatic tissue injury
(inflammatory cell infiltration, alveolar enlargement) in brains,
kidneys, and lungs, and rTRAIL treatment could reduce the
tissue injury caused by HTNV at the late stage of infection
(Figure 6J).

As TRAIL was closely associated with apoptosis, we performed
the TUNEL assay to identify cells in the late apoptotic stage
(Figure 7A), which exhibited extensive DNA degradation. Data
showed there was an increase in the density of TUNEL-positive
cells in the brains (29.07 & 8.06%), kidneys (192.73 £ 61.55%),
and lungs (194.7 & 25.94%) in mice infected by HTNV compared
with normal controls (Figure 7B), which demonstrated HTNV-
induced apoptosis in vivo. Moreover, TUNEL-positive cells in
brains, kidneys, and lungs from rTRAIL treated mice were
significantly increased, compared to virus controls, by 141.10
+ 30.68, 85.72 £ 30.85, and 71.55 =+ 18.11%, respectively
(Figure 7B). The above findings indicated that TRAIL can
suppress HTNV replication in vivo through inducing the
apoptosis of cells.

DISCUSSION

TRAIL, an immune surveillance factor, has shown promising
successes in killing cancer cells through specifically inducing
apoptosis of cancer cells and no effects on normal cells
(41). Unlike its tumor-suppressive function, TRAIL plays
miscellaneous roles in virus infection, protective or pathogenic,
antiviral or proviral, depending on the virus and tissue-specific
factors. Here we found a new function for TRAIL associated with
host defense against hantavirus.

Clinical evidence has shown that HTNV infection is related
to the upregulation of STRAIL in HFRS patients (34, 42). We
document that HTNV infection leads to an increase of TRAIL
expression in HUVECs, and TRAIL exhibits striking antiviral
activities by inducing apoptosis in vitro. To further explore the
mechanism of HTNV-triggered TRAIL-dependent apoptosis, we
confirm that HTNV also induces TRAIL-dependent apoptosis
in HUVECs by downregulating the decoy receptor expressions,
which can’t induce apoptosis once TRAIL is bound, because
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FIGURE 5 | TRAIL-dependent IFN-B production suppresses HTNV replication. (A) IFN-B, IRF3, and IRF7 mRNA levels in HUVECs were assessed by qRT-PCR at 1, 2,
3, 4, 5, and 6 dpi. (B) The IFN- in supernatant of two groups was measured by ELISA at 2, 3, and 4 dpi. (C) IRF3 and IRF7 proteins in cell lysate were detected by
Western blot at 2, 3, and 4 dpi. (D) IFN-, IRF3 and IRF7 mRNA in the rescue experiment were assessed by qRT-PCR at 0.5, 1, 2, 3, and 4 dpi. (E) The IFN-g in
supernatant of different groups from the rescue experiment was measured by ELISA at 0.5, 1, and 2 dpi. (F) IRF3 and IRF7 proteins in cell lysate from the rescue
experiment were detected by Western blot at 2 dpi. The results of mRNA and ELISA shown are the average of three replicates; values represent the mean + SD ("p <
0.05; *p < 0.01; **p < 0.001). Protein data showed one of three independent experiments with similar results. Numbers represented the relative density of the bands
relative to the internal control.
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FIGURE 6 | Effect of rTRAIL on lethal HTNV challenge model. Newborn BALB/c mice were infected with 50 x LDso of HTNV76-118 followed with or without
intraperitoneal injection of rTRAIL (0.5 j.g/g/day) for 7 days. (A) The effects of rTRAIL on HTNV infection in mice were determined by body weight change from 0 to 35
dpi (n = 12 in each group). Mice were weighted individually every day. (B) The effects of rTRAIL on HTNV virulence in mice were determined by survival rate (n = 12 in
each group). (C) Effect of rTRAIL on MTD of mice infected with HTNV. (D-F) Mice were sacrificed at 3, 6, 9, 12, 14, and 35 dpi, respectively, and brains, kidneys, and
lungs were collected for gRT-PCR to assess HTNV S segment levels. The experiment was carried out three times and values represent the mean + SD (o < 0.05; *p
< 0.01; **p < 0.001). (G-1) Mice were sacrificed at 3, 6, 9, 12, 14, and 35 dpi, respectively, and brains, kidneys, and lungs were collected to assess HTNV titers by
Reed-Munch method. (J) H & E staining for mouse brain, kidney or lung specimens was performed.
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FIGURE 7 | rTRAIL increases tissue apoptosis in HTNV-infected mice. (A) Representative TUNEL staining images of for mouse brain, kidney or lung specimens. The
mice were sacrificed at 12 dpi and prepared for TUNEL assay to detect the tissue apoptosis. Black arrow notes apoptotic cells. (B) Analysis of TUNEL apoptosis
pictures. Each slide was randomly selected for eight 200-fold visuals and TUNEL apoptotic images were analyzed by Image pro-plus 6.0 software. The percentage of
TUNEL-positive cells was calculated and analyzed ("p < 0.05; **p < 0.01). Data shown represent one of three similar independent experiments.

Lung

of a lacking death domain in the intracellular region (43).
The luciferase reporter assay further proved that the S or M
segments of HINV could downregulate the transcription of
DcR1 and DcR2. Our results were consist with data reported
for HIV Env-pseudotyped virus (44). Interestingly, the previous
Affymetrix DNA Arrays analysis also showed the increasing

expression of TRAIL and reduction level of DcR2 in HTNV-
infected HUVECs (45). Wang et al. demonstrated that DcR1
and DcR2 overexpression blocks TRAIL-mediated apoptosis via
their competitive TRAIL binding with DR4 and DR5 (46).
By the same token, reduction of DcR1 and DcR2 in HTNV-
infected HUVECs results in overflowing TRAIL binding with
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DR4 and DR5, thereby promoting cell apoptosis. Considering
the TRAIL-resistance of HUVECs, we concluded that the
dynamic expression of TRAIL and its receptors after HINV
infection, as well as the relative abundance of each distinct
receptor under the TRAIL treatment, eminently contributed
to modulating sensitivity to TRAIL-mediated apoptosis in the
primary HUVECs.

Consistent with our results, CMV (47), HCV (37), and
HIV (44) have been demonstrated to trigger TRAIL-mediated
apoptosis. We also showed that exogenous TRAIL can directly
increase the expressions of DR4/DR5 and then further enhance
their downstream caspase-8-dependent apoptotic pathway in
HTNV-infected HUVECs, which is a conventional mode of
action present in various virus infection, such as reovirus
(48) or RSV (24). However, the latest research (42) has
reported that HTNV protects infected cells from TRAIL-
mediated NK killing by downregulating DR5. In contrast, we
reported that HTNV-infected HUVECs exhibited slight change
of pro-apoptotic receptors (DR4 and DR5) and significant
decline of anti-apoptotic receptors (DcR1 and DcR2). Our
results are also in agreement with previous studies showing
that HBV (22, 49), HCV (37), and HIV (44) infection could
trigger TRAIL-mediated apoptosis by upregulating DR4/DR5
or downregulating DcR1/DcR2. Both Sola-Riera et al. and
the present study showed TRAIL upregulation on HUVECs.
However, Sola-Riera et al. demonstrated resistance of HTNV-
infected A549 cells to TRAIL-induced apoptosis, whereas our
data indicate that HTNV-infected HUVECs undergo apoptosis
after treatment with rTRAIL (Figures 3A,B,D,E; compare fourth
row to third row). We assume that the different cell types
used (HUVECs, primary cells, in the case of the present study
vs. A549 cells, a transformed cell line, in the case of Sola-
Riera et al.) could explain the difference. Another concern is
the source or genetic background of the primary HUVECs,
which could largely affect the experimental results from
different research. For example, Sola-Riera et al. demonstrated
that the HTNV does not induce autophagy in HUVECs
(obtained from Lonza). However, the latest research (50)
published in Cell Reports also revealed that HINV could
dynamically regulate the host autophagy process for viral
benefits in HUVECs (obtained from ScienCell). Therefore,
factors, such as the source or genetic background of the
primary HUVEGCs, the use of a transformed cell line (A549
cells), and the use of mouse-adapted or non-adapted HINV
with an uncertain passage history, need to be taken into
account when comparing results from different laboratories.
Nevertheless, combined with the results obtained in the animal
experiment, our results indicate that HTNV infection induces
TRAIL expression and its related apoptosis in tissue culture
cells and in a mouse model. More importantly, TRAIL
mediated a novel anti-HTNV activity through apoptosis in vitro
and in vivo.

It has been reported that the viral structural or non-
structural proteins play important roles in regulating the
expression of TRAIL and its receptors, such as the HBV
X protein (22), HIV-1 Tat protein (51), and adenovirus E3
protein (52). In the meantime, emerging studies suggested

hantavirus proteins also can interact with host cell proteins,
in particular N protein. PUUV N protein can interact with
the Daxx protein, a Fas-mediated apoptosis enhancer (11),
which also functions as transcription repressor. Kaukinen
et al. hypothesized that the binding of hantaviral N proteins
with Daxx in the cytoplasm could restrain Daxx-mediated
transcriptional repression and trigger the Fas—apoptosis
pathway in hantavirus-infected cells (53). Researchers further
revealed that hantavirus infection may disturb the DAXX-PML
colocalization in nuclear bodies, which disrupt their cooperation
to mediate apoptosis in ANDV and HTNV infected HUVECs
(12). Tula (54) and HTNV (55) N proteins are able to interact
with small ubiquitin-related modifier-1 (SUMO-1), which can
modulate multiple cellular processes including cell growth
and signal transduction. We observed in this study that NP
and GP proteins of HTNV were capable of promoting the
transcription of TRAIL and its pro-apoptotic receptors, which
linked HTNV structural proteins with TRAIL-mediated cells
apoptosis. However, more research is needed to determine
the real relationships of NP and GP with apoptosis. Taken
together, we demonstrated that HTNV induces TRAIL-mediated
apoptosis in endothelial cells. During viral infection, apoptosis
can decrease the injurious viral load and hinder the spread
of progeny virus (56). Thus, TRAIL-mediated apoptosis
implies TRAIL is also a kind of antiviral proteins against
HTNYV infection.

Besides apoptosis induction, we further confirmed the role
of TRAIL on IEN expression induced by HTNV infection. We
also demonstrated that the IFN-f production is associated with
TRAIL-dependent upregulation of transcription factors (IRF3
and IRF7), which are able to activate IFN production (57). It is
well-known that after binding TRAIL, the intracellular region
of pro-apoptotic DR4/DR5 recruits the intercellular adaptor
proteins, such as the Fas-associated death domain (FADD), TNF
receptor type l-associated death domain protein (TRADD), or
receptor-interacting protein-1 (RIP1), to trigger multiple cell
signaling (58). Balachandran et al. demonstrated that FADD
suppresses viral replication through TBK-1-mediated IRF3
activation, which implies an alternative FADD-dependent IFN
production in innate immune pathway besides the Toll pathway
(59). Previous studies have found that the dimerization of MAVS,
a mitochondria-associated adaptor protein, can recruit TRADD
to induce the phosphorylation of IRF3 and IRF7 and their
downstream events, type I IFN production (60). It is worth noting
that TRADD and FADD are not only involved in the TRAIL-
induced apoptosis (61, 62), but also mediate multiple signaling
events, especially IFN production. IFN responses provide the
initial defense against viral invasions in the innate immune
system. Based on our results, we assume that TRAIL/IFN
signaling may involve in FADD or TRADD recruitment and then
trigger subsequent IRF3/IRF7 activation, which offers another
explanation for anti-HTNYV effect of TRAIL except for apoptosis.

It is important to consider whether TRAIL exerts anti-
HTNV activities in vivo. Here, we used the lethal HTNV-
infected suckling mice model previously established by our
laboratory (36). The results showed that TRAIL exhibited
a significant protective effect on HTNV-infected suckling
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mice through significantly decreasing tissue virus load and
alleviating pathologic lesions. Our results are consistent with
previous reports that administration of anti-TRAIL antibody can
significantly elevate viral titer in the heart of ECMV-infected
mice (32) or delay virus clearance in the lung of influenza
virus infected mice (63). Brincks et al. employed an influenza
virus infection model of TRAIL ™/~ mice, and demonstrated that
TRAIL deficiency increases morbidity and virus titers, which are
associated with the decreased CTL response (64). In our case,
TRAIL could enhance HTNV-induced apoptosis in the brains,
kidneys, and lungs, which highlights the importance of TRAIL-
mediated apoptosis in anti-HTNV activity. Further studies will
be needed to elucidate which signaling molecules are involved in
these events.

TRAIL has drawn attention for its potential crucial role
in the defense against HINV infection. We have shown
that HTNV induces TRAIL-dependent extrinsic apoptosis in
HUVECs involving downregulation of the decoy receptors.
Furthermore, TRAIL-dependent IFN production is promoted by
IRF3/IRF7 activation and ultimately suppresses viral replication
via its downstream innate immune response. The protection
provided by TRAIL in mice suggested that TRAIL may be a novel
target for curing severe hantavirus infection.
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