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Fig. 4. Schematic representation of the fruncated polypeptides (eft part), expression levels of these
polypeptides determined by SDS-PAGE nnalysis (right part, SDS-PAGE), and reactivity of MAb2ZHS
to these polypeptides in Western blotiing (right part, WB). The numbers shown for each schematic
polypeptide indicate the amino acid positions of the MBGV nucleoprotein,

{Fig. 6}, indicating that the newly developed MBGV isolates so far deposited in the GenBank, and there is
nucleoprotein-detection ELISA was specific for MBGV  no significant diversity in the aminoe acid sequences of
infections. the carboxy-terminal regions among Marburg virus

The amino acid sequence of the polypeptide recog- isolates (hitp://www.nebi.nlm.nih.gov/entrez/query.
nized by MAb2AT was conserved among Marburg virus  fegi?db = Protein, Accession nos. AARB5460, AARB5S453,

B

Fig. 5. Reactivity of MAb2AT (A), MAbZHG (B), anti-MBGV rNP rabbit serum (C), negative control
mouse serum (1), and rabbit serum (E) to authentic MBGVY antigens in Vero E6 cells in the
immunofiuorescence assav.
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Fig. 8. Reactivity of the monoclonal antihodies to rNPs of MBGV and
EBOQV. Renctivity of MARZAT (A), MALZIE6 (B), and MAh3-3D {C) to
MBGYV rNP and EBOV NP was examined in Western blolting. Lanes
“M,* “E" “2," and “8” indicate the lanes blotted with markers, GST-
tagged MBG-NP/C-half, negative control antigen prepared {tom Trné

£

NP_042025, AAQS55255, S44049, VHIWMYV, P35263,
2110212A,P27588, CAAT8114, CAAB2536, AAA4G563).
Therefore, it is quite likely that the newly developed
antigen-capture ELISA system for MBGV is useful for
detecting most MBGV isolates, although further study
is needed.

In conclusion, an MBGV nucleoprotein-detection
ELISA system using unique monoclonal antibodies
was developed, and the monoclonal antibodies useful
for detecting nucleoprotein of the MBGYV in the system
were characterized. The combined use of the MBGV
nucleoprotein-capture ELISA in the present study with
the EBOV nucleoprotein-detection ELISA developed in
a previous study [Niikura et al, 2001; lkegami et al.,
2003] may be useful for the diagnosis of viral hemor-
rhagie fevers due to filovirus infections.
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Herpes B virus DNA was specifically amplified by PCR, targeting the regions that did not cross-react with
herpes simplex virus (HSV). The amplified products, which were shown to be highly genetic polymorphisms
among herpes B virus isolates, were identified by microplate hybridization with probes generated by PCR. The
products immobilized in microplate wells were hybridized with the biotin-labeled probes derived from the
SMHYV strain of herpes B virus, The amplified products derived from the SMHV and E2490 strains of herpes
B virus were identified by microplate hybridization. PCR products amplified from the trigeminal ganglia of
seropositive cynomolgus macaques were identified as herpes B virus DNA. The utility of the PCR-microplate
hybridization assay for genetic detection and identification of the polymoxphic region of herpes B virus was

determined.

Herpes B virus infection, caused by herpes B virus harbored
in its natural host, Asian macaques, is a fatal encephalomyelitis
in humans (6, 23, 26, 37). The primary means of transmission
of herpes B virus to humans has been suggested to occur by
direct and/or indirect contact with virus-contaminated secre-
tion from the natural host (38). Forty-three cases of herpes B
virus infection have been reported since the first reports by
Sabin (7, 26). The infection has a high mortality if not treated
by antiviral therapy in the early stages of infection. Thus, de-
velopment of an assay is essential for prevention and early
diagnosis of herpes B virus infection.

Herpes B virus is an alphaherpesvirus that shares some char-
acteristics with the herpes simplex virus (HSV) (9). Both of the
neurotropic viruses establish latency in the sensory nerve gan-
glia of their natural hosts (2, 34). Stress induces reactivation of
the viruses from the latent state, resulting in shedding of in-
fectious viruses from mucosal tissue (14, 35). In addition, her-
pes B virus shows strong serological cross-reactivity with HSV
(5, 18). The genetic arrangement is almost identical between
herpes B virus and HSV (8, 21, 22, 25), and the nucleotide
sequences of the herpes B virus genes have been reported to
show high homology with the corresponding HSV genes (1, 21,
22, 25). These similarities suggest that a sample from a patient
with herpes B virus infection aiso contains HSV and that mis-
identification occurs in a diagnosis of the infection. In addition,
HSV type 1 (HSV-1) was reported to be isolated and detected
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from a pet monkey and from white-faced monkeys with fatal
infection, suggesting that a macaque, a natural host of herpes
B virus, is infected with HSV (13, 30). Thus, accurate diagnosis
of herpes B virus infection in both human and the natural
herpes B virus host requires a specific assay to distinguish
herpes B virus from the closely related HSV.,

PCR was considered suitable for specific detection of herpes
B virus. PCR was designed to amplify the herpes B virus target
sequence, which is the most divergent in the genome sequence
among HSV-1, HSV-2, and herpes B virus (4, 25). Further-
more, the amplified region was shown to have a highly genetic
polymorphism among herpes B virus isolates derived from
different natural host species (33). Thus, an applicable gene
identification method is required to have the ability to identify
the amplified products containing numercus point mutations.
To overcome this difficulty, we developed a method of genetic
identification by microplate hybridization with the probes gen-
erated by PCR.

MATERIALS AND METHODS

Virus, The inactivated herpes B virus E2490 strain isolated from a rhesus
macaque was provided by Ryozabure Mukai (Naticnal Institute of Infectious
Diseases of Japan). The SMHV strain of herpes B virus was isolated from a
cynomolgus macaque (1). Three isolates of HSV-1 (strains K8, K200, and 198)
and three isolates of HSV-2 (strains 79-29, 27, and 111) were obtained from the
vesicular fluid of patients with HSV reactivation. Four human cytomegalovirus
(HCMYV) isolates (strains Towne, AD169, KH, and OK-1) and two simian CMV
{SCMV} isolates (strains 68-1 and 1090K) were used in the present study (36).
HSV-1 and HSV-2 isolates were propagated in Vero cells, and HCMV and
SCMYV isolates were propagated in human embryonic lung cells.

Preparation of templates. A cloned 2.6-kb Sall-EcoRI fragment containing the
US4, US5, and US6 genes from the SMHV strain (SMHV/pBV-DNA) was
provided by Akic Yamada (National Institute of Infectious Diseases of Japan).
Viral DNA from the E2490 strain was extracted aud purified as previously
described (11). Viral DNA from HSV-1, HSV-2, HCMV, and SCMV was ex-
tracted and purified from the infected cells according to a previously described
pracedure (11). Trigeminal ganglia from four kealthy seropositive cynomolgus
macagues were used as test samples. Both left and right ganglia were removed
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HB3A, HB1B2
HB2A HBIB HB2B  HB3B2
Position1 123 344§ l 709 l 1,175 ¢ Position 1,408
Us 4 L Uss 1 F : 1Us 6
Region  Primer set : C o | i
A : HB2A+HBIB gt ! !
B : HB2A+HBI1B2 — ! ;
C : HB2A+HBZB ;i ; 1-: !
D : HB2A+HB3B2 > ; ; 1-:
E : HB3A+HB2B P —— |
F : HB3A+HB3B2 >— <
Primer Sequence Position
HB2A 5’-CCGCGCTCGCCACGGACACCA-3 411-431
HB3A 5*-CCTGCACCGGTGCTGTAGACG-3’ 643-663
HB1B 5"-TCGCGGGGTCACGCGTAGACG-3’ 717-697
HBIB?  5-CGTCTACAGCACCGGTGCAGG-3’ 663-643
HB2B 5-ATCGCGCGCCGGACCGATCGT-3 1,072-1,052
HB3B2  5-TCAGGGACCGCTCCACCGGCA-3’ 1,274-1,254

FIG. 1. Target regions of PCR and primers used in the present study. Arrows on the genetic map indicate the locations of each primer. Open
boxes indicate open reading frames of the 3’ side of the US4 gene, the complete USS gene, and the 5' side of the US6 gene. Nucleotide positions
in this figure are cited as the E2490 strain sequence numbers deposited in the GenBank database (accession no. AF083210).

from the monkeys after rapid euthanasia following the intravenous injection of
anesthesia, DNA was extracted and purified as described by Sambrook et al. (27).
Purified DNA was stored at 4°C.

 PCR. Design of the primers for herpes B virus DNA amplification referred to
as nucleotide sequences US4 through US6 as determined by Bennett et al. (1)
and Smith et al. (33). The GenBank accession numbers for the sequences cited
in the present study are AF082804 to AF0§2814, AF083210, and $48101. A
partial 330-bp gene encoding HSV DNA polymerase was amplified with the
primer pair KM-1 (5'-CAGTACGGCCCCGAGTTCGTGACCGGG-3') and
KM-2 (5'-GGCGTAGTAGGGCGGGGATGTCGCG-3") as described by Ki-
mura et ab. {17}. The 610-bp fragments encoding part of HCMV and SCMV
VP25 were amplified with the sense primer CM-3 (5'-ACTCACAACATATTC
GTTTGC-3'} and the antisense primer CM-2 (5-TGTTCGGAAGTGATCGT
GTTT-2') as described by Meigata et al. {19). PCR was performed in 100 pl of
1X Ex Taq Buffer (Takara Shuzo, Shiga, Japan}, 0.2 mM (each) deoxynucleoside
triphosphates, 0.5 pM concentrations of each of the primers, 0.5 U of Ex Tag
polymerase (Takara Shuzo), and the template. The reaction was carried out for
30 cycles of denaturation at 94°C for 2 min, annealing at 55°C for 3 min, and
extension at 72°C for 4 min. The amplified preducts were separated by electro-
phoresis on 1.5% agarose gels, stained with ethidium bromide, and visualized
under a UV transtliuminator.

Microplate hybridization. Microplate hybridization was performed as previ-
ously described (12, 15) with some modifications. Briefly, the heat-denatured
PCR products were diluted by using 10-fold serial dilutions in coating buffer (1.5
M NaCt, 0.2 mM sodium phosphate [pH 7.4], 5 mM EDTA). The serially diluted
preducts were allowed to adsorb to the mieroplate wells by incubation at 37°C for
3 h. Biotin-labeled probes were generated by PCR as described above, except for
the use of Biotin 11-dUTP (Enzo Diagnostics, Inc.) in place of dTTP. Hybridi-
zation was performed at 42 and 56°C for 20 h. Hybridization signals were de-
tected by binding streptavidin-conjugated B-galactosidase to biotinylated probes,
followed by reaction with the 4-methylumbelliferyl-B-p-galactoside substrate.
The amount of the fluorescent reactant was determined by measurement of the
absorbance at 460 nm with a fluorometric microplate reader (Fluoroskan II;
Labsystems, Tokyo, Japan) and calculated as fluorescence units (FU).

RESULTS

Design of primers of herpes B virus. Two sense primers
(HB2A and HB3A) and four antisense primers (HB1B, HB1B2,

HB2B, and HB3B2) were designed in the present study (Fig.
1). HB2B is located on a noncoding intergenic region between
the US5 and US6 genes, whereas HB3B2 is located on part of
the open reading frame of the US6 gene, and the remaining
primers are located on part of the open reading frame of the
USS gene. Six regions, A to F (Fig. 1), were generated by gene
amplification combining a sense primer and an antisense primer.

Specificity of PCR. PCR was performed with five different
virus templates (SMHV/pBV-DNA, HSV-1, HSV-2, HCMV,
and SCMV). Amplification of the A, C, and E regions success-
fully generated products from SMHV/pBV-DNA but not from
HSV-1, HSV-2, HCMV, and SCMYV isolates (Fig. 2). Ampli-
fied products of the A, C, and E regions were also detected
from the E2490 strain of herpes B virus (Fig. 3). In contrast,
amplification of the B and D regions yielded products from
SMHV/pBV-DNA and the HSV-1 and HSV.2 isolates, which
showed almost the same size bands on agarose gels (data not
shown). A gene amplification targeting the F region also re-
sulted in a product from the HSV-2 27 strain, although the
fragment showed a different size band than that from the
herpes B virus strain.

Sensitivity of PCR. Amplification of the A, C, and E regions
was performed with DNA templates of serial 10-fold dilutions
of SMEV/pBV-DNA from 10 ng to 10 fg. The bands of am-
plified products on agarose gels were confirmed under a UV
transilluminator. PCR of the C region could generate the prod-
ucts from 10 fg of the plasmid DNA, whereas the detectable
limits of PCR of the A and E regions were 1 pg and 100 fg of
the templates, respectively (data not shown).

Microplate hybridization identification of the amplified her-
pes B virus preduct. The C region of the PCR product derived
from SMHV/pBV-DNA was used as both DNA samples and
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PCR MICROPLATE HYBRIDIZATION OF HERPES B VIRUS 1871

B ‘
bp M1 2 3 4 5 6 7 8 910112 B

37

D HSV/KM-1, KM-2
bp M 1 2

CMV/CM-3, CM-2
34 56 B 78 91011128

FIG. 2. Specific detection of herpes B virus by gene amplification of the A, C, and E regions (A, B, and C, respectively). (D) Amplification of
HSV and CMV with cach specific primer set (primer pairs KM1-KM2 and CM3-CM2, respectively). HSV-1 isolates are in lanes 1 to 3 (strains K8,
K200, and 198, respectively); HSV-2 isolates are in lanes 4 to 6, (strains 79-29, 27, and 111, respectively); HCMV isolates are in lanes 7 to 10 (strains
Towne, AD169, KH, and OK-1, respectively); and SCMYV isclates are in lanes 11 and 12 (strains 68-1 and 1090K, respectively). Lanes B and M
show SMHV/pBV-DNA and DNA standard size markers {(DNA-Molecular Weight Marker V; Roche Diagnostics), respectively.

probes in this experiment. The products were diluted, and the
resultant 1072 to 10~° dilutjons were analyzed by microplate
hybridization. Each diluted product was hybridized with the A-
and C-region probes labeled with biotin and the resulting sig-
nal intensity was calculated as FU. The FU values were plotted
against each dilution of the products. The resulting dilution
curve was used to evaluate the identification of the amplified
product. The hybridization curves, as shown in Fig. 4, were
observed in conditions at both 42 and 56°C.

Genetic identification by microplate hybridization between
heterogeneous amplified products. Heterogeneous hybridiza-
tion was investigated by using the product amplified of the C
region from the E2490 strain isolated from a rhesus macaque
and the PCR product of the DNA polymerase gene derived
from the HSV-1 HF strain. The products were hybridized with
the C-region probe generated from SMHV/pBV-DNA. The
nucleotide sequences of the C regions of the SMHYV and the
E2490 strains (GenBank accession no. $48101 and AF083210,
respectively) share an 80.4% homology, while the product
from HSV DNA polymerase shows no homology with the C
region of the SMHYV strain. Dilution curves obtained from

bp M 1 2 3 4 5 6 7

587
267

FIG. 3. Agarose gel electrophoresis of the amplified products de-
rived from the herpes B virus strains. The gene amplification was
performed to yield the C-region products with the primer pair HB2A-
HB2B. The amplified products derived from the seropositive monkey
specimens are in lanes 1 to 4, the E2490 strain is in lane 5, and SMHV/
pBV-DNA is in lane 6. The PCR reactant of the negative control is in
lane 7. A difference in band size can be seen between the PCR prod-
ucts generated from the E2490 strain or SMHV/pBV-DNA and that
from the seropositive monkeys (specimens 3 and 4 for lanes 3 and 4,
respectively).

hybridization of the E2490 and HSV HF strain are shown in
Fig. 5. Specific hybridization signals were observed in dilution
curves obtained from hybridization of the E2490 strain at both
42 and 56°C. In contrast, the FU values of the amplified prod-
ucts encoding the HSV HF strain DNA polymerase showed a
curve almost identical to that of the negative control in hybrid-
ization at both 42 and 56°C. :
Application to seropositive monkey specimens. PCR-micro-
plate hybridization was applied to the trigeminal ganglia of
four seropositive cynomolgus monkeys. Amplified products of
the C region were detected in all seropositive macaque speci-
mens. The products generated from two seropositive speci-
mens showed a smaller band size than the corresponding C

C-region

- 8- A-probe(56 °C)
=0~ A-probe{42 °C)
~=h~ C-probe(56 °C)
—é&— C-probe(42 °C)

5 a000 L
g
2 3000 |
2000 |
1000 |
102 10° 104 10° 108

Dilution

FIG. 4. Dilution curves from serial dilutions of the amplified prod-
uct of the C regions. FU values were obtained by hybridization with
probes from the A (squares) and C (triangles) regions at 56°C {solid
symbols) and 42°C (open symbols). Dilution curves obtained by using
the probes from the A and C regions are shown by dotted and solid
lines, respectively.
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56°C
7000 ¢
—O0— E2490 strain
6000 F —&— SMHV/pBV-DNA
. —»— H5V HF
5000 —&— Negative control

4000

FtJ value

3000 j
2000
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() Ymp——
102 103 104 10° 10¢
Dilution

FIG. 5. Dilution curves of herpes B virus amplified products {E2490 strain and SMHV/pBV-DNA) and the HSV-1 HF strain obtained by PCR-
microplate hybridization. Microplate hybridization with probes from the C regions was performed at 56°C (right) and 42°C (left). FU values are
shown for E2490 (O), SMHV/pBV-DNA (A), HSV HF (X), and negative control (¥).

regions of the SMHYV and E2490 strains, whereas DNA bands
from the other specimens showed the same size as those from
the known herpes B virus strains (Fig. 3). Serial dilutions of the
product were hybridized with the probe of the C region at 42
and 56°C. The specific hybridization signals were obtained
from the serial dilutions of the PCR products from the two
seropositive specimens, which were the same size as the
SMHYV and E2490 products, by hybridization at both 42 and
56°C (Fig. 6, specimens 1 and 2). In the experiment with prod-
ucts that had sizes different from those of the known herpes B

42°C

| —&— SMHV/pBV-DNA
—*— Negative control

—8— Snecimen 1
—&— Specimen 2
—8— Specimen 3
—O— Specimen 4

é’ 4000
=
-
= 3000
i
[
2000
1000
'R
102 i0? 10? 103 108
Dilution

virus strains, the FU values obtained from hybridization at
56°C were almost identical to those of the negative control
over the entire range of dilutions, whereas the specific signals
were obtained from hybridization at 42°C (specimens 3 and 4).

DISCUSSION

Virus isolation in cell lines has been the standard method for
diagnosis of a herpes B virus infection, even though contact
with herpes B virus-contaminated specimens is extremely haz-

56 °C
7000

——&— SMHYV/pBV-DNA
—¢— Negative control
—— Specimen |

—&— Specimen 2

=D0— Specimen 3
—O—Specimen 4

6000
4

5000

§ 4000
[
-
> 3000
2 4
2000
1000
0
102 108 10¢ 105 106
Dilution

FIG. 6. Dilution curves of herpes B virus amplified products of seropositive monkey specimens (specimens 1 to 4) and SMHV/pBV-DNA ob-
tained by PCR-microplate hybridization. Microplate hybridization with probes from the C regions was performed at 56°C (right) and 42°C (left). FU
values are shown for seropositive specimens (B, @, O, and O for specimens 1 to 4, respectively), SMHV/pBV-DNA (4), and a negative control (#).
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ardous and requires a level 3 or higher biosafety containment
facility (3). In order to avoid the danger of working with virus-
contaminated specimens, sensitive and less-hazardous PCR
methods of detection have been developed (31, 32), A specific
herpes B virus detection method is aiso necessary in order to
distinguish herpes B virus from the closely related HSV. In the
present study, we designed PCR to amplify the regions of the
US5 gene encoding glycoprotein J, which was shown to be the
most divergent of the protein-coding genes in HSV-1, HSV-2,
and herpes B viruses (4, 25) and the 3’-flanking noncoding
intergenic region.

Herpesviruses have been reported to show intraspecies gene
diversity among clinical isolates (20, 28, 29, 36). Thus, to in-
vestigate the specificity of the gene amplification, PCR was
performed on templates from the HSV-1, HSV-2, HCMV, and
SCMYV isolates, which were confirmed to show a distinct ge-
netic pattern in each herpesvirus. In gene amplification of the
A, C, and E regions, no PCR products were detected from the
isolates of the four species of herpesviruses. All amplified
products, however, were detected from the herpes B virus
E2490 and SMHYV strains. PCR with the templates of serial
10-fold dilutions indicated that the gene amplification of the C
region had the highest sensitivity in the products of the specific
A, C, and E regions. The specificity and sensitivity of PCR
suggest that amplification of the C region with the primer pair
HB2A and HB2B is most suitable for the genetic detection of
herpes B virus.

Microplate hybridization was performed with the A- or C-
region probes generated by PCR, as reported previously on the
development and application for diagnosis of varicella-zoster
virus infection (10, 12, 15). Real-time PCR, however, a rapid
genetic detection and identification method with oligonucieo-
tide probes, has been developed for the diagnosis of herpes B
virus infection (14, 24). The amplified region targeted in the
present study showed a high degree of polymorphism among
herpes B virus isolates (33), suggesting the presence of numer-
ous point mutations. Thus, oligonucleotide probes were not
likely to be available for the identification of variable amplified
products because a point mutation has a great effect on the
hybridization ability of an oligonucleotide probe, thus causing
problems when we have limited gene information. In the
present study, the full-length probe generated from the SMHV
strain hybridized with PCR products derived not only from the
SMHYV strain but also from E2490 and seropositive specimen-
derived strains, suggesting that the probe is useful for genetic
identification of the herpes B virus.

The PCR product generated from the E2490 strain was
observed to hybridize with the probe of the SMHV strain
under high- and low-stringency conditions. On the other hand,
the amplified products from two of four seropositive specimens
were hybridized with the SMHV strain probe only under the
low-stringency conditions, a finding consistent with the previ-
ous results of microplate hybridization between HSV-1 and
HSV-2 (16). These results suggest that the genetic distance
between the PCR products of the SMHYV strain and seropos-
itive specimen-derived strains is greater than the distance be-
tween those of the E2490 and SMHYV strains. The results of gel
electrophoresis, in which the DNA bands of the seropositive
specimens showed a size distinct from those of the SMHV or
E2490 strains, support this suggestion. Thus, the results indi-
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cate the possibility of failure to identify the herpes B virus
product by hybridization under the high-stringency conditions
if the nucleotide sequence identity between the PCR product
and the probe is <80%, the identity level of the C region
between the SMHV and E2490 strain. In conclusion, hybrid-
ization under low-stringency conditions may be indispensable
for correct identification of the PCR product.

In summary, we developed a PCR-microplate hybridization
assay for the detection and identification of PCR products
derived from herpes B virus; this assay is able to detect herpes
B virus but not HSV. The assay will be helpful in diagnosing
humans suspected to have been exposed to herpes B virus,
even if they are infected with HSV. In addition, the assay is a
powerful tool for detecting and identifying unknown or new
herpes B virus genotypes in both natural and human hosts. The
relationship between the FU values and the serial dilutions of
the PCR products suggests that the PCR-microplate hybrid-
ization assay technique may be useful in quantifying the herpes
B virus genome.
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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 vivoor 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
monclayers completely recovered the barrier function. The prolonged hype:-
permeability of HTNV-infected monolayers was not associated with cell death
or gap formation in the mong¢layers, 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
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consist of numerous strains and each strain is maintained in different rodent species
in a natural environment [31]. It is believed that the geographical isolation of these
host species coniributes 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.

HTN V-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 [ 71. 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 TNE-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,
TNEF-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]. Itinduces 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 pritnary 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. HINV strain 76-118 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-aipha
prior to stimulation was achieved by mixing 100 ng/ml TNF-alpha and 50 jug/ml antibody and
incubation on ice for 1.5 Iir. 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 HTINV-infected HUVEC

HUVECs were infected with HTINV 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 HTN V-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 30%, when determined by an immunofluores-
cent assay using the antisernm to Seoul virus. The absence of mycoplasma in both HTNV-
infected and uninfected HUVECs was confirmed by a PCR-based kit (Mycoplasma Plus PCR
Primer Set, Stratagene, La Jolla, CA).

Transmorolayer 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 mi of the culture mediumin
the lower and upper charnbers, 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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0.6ml of the medium. All the reagents added to the wells were prepared in the medium as
100x concentrations to the final concentrations, and 1111 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:
p 4

“Net resistance per cm?>”

= “[Measured resistance (ochm)-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 biue (Sigma)
by mixing in 5 ml of the medium at roorn 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 throngh cell monolayers, 10 pl
of the stained BSA was added to the upper chamber of each Transwell containing HUVEC
monolayer. After 4 hr of incubation, 100 pl 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 1x 10° cells per well in 200 1 of the medium. On the next day, the medium was
completely replaced and cells were cuitured for additional 2 days. Then TNF-alpha was
added to the medium at a final concentration of 1ng/ml. After 72 hr culture, 10 1l of the
tetrazolinm salt solution supplied in CCK-8 was added to each well and incubated for
L.5hr. The culture supernatant (100wl) 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 HTNV-infected and uninfected HUVECs were cultured on cover slips pre-coated with
fibronectin in 48 weli tissue culture plates at a density of 3 x 109 cells per well in 400 !
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 HTNV-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 1ng/ml of TNF-alpha,
the first sample was collected (time 0). After the indicated hours of culture, the supernatant
(100 ul) was recovered from each well. The supernatants were kept at —80 °C until nse.

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 HTNYV infection alone (Fig. 1A, time (). 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 HTN V-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 Ing/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
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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 at 4, §, 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-nentralized (A, 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 HTNV-infected (HTNV+) or uninfected (HTNV—) HUVEC monclayers
was quantitated by the absorbance at 48hr after TNF-alpha stimulation. The TER
{average £ SD) at this time point for uninfected unstimulated, uninfected stimulated, infected
unstimulated and infected stimulated monolayers were 13.8 £0.51,20.3 4+ 0.88, 15.8 £ 0.51
and 8.3 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-TINF-alpha neutralizing aatibody
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 HTN'V-
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 TNEF-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-Seounl virus (cross-reactive with

HTNV) 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 nou-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
HTN V-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 inFig, 4A and B, neither aminoguanidine {100 1.M) nor L-NMA (1 mM)
altered the responses of HTN V-infected and uninfected monolayers to 1 ng/ml of
TNF-alpha, When 30 pM of indomethacine, a Cox inhibitor was added, TNF-
atpha-induced decrease of TER was not affected both in the HIN V-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 uM, iNOS inhibitor, A}, L-NMA (1 mM, eNGS inhibitor, B} or
Indomethacin (30 uM, cyclooxygenase inhibitor, C) was added along with 1 ng/ml TNF-alpha
and the TER was measured af 4, 8, 24, 48 and 72 hr after the stimulation. {J, infected control
HUVEC; O, infected TNF-alpha-stimuiated HUVEC; A, infected TNF-alpha-stimulated
HUVEC with the inhibitor; M, 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 HTNV-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 0 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 1L-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 HTNV infection of HUVEC itself did not induce TNF-alpha production
(time 0 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 4hr
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 HTN V-infected or uninfected HUVECs. IL-1beta was not produced
above the detectable levels (10 pg/mi) 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 HTN V-infected monolayers by adding the neutralizing
antibody to I.-6 at the time of TNF-alpha stimulation. The antibody at concentra-
tions of 50 or 5300 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 TNI--alpha and IL-6 did not
show prolonged hyper-permeability (data not shown). These results suggest that
I1.-6 is not involved in the prolonged response of the HTNV-infected monolayers
to TNF-alpha.
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Discussion

We demonstrated that HINV 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 1ng/ml of TNF-alpha was
added to the culture medjum, 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 assumne the number of infected monocytic cells and the overall

Infected endothelium
infected monocytic cells

LE N XN R ]

Qb Qb endothelium 00 60 (30 ﬁb 00
Uninfected endothelium

infected monocytic cells

o .b endothelium \ 00 06

Fig, 6. A hypothetical scheme how the combination of the prolonged nyper-permeability of
infected endothelium and the low-level TNF-aipha secretion from infected monocytic cells
may contribute to & serious plasma leakage. In both infected and uninfected endothetium, 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 endothelivm, cnly the endothelinm 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 vive, 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 HTN'V infection in endothelial cells detected by the
DNA array experiments [13].

The low level of TNF-alpha induced 1L-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 leveis 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/m! (datanot 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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