Arch Virol (2004) 149: 1279-1292 .
DOI 10.1007/s00705-004-0306-y ArChlveS Of

Virology

Printed in Austria

Modification of endothelial cell functions by
hantaan virus infection: prolonged hyper-permeability
induced by TNF-alpha of hantaan virus-infected
endothelial cell monolayers

M. Niikura', A. Maeda', T. Ikegami'-2, M. Saijo', I. Kurane!,
and S. Morikawa'

'Department of Virology 1, National Institute of Infectious Diseases,
Musashimurayama, Japan
2Depalrtment of Biomedical Science, Graduate School of Agricultural
and Life Sciences, The University of Tokyo, Tokyo, Japan

Received November 26, 2003; accepted January 28, 2004
Published online March 25, 2004 © Springer-Verlag 2004

Summary. Serious vascular leakage is central to the pathogenesis of hantavirus
infections. However, there is no evidence suggesting the hantavirus infection of
endothelial cells directly causes obvious cell damage or morphological alteration
either in vivo or in vitro. In this study, we examined whether Hantaan virus (HTNV)
infection modifies the barrier function of endothelial cell monolayers upon the
exposure to pro-inflammatory cytokines. Low levels (1 ng/ml) of tumor necro-
sis factor-alpha initially increased the permeability in both HTN V-infected and
uninfected monolayers similarly. Thereafter, however, these monolayers showed
significant difference. The HTNV-infected monolayers remained irreversibly
hyper-permeable during the experimental period up to 4 days, while the uninfected
monolayers completely recovered the barrier function. The prolonged hyper-
permeability of HTNV-infected monolayers was not associated with cell death
or gap formation in the monolayers, and was independent from their nitric oxide
or prostaglandin production. These results are the first evidence that hantavirus
infection modifies barrier function of endothelial cell monolayers and suggest
that HTN V-infection of endothelial cells may contribute to the increased vascular
leakage through the prolonged response to cytokines.

Introduction

Hantaviruses belong to the family Bunyaviridae and are transmitted to humans
from various species of rodents, which are the natural reservoirs. Hantaviruses



1280 M. Niikura et al.

consist of numerous strains and each strain is maintained in different rodent species
in a natural environment [31]. Itis believed that the geographical isolation of these
host species contributes to the regional variation in the virulence of hantaviruses
[38]. The severest forms of the hantavirus infections are typified by hemorrhagic
fever with renal syndrome (HFRS) mostly caused by isolates of Hantaan virus
(HTNV) in eastern Asia and hantavirus pulmonary syndrome (HPS) caused by
isolates of Sin Nombre virus (SNV), Andes virus and related viruses in Americas
[6, 37, 38]. The major target organs appear to be different between these two forms
of hantavirus infections: kidneys in HFRS and lungs and hearts in HPS. However,
same organs are often affected in both diseases and it is considered that one of the
fundamental pathological manifestations is vascular leakage [6, 7, 21, 37, 38].

Both HTNV and SNV infect endothelial and monocytic cells in vitro and
in vivo. Neither hantavirus infections of cultured cells causes obvious cytopathic
effects, contrary to some other hemorrhagic fever viruses like filoviruses [17, 36,
39, 43, 45]. In filovirus infection, for example, the disruption of endothelial cells
in vivo directly relates to the massive vascular leakage [11]. An in vitro study
showed that HTNV infection induced apoptotic endothelial cell death [16]. Nev-
ertheless, histopathological examinations of either hantavirus-infected patients
did not show major endothelial cell death [24, 35, 45]. Further, it was reported
that SNV infection of endothelial cell monolayers did not alter the permeability
or tight junction structures in vitro [17, 42]. It is, therefore, possible that both
hantavirus infections affect the function of endothelial cells in a limited fashion.

HTNV-infected patients develop cellular and humoral immune responses be-
fore or very soon after the onset of clinical symptoms, leading to a hypothesis that
the symptoms are partly due to immunopathogenesis [7]. Animal experiments with
HTNYV supported this hypothesis [18, 30, 34, 44]. Besides the virus-specific immu-
nity, elevated levels of tumor necrosis factor alpha (TNF-alpha) and interleukin-
6 (IL-6) in HFRS patients’ sera were reported [22]. In an in vitro study, the
infection of immature dendritic cells with HTNV weakly up-regulated TNF-alpha
production [39]. Similarly, the infection of human alveolar macrophages with
SNV in vitro resulted in a weak induction of TNF-alpha at around 1 ng/ml in the
culture supernatant [17]. Endothelial cells carry two known TNF-alpha receptors,
TNF-R75 and TNF-R55 [25, 27]. The effects of TNF-alpha on endothelial cells
through these TNF-alpha receptors have been widely investigated. TNF-alpha
increases vascular permeability [2, 5, 14, 33,40]. It induces the release of cytokines
and chemokines from endothelial cells [27]. It also up-regulates production of
inducible enzymes such as cyclooxygenases-2 (Cox-2) and nitric oxide synthases
(NOS) [4, 12, 28]. However, the relevance of these specific and non-specific
immune responses elicited by hantavirus infections to their pathogenesis is not
yet well understood.

Since neither the increase in permeability of endothelial cell monolayers
[42] nor TNF-alpha induction in monocytic cells [17, 39] upon the hantavirus
infections in vitro alone was accountable levels for the clinical manifestations
seen in HFRS, we hypothesized that the low level of pro-inflammatory cytokines
produced by HTNV-infected monocytic cells might differently affect HTNV-
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infected and uninfected endothelial cells, due to possible functional alterations of
the HTN V-infected endothelial cells. In order to test this hypothesis, we compared
the responses of HTN V-infected and uninfected human umbilical vein endothelial
cells (HUVEC) to low concentrations of cytokines.

Materials and methods

Cells and viruses

Pooled primary HUVEC was purchased from Clonetics (San Diego, CA). HUVECs were
expanded and maintained in EGM-2 medium supplemented with growth factors and 2%
bovine fetal serum (Bullet kit, Clonetics) as recommended by the supplier. The cells were
cultured at 37°C with 5% CO; throughout the experiments. HTNV strain 76118 was
provided by Dr. J. Arikawa (Hokkaido University, Japan) and propagated in Vero E6 cells.

Cytokines, antibodies and specific inhibitors

Recombinant human TNF-alpha was purchased from Lifetech (Rockville, MD). The specific
activity was >2 x 107 units/mg. Recombinant human IL-6 was purchased from Genzyme
(Cambridge, MA). Neutralizing polyclonal antibodies specific to TNF-alpha and IL-6, respec-
tively, were purchased from R&D systems (Minneapolis, MN). Neutralization of TNF-alpha
prior to stimulation was achieved by mixing 100 ng/ml TNF-alpha and 50 p.g/ml antibody and
incubation on ice for 1.5 hr. Polyclonal rabbit antiserum to Seou! virus (a hantavirus species)
strain SR-11 was prepared in our laboratory by inoculation of the live virus to a rabbit [41].
This antiserum was cross-reactive with HTNV. Monoclonal antibody specific to plakoglobin
was purchased from Zymed (South San Francisco, CA). Specific inhibitors for NOS and
Cox, aminoguanidine and L-NMA, and indomethacine, respectively, were purchased from
Sigma (St. Lois, MO). They were used at the concentrations reported effective, respectively
[8, 15, 28].

Preparation of HTNV-infected HUVEC

HUVECs were infected with HTNV at the passage level one and further passed twice. At
the passage level of three in total, the HTNV-infected cells were frozen as aliquots in liquid
nitrogen. Uninfected cells were similarly passed and frozen at the same passage level. The
frozen cells were thawed and cultured in tissue culture flasks. These cells were trypsinized,
counted and subjected to the experiments. The HTNV-infected and uninfected HUVECs were
compared at the same passage levels between four and six. The percentage of HTN V-infected
cells at the passage level four was greater than 50%, when determined by an immunofluores-
cent assay using the antiserum to Seoul virus. The absence of mycoplasma in both HTNV-
infected and uninfected HUVECSs was confirmed by a PCR-based kit (Mycoplasma Plus PCR
Primer Set, Stratagene, La Jolla, CA).

Transmonolayer electrical resistance (TER) of HUVEC monolayers

TER of the HUVEC monolayers was examined by Endome chamber (World Precisions,
Saratoga, FL). HUVECs were plated at a density of 1 x 10° cells per well in Transwell-col
(0.33 cm? growth area, Coaster, Cambridge, MA) with 0.6 and 0.1 ml of the culture medium in
the lower and upper chambers, respectively. The growth area was pre-coated with fibronectin
according to the method by Bonner and O’Sullivan [3]. On the next day, the culture medium
was carefully removed and the cells were re-fed with the same volumes of medium. Two or
three days later, designated as time 0, the TER was measured in Endome chamber filled with
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0.6 ml of the medium. All the reagents added to the wells were prepared in the medium as
100x concentrations to the final concentrations, and 1 L1 was added to 0.1 ml of the medium
present in the upper chambers. All the experiments were performed in triplicate and the
results were expressed as averages and standard deviations (SD). The measured resistance
was converted to net resistance per cm? according to the formula:

“Net resistance per cm?®”

= “[Measured resistance (ohm)-21(ohm, resistance without cell monolayer)]/3”

Permeability assay

Permeability of the HUVEC monolayers was examined as described previously [3]. Briefly,
1 g of bovine serum albumin (BSA, Sigma) was stained with 45 mg of trypan blue (Sigma)
by mixing in 5 ml of the medium at room temperature (RT) for 2 hr. The binding of trypan
blue to BSA was confirmed by precipitating the stained BSA by trichroloacetic acid. After
centrifugation, the remaining free trypan blue in the supernatant was less than 0.07% in
comparison with the pre-precipitation solution, when determined by the absorbance at 550 nm.
The stained BSA was filter sterilized. To measure the leakage through cell monolayers, 10 1
of the stained BSA was added to the upper chamber of each Transwell containing HUVEC
monolayer. After 4 hr of incubation, 100 .l of the medium in lower chambers was removed
and the absorbance was measured at 550 nm.

Cell viability assay

Cell viability was examined by Cell Counting Kit-8 (CCK-8), which utilizes water-soluble
tetrazolium salt (Dojin Chemical, Tokyo, Japan). The HTNV-infected and uninfected
HUVECs were plated in 96-well tissue culture plates pre-coated with fibronectin, at a den-
sity of 1 x 10° cells per well in 200 pl of the medium. On the next day, the medium was
completely replaced and cells were cultured for additional 2 days. Then TNF-alpha was
added to the medium at a final concentration of 1ng/ml. After 72 hr culture, 10 ul of the
tetrazolium salt solution supplied in CCK-8 was added to each well and incubated for
1.5hr. The culture supernatant (100 1) was transferred to another 96-well plate and the
absorbance was measured at 450 nm by a microplate reader with the reference wavelength at
600 nm.

Immunohistochemistry

The HTN V-infected and uninfected HUVECs were cultured on cover slips pre-coated with
fibronectin in 48 well tissue culture plates at a density of 3 x 107 cells per well in 400 11
medium. Prior or after the TNF-alpha treatment, the cells were fixed in 4% formaldehyde
at RT. The cells were permealized by 2% NP-40 and stained by anti-plakoglobin mouse
monoclonal and anti-Seoul virus rabbit polyclonal antibodies. The reacted antibodies were
detected by either FITC-labeled anti-mouse IgG (Zymed) or Rhodamine-labeled anti-rabbit
IgG (Jackson ImmunoResearch, West Grove, PA), respectively.

Cytokine assays

IL-6, TNF-alpha and IL-1beta were quantitated by Quantikine ELISA kits (R&D Systems).
The HTN V-infected and uninfected HUVECs (2.5 x 10° cells) were plated in 1 ml medium
in 24 well tissue culture plates pre-coated with fibronectin. The medium was replaced on the
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next day and cultured for additional 2 days. Before the addition of 1 ng/ml of TNF-alpha,
the first sample was collected (time 0). After the indicated hours of culture, the supernatant
(100 1) was recovered from each well. The supernatants were kept at —80 °C until use.

Statistical analyses

Student’s T-tests were performed using Microsoft Excel software.

Results
Effect of TNF-alpha on HTNV-infected endothelial cell monolayers

The transmonolayer electrical resistance (TER) of HUVEC monolayers was not
changed by HTNV infection alone (Fig. 1A, time 0). The TER of HTN V-infected
and uninfected monolayers was between 10 and 20 ohm/cm?, which was com-
parable to the previous reports [2]. TNF-alpha significantly decreased the TER
of HTNV-infected and uninfected monolayers at 1 ng/ml (Fig. 1A) and 10 ng/ml,
but not at 0.1 ng/ml (data not sown). The HTN V-infected and uninfected mono-
layers showed similar levels of TER decrease as early as 4 hr after the addition
of 1ng/ml of TNF-alpha (Fig. 1A). The duration of the effect was, however,
significantly different between the HTNV-infected and uninfected monolayers.
In the uninfected monolayers, the decreased TER started to recover after 24 hr

15
5 . 5
= 10 =
2 2
o )
Q o
S 54 E
0 | | — 0 | | —
0 24 48 72 96 0 24 48 72
A Time (hr) B Time (hr)

Fig. 1. Effect of TNF-alpha at 1ng/ml on transmonolayer electrical resistance (TER)
of HTNV-infected and uninfected HUVEC. A. HTNV-infected (O) and uninfected (@)
monolayers were stimulated by TNF-alpha at time 0 and the TER was measured at4, 8, 24, 48,
72 and 96 hr after stimulation. Unstimulated controls of HTNV-infected (A) or uninfected
(A) HUVEC monolayers were included. B. Contribution of TNF-alpha to the decreased
TER after TNF-alpha stimulation. TNF-alpha was mixed with neutralizing antibody specific
to TNF-alpha. After 1.5 hr incubation on ice, the neutralized (O, infected; @, uninfected) or
mock-neutralized (4, infected; A, uninfected) TNF-alpha was added to the HUVEC cultures.
The TER was measured at 4, 8, 24, 48 and 72 hr after stimulation. Each point represents the
mean value of triplicate. Bars indicate SD
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Fig. 2. A. Compatibility of decreased TER with increased permeability. Influx of stained
BSA through the HTN V-infected (HTNV+) or uninfected (HTNV—) HUVEC monolayers
was quantitated by the absorbance at 48 hr after TNF-alpha stimulation. The TER
(average 4= SD) at this time point for uninfected unstimulated, uninfected stimulated, infected
unstimulated and infected stimulated monolayers were 13.8 £0.51, 20.3 +0.88, 15.8 £0.51
and 8.3 + 0.33, respectively. B. Increased permeability was not due to cell death. Viabilities of
HUVEC were examined at 72 hr after TNF-alpha stimulation (1 ng/ml) by the tetrazolim salt
color development and shown as the absorbance of each supernatant. Each value represents
the mean value of triplicate. Bars indicate SD

and reached the control level within 72 hr. Contrary, the decreased TER did not
recover to the untreated level in the HTNV-infected monolayers even at 96 hr.
The TER difference between uninfected and HTN V-infected monolayers at 72 hr
after stimulation was statistically significant (p < 0.01). This decrease of TER
was truly induced by TNF-alpha, since the anti-TNF-alpha neutralizing antibody
completely abolished the decrease (Fig. 1B). The anti-TNF-alpha antibody itself
showed no effect on the TER (data not shown).

To examine if the decreased TER actually reflected the increase in the per-
meability of monolayers, passive diffusion of BSA through the monolayers was
examined (Fig. 2A). At48 hr, when the HTN V-infected and uninfected monolayers
showed significantly different TER (p < 0.01), the influx of stained BSA through
the infected monolayers was significantly increased (p < 0.05) compared to the
uninfected ones, indicating that the TER truly reflected the permeability. Further,
the increase in permeability was not due to major cell death, since cell viability of
these monolayers was not significantly different (p > 0.05) between the HTNV-
infected and uninfected ones at 72 hr (Fig. 2B).

At any time point of TNF-alpha treatment, the peripheral localization of
plakoglobin, which is a sensitive indicator for the matured endothelial cell-to-cell
junctions [20], was not disturbed, suggesting that the junction structure was not
destroyed by HTNV infection or this TNF-alpha treatment (Fig. 3). These results
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A. Infected B. Uninfected

Fig. 3. Maintenance of cell-to-cell junction structures after TNF-alpha stimulation. HUVEC

monolayers were stained by anti-plakoglobin and anti-Seoul virus (cross-reactive with

HTNYV) antibodies then visualized with FITC (green)- or Rhodamine (red)-labeled secondary

antibodies, respectively. A HTNV-infected HUVEC at 72 hr after TNF-alpha stimulation.
B Uninfected non-stimulated control HUVEC at 72 hr

indicate that the HTN V-infected and uninfected HUVEC monolayers show similar
levels of initial hyper-permeability without major cell death upon the exposure to
TNF-alpha, but the increased permeability remains for a prolonged period in the
HTNV-infected monolayers.

Effect of antagonists to NOS and Cox on TNF-alpha-induced
hyper permeability

It is known that TNF-alpha induces both nitric oxide (NO) and prostaglandin (PG)
through the induction of NOS and Cox-2, respectively. We examined whether NO
and PG were involved in the different time courses of the response between HTN V-
infected and uninfected monolayers. Aminoguanidine and L-NMA are specific
inhibitors for inducible NOS (iNOS) and endothelial NOS (eNOS), respectively.
As shown in Fig. 4A and B, neither aminoguanidine (100 wM) nor L-NMA (1 mM)
altered the responses of HTNV-infected and uninfected monolayers to 1 ng/ml of
TNF-alpha. When 30 wM of indomethacine, a Cox inhibitor was added, TNF-
alpha-induced decrease of TER was not affected both in the HTNV-infected
and uninfected cell monolayers (Fig. 4C). These results indicate that either NO
or PG is not involved in the longer duration of increased permeability in the
HTNV-infected monolayers. In fact, neither of them was involved in the TNF-
alpha-induced increase in permeability in the HTNV-infected and uninfected
monolayers.
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Fig. 4. Absence of the effect of NOS inhibitors and a cyclooxygenase inhibitor on TER.
Aminoguanidine (100 wM, iNOS inhibitor, A), L-NMA (1 mM, eNOS inhibitor, B) or
Indomethacin (30 uM, cyclooxygenase inhibitor, C) was added along with 1 ng/ml TNF-alpha
and the TER was measured at 4, 8, 24, 48 and 72 hr after the stimulation. [, infected control
HUVEC; O, infected TNF-alpha-stimulated HUVEC; A, infected TNF-alpha-stimulated
HUVEC with the inhibitor; B, uninfected control HUVEC; @, uninfected TNF-alpha-
stimulated HUVEC; A, uninfected TNF-alpha-stimulated HUVEC with the inhibitor. Each
point represents the mean value of triplicate. Bars indicate SD

Induction of pro-inflammatory cytokines by TNF-alpha stimulation

We next asked if the TNF-alpha-induced pro-inflammatory cytokines from en-
dothelial cells might affect the permeability by autocrinal mechanisms. As shown
in Fig. 5A, IL-6 was induced at significantly higher levels in the HTN V-infected
HUVEC cultures than in the uninfected ones. In the HTN V-infected cells, IL-6
levels increased sharply during the first 24 hr after the stimulation and reached
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Fig. 5. Induction of high levels of IL-6 and absence of TNF-alpha induction by TNF-alpha.

IL-6 (A) and TNF-alpha (B) concentrations in the supernatants of HTNV-infected (O) and

uninfected (®) HUVEC were assayed at indicated hours after the addition of TNF-alpha

(1 ng/ml). Time O indicates the concentrations before the addition of TNF-alpha. Each point
represents the mean value of triplicate. Bars indicate SD

616 pg/ml. The concentration gradually increased further up to 807 pg/ml until
72 hr after the stimulation. On the other hand, in the uninfected cells, the concen-
tration of IL-6 was slowly increased up to 163 pg/ml for the first 24 hr. During
the next 48 hr, the concentration slightly increased and reached 210 pg/ml at 72 hr
after the stimulation.

The HTNYV infection of HUVEC itself did not induce TNF-alpha production
(time O in Fig. 5B). The TNF-alpha concentration in the supernatants decreased
rapidly after the addition of TNF-alpha, probably due to the degradation or ab-
sorbance to the cells, and completely disappeared at 24 hr after the addition. It
was not detected thereafter until 96 hr (Fig. 5B and data not shown). At 4 hr
after the stimulation, the concentration of TNF-alpha was marginally higher in
the uninfected cell supernatant; however, the difference completely disappeared at
8 hr. Thus, the TNF-alpha stimulation did not induce significant level of TNF-alpha
in either the HTNV-infected or uninfected HUVECs. IL-1beta was not produced
above the detectable levels (10 pg/ml) by the TNF-alpha stimulation either in the
HTNV-infected or uninfected HUVECs (data not shown).

We then investigated if the increased level of IL-6 was involved in the extension
of hyper-permeability in HTNV-infected monolayers by adding the neutralizing
antibody to IL-6 at the time of TNF-alpha stimulation. The antibody at concentra-
tions of 50 or 500 ng/ml did not affect the time courses of hyper-permeability in
either the HTN V-infected or uninfected monolayers (data not shown). Further, the
uninfected monolayers treated with the mixtures of TNF-alpha and IL-6 did not
show prolonged hyper-permeability (data not shown). These results suggest that
IL-6 is not involved in the prolonged response of the HTN V-infected monolayers
to TNF-alpha.
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Discussion

We demonstrated that HTNV infection of HUVEC extended the duration of
increased permeability of monolayers induced by low levels of TNF-alpha, while
the magnitude of initial increase in permeability was comparable to the uninfected
cells. In fact, this phenomenon was observed when 1 ng/ml of TNF-alpha was
added to the culture medium, which is 10 times higher concentration than that
detected in HFRS patients’ sera [22]. This concentration is, at the same time,
comparable to the reported concentration secreted by SN V-infected macrophages
in vitro [17]. This is the first report demonstrating that the infection of hantavirus
to endothelial cell monolayers modifies their barrier function. We speculate that
the prolonged hyper-permeability of HTN V-infected endothelium induced by the
TNF-alpha secreted from the infected monocytic cells may result in a gradual
accumulation of hyper-permeable vascular endothelium (Fig. 6). In this hypothet-
ical model, we assume the number of infected monocytic cells and the overall
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infected monocytic cells
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Fig. 6. A hypothetical scheme how the combination of the prolonged hyper-permeability of
infected endothelium and the low-level TNF-alpha secretion from infected monocytic cells
may contribute to a serious plasma leakage. In both infected and uninfected endothelium, the
low-level TNF-alpha from the infected monocytic cells induces hyper-permeability only to
the close proximity (A and B). When the infected monocytic cells move, plasma discharge
continues from the infected endothelium which is no longer close proximity to the infected
monocytic cells, as well as the leakage from the endothelium now becomes close proximity
to them (C). Contrary, in the uninfected endothelium, only the endothelium newly becomes
close proximity to the infected monocytic cells begins to leak, while the previously hyper-
permeable endothelium recovers when the concentration of TNF-alpha is not high enough
any more (D)
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amount of secreted TNF-alpha from these cells are not great enough to induce
systemic catastrophic change. On the other hand, the secretion of TNF-alpha
from individual infected monocytic cell is high enough to induce prolonged
hyper-permeability in the proximal infected endothelium. This might contribute
to a local catastrophic plasma leakage after a certain period of time in spe-
cific organs where the infected endothelial cells and monocytic cells are close
proximity. It should be noted that although HFRS is an acute disease, it takes
order of weeks after infection before the critical condition appears [19]. A recent
report showed that HTNV infection also induced dendritic cells to produce a
low level of TNF-alpha [39]. Thus, the HTNV-infected monocytic cells can be
a source of TNF-alpha in vivo, though TNF-alpha was supplied exogenously
in our in vitro experiments. Of further interest, increased numbers of TNF-alpha
producing cells in HPS patients’ lungs were described and the involvement of local
cytokine production in the HPS pathogenesis was suggested [32]. Furthermore,
in dengue virus infection, which also causes hemorrhagic fever without serious
damage on vascular endothelium, it was reported that TNF-alpha from the dengue
virus-infected peripheral monocytes modulated endothelial cell protein expres-
sions [1]. The mechanisms behind the hyper-permeability without disruption
of the tight junction are not clear. One report suggested that the rearrangement
of cytoskeleton by TNF-alpha changed the tension within the individual cells and
resulted in hyper-permeability in endothelial monolayers without gap formation
[2].

In HFRS and HPS patients’ plasma, increased levels of NO were reported
[9, 24]. In the former, the increased NO levels correlated to the TNF-alpha levels.
However, our results suggested that NO was not involved in the prolonged hyper-
permeability. The irrelevance of NO to the formation of pulmonary edema and
alveolar flooding in a mice model system with lymphocytic choriomeningitis
virus, which might mimic HPS, was recently reported [9]. The involvement of PG
in the prolonged hyper-permeability was also not likely, while Cox-2 was one of
the up-regulated genes by the HTNV infection in endothelial cells detected by the
DNA array experiments [13].

The low level of TNF-alpha induced IL-6 above 700 pg/ml in the HTNV-
infected HUVECs. This phenomenon might partly contribute to the elevated
levels of IL-6 in HTN V-infected patients. It is noteworthy that a previous report
showed no difference in IL-6 levels between the HTNV-infected and uninfected
endothelial cells in vitro, as the pre-stimulation levels in our experiments [36].
The involvement of induced IL-6 in the pathogenesis of HTNV infection is not
clear, though our data indicates that it is not involved in the prolonged hyper-
permeability. In one report, IL-6 alone could induce hyper-permeability at higher
concentrations above 20 ng/ml using normal bovine endothelial cell monolayers
derived from carotid aorta [29]. In our study, HUVEC monolayers did not respond
to IL-6 alone at concentrations up to 100 ng/ml (data not shown). Since endothelial
cells derived from different organs or species may show different property [2, 26],
it is not known whether this is due to the difference of source organs of the
endothelial cells or to the species difference.
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Difference in the sensitivity to cytokine stimulations in different species may
even play a role in the pathogenesis of hantavirus infections. Hantaviruses are
pathogenic to humans but not to the natural hosts, rodents, except for suckling
animals [30, 34, 38, 44]. It is, therefore, tempting to postulate that the high
sensitivity of human to pro-inflammatory cytokines [10] may be one of the possible
explanations for the different pathogenesis between human and other animals, as-
suming that the combination of the low level of TNF-alpha and the endothelial cell
infection plays a major role in the pathogenesis of human hantavirus infections.
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