1184 SATJO ET AL.

(A) (8)

'&Q 2Murea  8M urea

Sk

FIG. 2. SDS-PAGE analyses of the purification of His-LASV-INP
using the Ni?* column purification method (A) and of the semipuri-
fication strategy based on the hydrophobic property of arenavirus
nucleoproteins (B). The supemnatant fractions of the Ac-AP-, Ac-His-
LASV-NP-, Ac-LCMV-NP-, or Ac-JUNV-NP-infected Tn5 cells
treated with PBS-2 M urea (B, left part) are shown. The pellet frac-
tions of these cells treated with PBS-2 M urea were further solubilized
with PBS-8 M urea (B, right part).

were shifted by 1 amino acid (aa), with a consecutive overlap of 9 aa to cover the
entire LASV-NP1 (aa 1 to 100) and LASV-NP5 (aa 361 to 460) fragments.
Linear epitopes on the NP were determined by using Pepscan (Chiron Technol-
ogies, Clayton, Australia) according to the manufacturer’s instructions. Ninety-
six peptides were prepared as 14-aa biotinylated peptides, including a 4-aa spacer
sequence (SGSG) at the amino-terminal end, according to each of the amino
acid sequences of the LASV-rNP1 and LASV-INPS5 of the LASV Josiah strain.
The methods were previously described in detail (33).

IgG-ELISA. Immunoglobulin G (IgG)-ELISA was performed as previously
described except for the antigen preparation (38, 39). Briefly, ELISA plates
(96-well type plate, Pro-Bind; Falcon; Becton Dickinson Labware, Franklin
Lakes, NJ) were coated with the predetermined optimal quantity of purified
His-LASV-INP, LCMV-rNP, or JUNV-INP (approximately 100 ng/well) at 4°C
overnight. Then, each well of the plates was inoculated with 200 pl of PBS
containing 5% skim milk and 0.05% Tween 20 (M-T-PBS), followed by incuba-
tion for 1 h for blocking. The plates were washed three times with T-PBS and
then inoculated with the test samples (100 pl/well), which were diluted fourfold
from 1:100 to 1:6,400 with M-T-PBS. After a 1-h incubation period, the plates
were washed three times with T-PBS, and then the plates were inoculated with
goat anti-human IgG antibody labeled with HRPO (1:1,000 dilution; Zymed
Laboratory). After a further 1-h incubation period, the plates were washed and
100 pl of ABTS [2,2'azinobis(3-ethylbenzthiazolinesulfonic acid)] solution
(Roche Diagnostics, Mannheim, Germany) was added to each well. The plates
were incubated for 30 min at room temperature, and optical density was at 405
nm (ODys) was measured against a reference of 490 nm. The adjusted ODyg5
was calculated by subtracting the OD of the negative antigen-coated wells from
that of the corresponding wells. The means and standard deviations were calcu-
lated from the 96 control sera. The cutoff value for the assay was defined as the
mean plus 3 standard deviations.

Immunoftuorescence. The pQE32-LASV-NP was digested with BamHI, and
the insert was subcloned into the BamHI site of the pKS336 vector (40). The
LASV-NP gene that was inserted into the pKS336 vector, pKS336-LASV-NP,
was confirmed to be in the correct orientation to the promoter, tested for
nucleotide sequencing as described above, and the nucleotide sequence of the
gene was confirmed to be identical to the original sequence. HeLa cells were
then transfected with pKS336-LASV-NP by using a FuGENES transfection re-
agent (Roche Diagnostics) according to the manufacturer’s instructions. The
cells transfected with the plasmid were selected with 3 pg of blasticidin §-
hydrochioride/ml in MEM-10FBS. The HelLa cell clones were analyzed for the
expression of LASV-rNP by IIFA using the rabbit serum raised against His-
LASV-INP. The cells expressing LASV-INP were subcloned and used as ITFA
antigens.

Ag-capture ELISA. Ag-capture ELISA was performed as previously described
(32, 41). The purified MAb to His-LASV-INP, MAb 4AS5, produced in the
present study was diluted in PBS solution, and 100 ul was adsorbed overnight at
4°C onto the immunoplates (96-well type plate, Pro-Bind, Falcon; Becton Dick-
inson Labware). Purified MAb 4A5 was coated onto the immunoplates at a
concentration of approximately 100 ng/well in 100 pl of PBS. The difference in
the procedures between the Ag-capture ELISA in the present study and those in
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FIG. 3. Staining patterns of LASV-rNP-expressing HeLa cells by
sera from an LF patient (A) and a healthy control (B) in an IIFA.

previous studies (32, 37, 41) is that the MAb, MAD 4AS5, and rabbit serum raised
to His-LASV-rNP were used as capture and detector antibodies, respectively.
The procedure for the Ag-capture ELISA was performed as follows. The ELISA
plate was coated with capture MAb, followed by blocking of the plate with
M-T-PBS, addition of the samples to the ELISA plate, detection of the captured
LASV-NP with rabbit serum raised to His-LASV-rNP, detection of rabbit IgG
antibody that reacted with the captured antigen with goat anti-rabbit IgG anti-
bodies conjugated with HRPO (Zymed Laboratories), and substrate reaction. In
each run of the Ag-capture ELISA, the negative control antigen (M-T-PBS) was
also tested. Serially diluted samples were added to the MAb-coated wells. The
ODygs values of each well were adjusted by subtracting the OD,y5 value of the
negative control antigen from the corresponding well. The adjusted OD4p5 was
taken as a measure of the amount of antigen specifically bound. All samples were
treated with 1% Nonidet-P40 (NP-40) in PBS to destroy the LASV virion and
expose the nucleoprotein in the LASV virion.

RT-PCR. RT-PCR was performed as previously described (10). The primers
used in the RT-PCR were 36E2 (5'-ACCGGGGATCCTAGGCATT-3") and
80F2 (5'-ATATAATGATGACTGTTGTTCTTTGTGCA-3'). The RT-PCR
was carried out with a Ready-to-Go RT-PCR tube (Pharmacia). The amplified
PCR products were visualized with ethidium bromide in 2% agarose gel after
electrophoresis.

RESULTS

Expression of His-LASV-rNP. Tn5 cells infected with each
of the recombinant baculoviruses—Ac-His-LASV-NP, Ac-
LCMV-INP, and Ac-JUNV-rNP—were suspended in PBS-2
M urea. Most of the cell proteins were solubilized by this
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FIG. 4. Reactivity of antibodies to arenaviruses (LASV, LCMV, and JUNV) to the rNPs of these viruses. The reactivities of rabbit sera raised
to LASV-INP (@), LCMV-INP (M), or JUNV-INP (A) with the antigens His-LASV-INP (A), LCMV-NP (B), and JUNV-NP (C) in an
IgG-ELISA are shown. The reactivities of the sera collected from patients with LF (D) and AHF (E) with the antigens LASV-rNP (@), LCMV-INP
(W), and JUNV-INP (A) and negative control antigen () in an IgG-ELISA are also shown.

treatment, whereas the rINPs of these viruses remained insol-
uble. After centrifugation at 15,000 X g for 10 min, pellet
fractions were collected. The rNPs, which were still present in
the pellet fractions, were completely solubilized in PBS-8 M
urea. The samples were then centrifuged at 15,000 X g for 10
min, and the supernatant fractions of the PBS-8 M urea were
confirmed to contain highly purified recombinant rNPs of
arenaviruses (Fig. 2).

Development of indirect immunofluorescence. The LASV-
NP was expressed in HeLa cells by transfection with the ex-
pression vector, pKS336-LASV-NP. The transfected cells were
stained by anti-His-LASV-rNP rabbit serum and human serum
samples from LF patients (Fig. 3). All 4 serum samples col-
lected from two LF patients showed a positive staining, but 96
control serum samples did not. The LASV-iNP-based IIFA
was also evaluated using serum samples collected from mon-
keys experimentally infected with LASV. All of the sera col-
lected from five LASV-infected monkeys showed a positive
staining, but those from four mock-infected monkeys did not.

Development of His-LASV-rNP-based IgG-ELISA. Four se-
rum samples collected from LF patients were determined to be
positive by His-LASV-rNP-based IgG-ELISA, whereas 94 of
the 96 control serum samples were determined to be negative.
Thus, the sensitivity and specificity of the ELISA were 100 and
96%, respectively. All serum samples collected from five
LASV-infected monkeys were determined to be positive,

whereas those from four mock-infected monkeys were nega-
tive.

In order to examine cross-reactivity among arenaviruses in
the LASV-rNP-based IgG-ELISA, antisera against LASV-

'INP, LCMV-rNP, or JUNV-rNP were examined (Fig. 4). The

anti-LASV-rNP serum showed a strongly positive reaction, and
anti-LCMV NP and anti-JUNV-INP sera showed strongly
positive reactions in the IgG ELISA using the respective anti-
gens (Fig. 4A, B, and C). Anti-LCMV-INP and anti-JUNV-
NP sera showed a less strongly positive reaction in the His-
LASV-rNP-based IgG-ELISA than anti-LASV-INP serum
(Fig. 4A). Anti-LASV-INP and anti-JUNV-INP also showed a
less strongly positive reaction in the His-LCMV-INP-based
IgG-ELISA than anti-LCMV-rNP serum (Fig. 4B). However,
anti-LASV-INP and anti-LCMV-rNP sera showed a negative
reaction in the JUNV-rNP-based IgG-ELISA (Fig. 4C). Hu-
man sera from LF patients showed a highly positive reaction in
the LASV-INP-based IgG-ELISA, but sera from patients with
Argentine hemorrhagic fever (AHF), which is caused by
JUNV, did not (Fig. 4D). Serum from an AHF patient showed
a highly positive reaction in the JUNV-rNP-based IgG-ELISA
(Fig. 4E). These results suggest that cross-reactive antibody
among arenaviruses may be detected by the newly developed
LASV-INP-based IgG-ELISA.

Development of LASV Ag-capture ELISA. Three clones of a
hybridoma that excreted an MADb to His-LASV-rNP were es-
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FIG. 5. Detection of the LASV genome by the RT-PCR (A), LASV-NP by the LASV-NP-Ag-capture ELISA (B), and the infectious dose of LASV
(C) in serially collected sera of hamsters experimentally infected with LASV. The OD,, values in panel B were obtained at a dilution of 1:40.

tablished. The isotype of the three MAbs were identified as
IgG1l. These MAbs were designated MAb 4AS, MADb 6C11,
and MAD 2-11. Of these MAbs, MAb 4AS5 was the most effi-
cient in capturing His-LASV-INP in the Ag-capture ELISA
format. The Ag-capture ELISA with MAb 4AS detected His-
LASV-INP concentrations as low as 800 pg/ml (data not
shown). Furthermore, the Ag-capture ELISA detected the
MOPV-NP but not the rNPs of LCMV and JUNV (data not
shown).

All of the sera collected from five LASV-infected hamsters
on days 11 and 16 postinfection were antigen positive in the
Ag-capture ELISA using MAb 4AS .as a capture antibody,
whereas the sera collected on days 0 and 4 were antigen neg-
ative. The OD,ys values in the ELISA were highest on day 11.
The reactivity patterns in each hamster in the ELISA were
similar to the viremia levels (Fig. 5). The sera collected on days
11 and 16 were found to be LASV genome positive by RT-
PCR (10). Thus, the sensitivity of the Ag-capture ELISA was
similar to that of the RT-PCR. :

Determination of the epitope recognized by the monoclonal
antibodies. The epitope recognized by MAbs was determined.
MADb-4AS reacted in Western blots with GST-LASV-rNP1-6
(full-length LASV-INP), GST-LASV-INP1-5, and GST-
LASV-rNP1-4 but not with the other truncated LASV-rNPs
shown in Table 1, suggesting that MAb 4AS5 reacted with a
conformational epitope located on the amino-terminal portion
of LASV-rNP. The epitope was maintained when the extreme
amino-terminal portion, LASV-rNP1, was present but was lost

when LASV-rNP1 was removed. These results suggest that the
extreme amino-terminal portion, LASV-INP1, is essential for
the maintenance of the conformational epitope. MAbs 6Cl11
and 2-11 reacted in Western blots with GST-LASV-INP1 and
GST-LASV-INPS, respectively (Table 1).

The Pepscan analyses indicated that MAbs 6C11 and 2-11

TABLE 1. Reactivities of the MAbs developed in the presént study
with the GST-tagged truncated LASV-rNP in Western blot analyses

Reactivity with MAb“:

Truncated LASV-INP

6C11 4A5 2-11
LASV-INP1 + - -
LASV-INP2 - - -
LASV-INP3 - - -
LASV-INP4 - - -
LASV-INP5 - - +
LASV-INP6 - - -
LASV-INP1-2 ND - ND
LASV-INP1-3 ND - ND
LASV-INP1-4 ND + ND
LASV-INP1-5 ND + ND
LASV-INP1-6° ND + ND
LASV-INP2-7 ND - ND
LASV-INP3-6 ND - ND
LASV-INP4-6 ND - ND
LASV-INP5-6 ND - ND
?*“+” and “~” indicate positive and negative reactions, respectively. ND, not

determined.

& LASV-rNP1-6 indicates LASV-INP. .
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TABLE 2. Reactivities of the MADbs developed in the present study
with the NPs of LASV, MOPV, LCMV, and JUNV in
Western blot analyses

Reactivity of MAb? with NP of:

MAb

LASV MOPV LCMV JUNV
4AS + + - -
6C11 + ND + -
2-11 + ND - -

2“4+ and “-” indicate positive and negative reactions, respectively. ND, not
determined. The reactivities of MAb 6C11 and MAb 2-11 were not evaluated
with MOPV-NP. However, theoretically, MAb 6C11 should be reactive with
MOPV-NP due to the presence of the amino acid residues that can react with
MAD 6C11, but MADb 2-11 should not react with MOPV-NP due to the absence
of the amino acid residues that can react with MADb 2-11.

recognized linear epitopes. MAbs 6C-11 and 2-11 recognized
GLDFSEV (aa 41 to 47) within LASV-rNP1 and FATQP (aa
439 to 443) within LASV-INPS, respectively (Fig. 6). The re-
activity patterns of these MAbs with NPs of LASV, MOPV,
LCMV, and JUNV are summarized in Table 2.

DISCUSSION

We report here the development of diagnostic systems (an-
tibody and antigen detection systems) for LF using LASV-rNP.

(A

S

44-DFSEVSNVQR

43-LDFSEVSNVQ

42-GLDFSEVSNV

41-HGLDFSEVSN

Amino acid sequence of the tested peptide

40-LHGLDFSEVS
39-LLHGLDFSEV
38-ALLHGLDFSE
37-QALLHGLDFS
0o o5 1 15 2 25 3
ODa405 measured by ELISA
(C)
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The LASV-rNP-based IgG-ELISA was sensitive and specific in
detecting anti-LASV-IgG. Although the data were not shown,
an IgM-capture ELISA using purified LASV-INP as an anti-
gen was developed.in the same way as that shown in previous
reports and detected LASV-IgM antibody (42, 43). All sera
collected from LF patients and monkeys infected with LASV
showed positive reactions in the LASV-rNP-based IIFA. The
staining patterns of the NP with these sera were granular in
the ITFA (Fig. 3), making it easy to distinguish positives from
negatives. IIFA using LASV-rNP-expressing HeLa cells was
also highly sensitive and specific in detecting LASV-IgG. In the
preliminary study, ca. 15% of the sera collected from 334
Ghanaians and only less than 1% of 280 Zambians showed
positive reactions in the LASV-INP-based IgG ELISA (our
data). The results are considered to be compatible with the fact
that LF is endemic to the western African region, including
Ghana, but not to the eastern African region. The LASV-INP-
based antibody detection systems such as ELISA and IIFA
were suggested to be useful not only in the diagnosis of but also
in the seroepidemiological study of LF.

The LASV-INPs were expressed by a transformation system
in E. coli or by recombinant baculovirus systems and have
already been applied as antigens in ELISA, Western blotting,
and IIFA for the detection of antibodies to LASV (4, 14, 16,
22, 23, 44). In the present study, an Ag-capture ELISA using

(B)

g 441-TQPGLTSAVI
B 440-ATQPGLTSAV
Q
B 439FATQPGLTSA
8 438LFATQPGLTS
£ 437-DLFATQPGLT
O 436-TDLFATQPGL
[+
€  435VTDLFATQPG
3
T 434.DVTDLFATQP
(7]

R 43DVIDLFATG

-
©  432GIDVIDLFAT
€ 0 05 1 15 2 25 3
<

0ODa405 measured by ELISA

Amino acid sequence of the corresponding region

Arenavirus-NP MoAb-6C11

MoAb-2-11

LASV-NP 31-VVKDAQALLHGLDFSEVNVQRLMRKERRD
MOPV-NP 31-VIKDAQALLHGLDFSEVANVQRLMRKEKRD
LCMV-NP 31-VIKDATNLLNGLDFSEVSNVQRIMRKEKRD
JUNV-NP 31-VLKDAKLIADSIDFNQVAQVQRALRKTKRG

431-HGIDVTDLFATQPGLTSAV|
432-HGIDIQDLFSVQPGLTSAVI

424-HGMDLADLFNAQPGLTSSVI

422-HGILMKDIEDAMPGVLSYVI

FIG. 6. Pepscan analyses to determine the epitopes of MAb 6C11 (A) and MAb 2-11 (B). The vertical bar indicates the amino acid residues
with an amino acid position within the LASV-NP. MAb 6C11 was confirmed to react with 7 aa residues positioned from aa 42 to 48 (GLDFSEV)
within LASV-NP1. MoAb-2-11 was confirmed to react with 5 aa residues positioned from aa 439 to 443 (FATQP) within LASV-NP5. (C) The
corresponding amino acid residues to the epitope of the MAb 6C11 and MAb 2-11 among MOPV, LCMV, and JUNV are shown. The GenBank
accession numbers for the S genes of LASV, MOPV, LCMV, and JUNV are NC_004296, AY772170, AY847350, and DQ272266, respectively. The
epitope of the MAb 6C11 is present not only in the nucleoprotein of LASV but also in those of MOPV and LCMV—but not in that of JUNV.
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MADbs to LASV-rNP was also developed. Furthermore, detec-
tion of the cross-reactive antibody by LASV-rNP-based 1gG-
ELISA was examined. The results for cross-reactivity indicate
that the LASV-INP-based IgG-ELISA detects not only anti-
bodies to LASV but also those to LCMV.

The Ag-capture ELISA using MADb 4AS5 was confirmed to be
useful in the detection of authentic LASV antigen in sera
serially collected from hamsters infected with LASV. The sen-
sitivity of the MAb 4AS-based Ag-ELISA was similar to that of
conventional RT-PCR, the efficiency of which in the diagnosis
of LF was previously reported (10). Therefore, the MAb 4A5-
based Ag-capture ELISA is regarded as useful in the diagnosis
of LF. Unfortunately, the efficacy of the MAb 4A5-based Ag-
capture ELISA in the diagnosis of LF was not evaluated using
serum samples from patients. Thus, further study is still re-
quired. The three MAbs, including MAb 4AS5, were character-
ized, and the corresponding amino acid residues within the
nucleoproteins of LASV, MOPV, LCMV, and JUNV to the
epitopes of MAb 6C11 and MAb 2-11 are summarized in Fig.
6C. It was of interest that LASV, MOPV, LCMV, and JUNV
might be identified by analyses of the reactivity patterns of
MADs 4AS, 6C11, and 2-11 to the nucleoproteins of each virus.
The nucleoproteins of all LASV strains circulating in the west-
ern and central parts of Africa would be detected by the MAb
4AS5-based Ag-capture ELISA, since this ELISA was able to
detect MOPV-NP that was different from LASV in terms of
genetic and evolutional characteristics.

We have thus far reported the development of antibody and
antigen detection systems using the recombinant nucleopro-
teins of the viruses for Ebola hemorrhagic fever, Marburg
hemorrhagic fever, and Crimean-Congo hemorrhagic fever
(32, 33, 36-42). Recently, a number of highly pathogenic
emerging virus infections in humans appeared, such as Nipah
virus encephalitis (8), SARS-coronavirus infections (21, 35),
and highly pathogenic avian influenza virus infections (9, 45,
46). The strategy shown here might be applicable to the de-
velopment of diagnostic systems for severe viral infections
whose etiologic agents are highly pathogenic to humans as an
alternative method to methods using infectious viruses.
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Abstract

Hantavirus infection causes two human diseases, hemorrhagic fever with renal syndrome and hantavirus pulmonary syndrome. The typical
feature of these diseases is increased permeability in microvascular beds in the kidneys and the lungs, respectively. The mechanism of capillary
leakage, however, is not understood. Some evidence suggests that hantavirus disease pathogenesis is immunologically mediated by cytotoxic T
lymphocytes and other immune cells in target organs producing inflammatory cytokines. In this study we examined the roles of virus-specific
cytotoxic T lymphocytes in increased permeability of human endothelial cells infected with hantavirus. We used a human CD8* hantavirus-specific
cytotoxic T lymphocyte line, 1A-E2, specific for the HLA-A24-restricted epitope in Sin Nombre and Puumala virus G2 protein, and the human
endothelial cell line, EA hy926 that expresses HLA-A24 molecule. The cytotoxic T lymphocyte line recognized and lysed target cells infected
with Sin Nombre virus, and in transwell permeability assays increased permeability of EA.hy926 cell monolayer infected with Sin Nombre virus
or recombinant adenovirus expressing the Sin Nombre virus G2 protein. These results suggest that cytotoxic T lymphocyte activity contribute to

capillary leakage observed in patients with hantavirus pulmonary syndrome or hemorrhagic fever with renal syndrome.

Published by Elsevier B.V.

Keywords: Sin Nombre virus; Hantavirus pulmonary syndrome; Hemorrhagic fever with renal syndrome; Cytotoxic T lymphocyte; Endothelial cell; Transwell

permeability assay

1. Introduction

Hantaviruses, belonging to the family Bunyaviridae, are dis-
tributed worldwide. Two forms of zoonotic human diseases are
caused by hantavirus species (Enria et al., 2001; Linderholm and
Elgh, 2001; Schmaljohn and Hjelle, 1997). Hemorrhagic fever
with renal syndrome (HFRS) and its mild form nephropathia
epidemica (NE) are caused by Old World (Europe and Asia)

hantaviruses, such as Hantaan, Seoul, Dobrava and Puumala

viruses. Hantavirus pulmonary syndrome (HPS) is caused by
New World (North and South America) hantaviruses, such as
Sin Nombre and Andes viruses (Khaiboullina and St Jeor, 2002;
Zeier et al., 2005). The hantavirus genome consists of three

* Corresponding author. Tel.: +1 508 856 6854; fax: +1 508 856 4890.
E-mail addresses: Daisuke.Hayasaka @umassmed.edu (D. Hayasaka),
kmaeda@yamaguchi-u.ac.jp (K. Maeda), Francis.Ennis@umassmed.edu
(F.A. Ennis), Masanori.Terajima@umassmed.edu (M. Terajima).
! Present address: Department of Veterinary Microbiology, Faculty of Agri-
culture, Yamaguchi University, 1677-1 Yoshida, Yamaguchi 753-8515, Japan.

0168-1702/$ — see front matter. Published by Elsevier B.V.
doi: 10.1016/j.virusres.2006.08.006

RNA segments, large, medium and small segments, encoding
RNA-dependent RNA polymerase, envelope glycoproteins (G1
and G2), and nucleocapsid (N) protein, respectively (Jonsson
and Schmaljohn, 2001). Hantaviruses persistently infect their
natural rodent reservoirs without apparent diseases (Meyer and
Schmaljohn, 2000). Humans are infected with hantaviruses by
direct contact with infected rodents or through the inhalation of
excreted viral aerosols (Linderholm and Elgh, 2001).

Human hantavirus diseases are characterized by an increased
permeability in microvascular beds of the kidneys in HFRS
and the lungs in HPS, and endothelial cells are considered to
be the primary targets of hantavirus infection (Hautala et al.,
2002; Khaiboullina and St Jeor, 2002; Mustonen et al., 1994;
Temonen et al., 1996; Zaki et al., 1995). In vitro hantavirus
infection alone, however, did not induce visible cytopathic
effects in cultured human endothelial cells (Geimonen et al.,
2002; Niikura et al., 2004; Pensiero et al., 1992) nor did it
increase capillary permeability of an infected endothelial cell
monolayer (Khaiboullina et al., 2000; Niikura et al., 2004,
Sundstrom et al., 2001). Increased levels of cytokines including
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tumor necrosis factor (TNF) -a, interleukin (IL) -2, IL-6 and
interferon (IFN) -y have been detected in sera of HFRS and HPS
patients (Khaiboullina and St Jeor, 2002; Vapalahti et al., 2001).
An expanded leukocyte population including monocytes, T and
B cells and an increase of CD8*/CD4* ratio have been observed
in HFRS patients (Chen and Yang, 1990; Huang et al., 1994;
Lewis etal., 1991; Markotic et al., 1999). We found significantly
higher frequencies of Sin Nombre virus (SNV)-specific T cells
in patients with severe HPS requiring mechanical ventilation (up
to 44.2% of CD8* T cells) than in moderately ill HPS patients
hospitalized but not requiring mechanical ventilation (up to
9.8% of CD8* T cells). These results suggest that virus-specific
CD8* T cells contribute to HPS disease outcome (Kilpatrick et
al., 2004). Increased numbers of CD8* T cells are found in the
kidneys of HFRS (Temonen et al., 1996) and in the lungs of HPS
patients (Zaki et al., 1995). There is an abundance of immune
cells expressing a variety of cytokines in the lungs of HPS cases
(Mori et al., 1999; Zaki et al., 1995) and in the kidneys of NE
cases (Temonen et al., 1996). In addition, preliminary evidence
suggests that HLA-B*3501 is associated with severe HPS in
SNV infection, implying involvement of CD8* cytotoxic T lym-
phocytes (CTLs) (Kilpatrick et al., 2004) (Koster et al., 2001).
A similar linkage between disease severity and MHC haplotype
was observed between Puumala virus infection and the HLA-
B8-DR3 extended haplotype (severe outcome) or the HLLA-B27
(milder disease) (Makela et al., 2002; Mustonen et al., 1998).
These reports suggest that host immune responses against
hantavirus, especially virus-specific CTLs and inflammatory
cytokines produced by virus-specific T cells may contribute
to disease pathogenesis of HPS and HFRS (Terajima et al.,
2004).

We have established panels of CTL lines from the PBMC
of NE and HPS patients (Ennis et al., 1997; Kilpatrick et al.,
2004; Terajima et al., 2002, 2004; Van Epps et al., 1999, 2002).
These cell lines were able to recognize and lyse autologous B
lymphoblastoid cell lines pulsed with the epitope peptide or
infected with recombinant vaccinia viruses expressing the han-
taviral protein containing the epitope. In this report, we tested
one of these CTL lines against human endothelial cell line,
EA hy926, infected with SNV in vitro. Primary human umbilical
vein endothelial cells (HUVECs) or human lung microvascu-
lar endothelial cells (HMVEC-Ls) have been used to examine
the effect of hantavirus infection on endothelial cell function
(Gavrilovskaya et al., 2002; Khaiboullina et al., 2000; Niikura
et al., 2004; Sundstrom et al., 2001). Although ideally the inter-
action between hantavirus-specific CTL and hantavirus-infected
endothelial cells should also be analyzed using HUVECs or
HMVEC-Ls, it is difficult to obtain endothelial cells that express
the MHC class I molecules by which our CTL lines were
restricted. Therefore, we used the immortalized human endothe-
lial cell line EA.hy926 (Edgell et al., 1983), which we found
to express the HLLA-A24 allele (in this report), and one of
our hantavirus-specific CTL line, 1A-E2, which was estab-
lished from convalescent PBMC from the patient infected with
Puumala virus and was restricted by HI.LA-A24 (Terajima et al.,
2002). 1A-E2 recognized the epitope, HWMDATFNL, encoded
by Puumala virus G2 protein, and was cross-reactive to the corre-

sponding peptide, HWMDGTFNI, in SNV G2 protein (Terajima
et al., 2002). EA hy926 cells are the most similar to HUVEC
among the available immortalized human endothelial cell lines
and have been used to study the endothelial cell/leukocyte inter-
actions (Lidington et al., 1999). .
In this study, we first tested the infectivity of SNV to
EA.hy926 cells. Next, we showed that the hantavirus-specific
CD8* T cell line 1A-E2 could recognize and lyse EA.hy926
cells infected with SNV or presenting SNV antigen. Finally,
we demonstrated that 1A-E2 enhanced the permeability of
EA hy926 cells infected with SNV. These results suggest that
virus-specific CTLs contribute to the capillary leakage.

2. Materials and methods
2.1. Virus and cell lines

SNV stock virus (strain CC107, kindly provided by Connie
S. Schmaljohn) (Schmaljohn et al., 1995) was propagated in
Vero E6 cells and aliquots were stored in —80 °C. All experi-
ments using cultured live SNV were performed in biosafety level
3 laboratory of University of Massachusetts Medical School
according to standard BSL3 guidelines. The EA.hy926 cell line,
which had been derived by fusing HUVECs with the permanent
human cell line A549, were kindly provided by Cora-Jean S.
Edgell, University of North Carolina (Edgell et al., 1983). Vero
E6 cells (ATCC CRL-1586) and EA.hy926 cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) (Invit-
rogen Corporation, Carlsbad, CA) containing 2% fetal bovine
serum (FBS). CTL line, 1A-E2, was established from convales-
cent PBMC of the patient infected with Puumala virus (Terajima
et al., 2002). 1A-E2 was maintained in RPMI (Invitrogen Cor-
poration) containing 10% FCS.

2.2. HLA-typing of EA.hy926 cells

HLA-type of EA.hy926 cell line was determined by RT-
PCR and nucleotide sequencing as described previously (Co
et al., 2002). Total RNA was extracted from EA.hy926 cells.
cDNA was synthesized. HLA-A, B and C genes were amplified
using common 5’ primer, HLA-5P2 containing Sall restriction
enzyme site, and HLLA-A, B and C-specific 3’ primers, HLA-
3PA, HLA-3PB, and HLA-3PC containing HindIlIl restriction
enzyme site, respectively (Zemmour et al., 1992). These PCR
products were cloned into the pBluescript I SK(+) vector. Six
plasmid clones from each of the HLA alleles were purified, and
the nucleotide sequences were determined. The PCR products
were also directly sequenced (Ennis et al., 1990). The sequenc-
ing reactions were performed by the Nucleic Acid Facility of the
University of Massachusetts Medical School. These sequencing
results showed that the EA.hy926 cell line expressed HLA-
A*2402, A¥2501, B*1501, B*1801, Cw*0303, and Cw*1203.

2.3. Virus titration

Titers of SNV were determined in a focus-forming assay with
some modifications (Takashima et al., 1997). Briefly, confluent
Vero E6 cells in 96-well plates were inoculated with serially
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diluted culture supernatants in 2% FCS DMEM. After 90 min
of incubation, virus inocula were removed and cells were washed
with PBS. Infected cells were incubated in 2% FCS DMEM con-
taining 1.5% carboxymethylcellulose (Sigma, St. Louis, MO)
for 7 days. Virus foci were detected using a rabbit anti-SNV
serum (kindly provided by Patrick C. Stockton and Thomas
G. Ksiazek) (Zaki et al., 1995) and using a peroxidase-anti-
peroxidase (PAP) staining technique (Polysciences, Warrington,
PA) combined with DAB Substrate Kit for peroxidase (Vec-
tor Laboratories, Burlingame, CA). Foci were counted under a
dissecting microscope. Virus titers were calculated as average
number of foci in triplicate wells.

2.4. Virus growth curve and Western blotting

Confluent Vero E6 cells and EA.hy926 cells were infected
with SNV at multiplicity of infection (m.o.i) of 0.0025 in 6-well
plates. At 0, 1, 4, 8 and 12 days post-infection, supernatants
and cells were harvested separately, and stored at —80 °C until
use. Virus titers in supernatants were determined by the focus-
forming assay described above. Cell lysates were separated in a
10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred onto PVDF membranes as pre-
viously described (Maeda et al., 2005). SNV proteins were
detected by rabbit anti-SNV serum (Zaki et al., 1995) and
visualized by Opti-4CN Detection kit (Bio-Rad Laboratories,
Hercules, CA).

2.5. Trypan blue exclusion test

Confluent Vero E6 cells and EA.hy926 cells in 96-well plates
were infected with SNV at an m.o.i of 0.01 or 0.001 in tripli-
cates. At 1, 3, 6 and 9 days post-infection, both adherent and
detached cells were harvested, and resuspended in 0.2% Trypan
blue solution. Stained and unstained cells were counted under
microscopy.

2.6. Measurement of lactate dehydrogenase (LDH) activity
in the supernatants of SNV infected cells

Confluent Vero E6 cells and EA .hy926 cells in 96-well plates
were infected with SNV or recombinant adenovirus containing
the cDNA encoding the SNV G2 protein. At 3, 6 and 9 days
post-infection, supernatants were collected and LDH activity
released from the cytosol of damaged cells into the culture super-
natant was measured in triplicates by Cytotoxicity Detection Kit
(LDH) (Roche Applied Science, Mannheim, Germany) follow-
ing the manufacturer’s protocol. Relative LDH activity in the
supernatants was calculated as follows.

relative LDH activity (%)

experimental value — low control

100
high control — low control X

High control in the assay was uninfected cells treated with 2%
Triton X-100 solution for 10 min. Low control was uninfected
cells incubated with culture medium alone.

2.7. CTL assay

Confluent EA hy926 cells were infected with SNV at m.o.i
of 0.01 in 96-well flat-bottom plates. At 3 days post-infection,
medium was removed and cells were washed with PBS, then
1A-E2 cells were added as effector/target (E/T) ratio of 1 and
incubated for 4 or 16 h. Supernatants were harvested and CTL
activity was measured by Cytotoxicity Detection Kit (LDH)
(Roche Applied Science) described in the previous subsection
(2.6). In the CTL assays low control was infected cells incu-
bated without effector cells (1A-E2). 10% specific lysis above
background was considered positive.

2.8. Transwell permeability assay

The assay was performed following the previously published
method with some modification (Shaw et al., 2001). EA.hy926
cells were cultured in 24-well transwell inserts (Polycarbon-
ate membrane Transwell® Inserts, Corming Incorporated, Acton,
MA). Confluent EA.hy926 cell monolayers were infected with
SNV at m.o.i. of 0.01 in the upper chambers. After 90 min of
incubation, virus inocula were removed and washed with PBS.
Infected monolayers were incubated in 2% FCS DMEM. Three
days after infection, 1A-E2 cells were added at E/T ratio of 1 (for
wells without CTL, only media were changed), and cells were
incubated for 16 h. Then, media in the upper chambers were
replaced with fresh media containing 500 pg/ml of f-dextran
(dextran, fluorescein, 70,000 MW, anionic, Molecular Probes,
Eugene, OR). The media in the lower wells were taken at O,
15 and 30 min and the absorbances at 485 nm wavelength were
measured. Since we observed an increase in the permeability in
negative control wells (“media” in Fig. 5) after 30 min of incu-
bation in the first set of the assays, we used earlier time points (O,
10 and 20 min) in the next set of the assays. The concentrations
of f-dextran were calculated from a standard curve.

2.9. Generation of recombinant adenoviruses expressing
the SNV G2 protein

A recombinant adenovirus which expresses the SNV G2
protein was constructed as we reported previously (Maeda
et al., 2005). An Adenovirus Expression Vector Kit (Takara
Shuzo, Kyoto, Japan) was used. The full-length SNV G2 pro-
tein cDNA was excised from the plasmid, pGEM-G2 (kind
gift from Christina Spiropoulou of the CDC), with restriction
enzyme BamHI and EcoRI, blunt-ended with Klenow fragment,
and inserted into the cosmid vector, pAxCAwt, at its Swal site.
The cosmid carrying the SNV G2 cDNA under the contro} of
the strong CAG promoter, pAXCAwt-SNV-N, was packaged
using GigapackR III X1 packaging extract (Stratagene, La Jolla,
CA). 293 cells (ATCC number CRL-1573) were transfected with
pAxCAwt-SNV-G2 and restriction enzyme-digested DNA-TPC
using Calcium Phosphate Transfection Kit (Invitrogen). Recom-
binant adenovirus, rAd-SNV-G2, was cloned by limiting dilution
and grown in 293 cells for preparation of high-titer virus stock
solutions. Viral titers were determined by the 50% tissue culture
infectious dose (TCID5g) method in 293 cells.
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2.10. Statistical analyses

Analysis of variance (ANOVA) was first performed and then
two groups were compared by Student z-test using Microsoft®
Excel 2002. P<0.05 was considered statistically significant.

3. Results
3.1. SNV infection in EA.hy926 cells

It has been reported that HUVECs were permissive to han-
tavirus infection (Pensiero et al., 1992). We first tested whether
immortalized human endothelial cell line, EA hy926, would be
infected with SNV. Confluent EA hy926 cells and Vero E6 cells
were inoculated with SNV at m.o.i. of 0.0025, and cell lysates
and supernatants were harvested at 0, 1, 4, 8 and 12 days post-
infection. To detect viral protein expression, Western blotting
was performed using cell lysates (Fig. 1A). In both EA.hy926
and Vero E6 cell lysates, a weak band around S0kDa, corre-
sponding to the SNV N protein, was detected by rabbit anti-SNV
serum (Zaki et al., 1995) at one day post-infection. The amount
of the protein gradually increased until 12 days post-infection.
The amount of the N protein was greater in Vero E6 cells than in
EA.hy926 cells especially at later time points. Several smaller
bands were also seen in the cell lysates at later time points. Simi-
lar bands were also observed when Puumala virus N protein and
Seoul virus N protein were expressed in CV-1 cells and COS
cells, and were suggested to be truncated forms of the N protein
(Hooper et al., 1999; Terajima et al., 2002). Anti SNV N protein
monoclonal antibody, HNM-6011CZ1-5 (Austral Biologicals,
San Ramon, CA), also produced the same banding pattern (data
not shown).

Virus titers in culture media were also measured (Fig. 1B).
In culture supernatants of Vero E6 cells, the infectious virus
was detected 4 days post-infection and the viral titer peaked
(4.2 x 10* ffu/ml) at day 8 post-infection. In culture supernatants
of EA.hy926 cells, infectious virus was first detected at 8 days
post-infection, and the viral titer was about 3 logs lower than in
Vero E6 cells.

These results indicate that SNV was able to infect and repli-
cate in EA.hy926 cells, although viral protein expression and
progeny virus production in EA hy926 cells were less than in
Vero E6 cells.

3.2. Viabilities of EA.hy926 cells infected with SNV

Several groups reported previously that hantavirus infection
did not induce visible cytopathic effects on HUVECs (Geimonen
etal., 2002; Niikura et al., 2004; Pensiero et al., 1992). To exam-
ine the viabilities of EA.hy926 cells after infection with SNV, we
performed a Trypan blue exclusion test. At3 days post-infection,
there was no significant difference in the percentages of SNV-
infected and uninfected EA hy926 cells stained by Trypan blue
(Fig. 2). Also, no apparent cytopathic effects were observed by
microscopy of SNV-infected EA .hy926 cells (data not shown).
At 6 days post-infection, the percentage of Trypan blue-positive
cells in EA.hy926 cells infected with SNV at m.o.i. of 0.01
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Fig. 1. SNV infection in EA.hy926 and Vero E6 cells. (A) Detection of SNV
protein in EA hy926 cells (upper panel) and Vero E6 cells (lower panel) infected
with SNV by western blotting. Cell lysates were harvested at 0, 1, 4, 8 and 12 days
post-infection and reacted with rabbit anti-SNV serum. M: molecular weight
markers (Rainbow™ coloured protein molecular weight markers, Amersham
Pharmacia Biotech, Piscataway, NJ). (B) Infectious virus titers of SNV detected
in the supernatants of EA.hy926 cells (open square) and Vero E6 cells (closed
square) are shown. The titers of culture supernatants harvested at 0, 1, 4, 8 and
12 days post-infection were determined by focus-forming assay. The data are
average + S.D. for each time point.

was about two fold greater than uninfected cells, although the
difference was not statically significant (Fig. 2). At 9 days post-
infection, Trypan blue-positive cells increased to about 70%,
about twice as in uninfected cells. In contrast to EA.hy926 cells,
no increase in the percentage of the Trypan blue-positive cells or
morphological changes was observed in Vero E6 cells infected
with SNV (Fig. 2).

3.3. Cytoplasmic enzyme LDH release by SNV infection

We also assessed the viability of SNV-infected EA hy926
cells by measuring LDH activities in supernatant released from
the cytosol by increased permeability of the plasma membrane.
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Fig. 2. The percentages of Trypan blue-positive EA.hy926 cells (upper panel)
and Vero E6 cells (lower panel) uninfected (black bars), infected with SNV at
m.o.i. of 0.001 (gray bars) or m.o.i. of 0.01 (open bars). Cells harvested at 3,
6 and 9 days post-infection were stained with 0.2% Trypan blue solution and
counted. The data are the average =+ S.D. for each time point.

At day 3 post-infection, when cytopathic effects and increase
in Trypan blue-positive cells were not observed (Fig. 2), LDH
activity was higher in SNV-infected EA.hy926 cells at m.o.i.
of 0.01 than in the uninfected control cells (Fig. 3). The LDH
activity continued to increase at 6 and 9 days post-infection. In
contrast to EA hy926 cells, LDH activity did not increase in the
supernatants of either SN'V-infected or uninfected Vero E6 cells
(Fig. 3). Infection with the recombinant replication-deficient
adenovirus expressing SNV G2, rAd-SNV-G2, did not increase
the I.DH activity in the supernatant of infected EA.hy926 cells
or Vero E6 cells even when an m.o.i. of 10 was used. These
results indicate that the permeability of plasma cell membrane
increased by the SNV infection in EA.hy926 cells before cyto-
pathic effects became apparent.

3.4. CTL activity of the hantavirus-specific T cell line
1A-E2 against EA.hy926 cells

We tested whether hantavirus-specific CTLs could recog-
nize and lyse EA.hy926 cells infected with SNV. We deter-
mined the HLA-type of EA.hy926 cell line by RT-PCR and
sequencing of the PCR products. These results showed that the
EA hy926 cell line expressed HLLA-A*2402, A*2501, B*1501,
B*1801, Cw*0303, and Cw*1203. Then, we used a synthetic
peptide containing the SNV G2 epitope restricted by HLA-A24,
HAEIQNLGHWMDGTENIKTA (minimal epitope is under-
lined). EA.hy926 cells were pulsed with the peptide and incu-
bated with the hantavirus-specific CTL line 1A-E2 at various E/T
ratios for 16 h (Fig. 4). It is not possible to estimate the actual
effecter (SNV-specific CTL)/target (SNV-infected endothelial
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Fig. 3. LDH activity in the supernatants of EA hy926 cells (upper panel) and
Vero E6 cells (lower panel) uninfected (black bars) or infected with rAd-SNV-
G2 at m.o.i. of 10 (dark gray bars), SNV at m.o.i. of 0.001 (light gray bars) or
m.o.i. of 0.01 (open bars). The LDH activities were shown as the percent values
of the high control.

cells) ratio in vivo, but, it may not be very high. We, there-
fore, used relatively low E/T ratio (0.01, 0.1 and 1) in our
experiments. CTL activity was peptide concentration and E/T
ratio-dependent. Next, confluent EA hy926 cells were infected
with rAd-SNV-G2 at an m.o.i. of 10 and after 3 days CTL
assays were performed. Similar to the results of the peptide-
pulsed cells, 1A-E2 lysedrAd-SNV-G2-infected EA.hy926 cells
(Fig. 4). Finally, we infected EA.hy926 cells with SNV at m.o.i.
of 0.0001, 0.001 and 0.01 for 3 days and then CTL assays
were performed. At 3 days post-infection apparent cytopathic
effects were not observed (Section 3.2), although LDH release
was detected in culture media (Section 3.3). To eliminate the
accumulated LDH in the culture media the supernatants were
removed before adding the effector cells (1A-E2). 1A-E2 lysed
SNV-infected EA.hy926 cells at m.o.i. of 0.01 and E/T ratio of
1 (Fig. 4). These results indicate that hantavirus-specific human
CTL line, 1A-E2, recognized and lysed the human endothelial
cell line infected with SNV in vitro.

3.5. Increased permeability of EA.hy926 cell monolayer
caused by SNV infection and the virus-specific CTLs

To examine whether SNV infection alone or the combination
of SNV infection and the virus-specific CTLs could increase
permeability of EA.hy926 cell monolayer, we performed tran-
swell permeability assays (Fig. 5). SNV infection alone caused
an increase of permeability at 4 days after infection, compared
to media control. The difference, however, was not always sta-
tistically significant in every experiment due to the variance
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Fig. 4. CTL activity by the 1A-E2 CTL line against EA.hy926 cells pulsed with
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with rAd-SNV-G2 (middle panel), or SNV (bottom panel). Effector 1A-E2 cells
were added to target EA hy926 cells at E/T ratio of 0.01 (black bars), 0.1 (gray
bars) or 1 (open bars).

of the assay. The CTL line, 1A-E2, which was added 3 days
post-infection, further increased permeability of SNV-infected
EA.hy926 cell monolayer, but not the permeability of unin-
fected cell monolayer (Fig. 5). To test whether the CTL alone
could increase permeability, we performed the same assay using
EA.hy926 cell monolayer infected with rAd-SNV-G2, which
did not increase the LDH activity in the supernatant of infected
EA .hy926 cells (Fig. 3). In contrast to SNV, rAd-SNV-G2 infec-
tion alone did not increase permeability (Fig. 5). Addition of
1A-E2 cells resulted in a significant increase of permeability
of the rAd-SNV-G2-infected EA hy926 cell monolayer (Fig. 5).
These results suggest that the virus-specific CTLs recognizing
infected EA.hy926 cell monolayer alone were able to increase
permeability.

4. Discussion
We demonstrated that hantavirus-specific CTLs increased the

permeability of SNV-infected EA hy926 cell monolayer after
recognition of the antigen presented on cell surface. By using
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Fig. 5. Permeability changes in EA.hy926 cells infected with SNV (upper panel)
or rAd-SNV-G2 (lower panel), with or without the addition of the 1A-E2 CTL
line. 500 wg/ml of f-dextran was added to the upper chamber and medium har-
vested from lower wells. Concentrations of the f-dextran at O min (black bars),
15 min (gray bars) and 30 min (open bars) after addition are shown. The data
are the average + S.D. for each time point. Data shown in the top panel are the
representative of four independent experiments.

the recombinant replication-deficient adenovirus, which did not
increase permeability of infected EA.hy926 cells, we show that
CTLs alone were able to increase permeability after recognition
of the antigen presented on infected cell.

We did not perform experiments analyzing the mechanisms
of permeability change caused by CTLs. Since EA hy926 cells
pulsed with peptides containing the SNV G2 epitope, infected
with the recombinant adenovirus expressing the SNV G2 pro-
tein, or infected with SNV were lysed efficiently by the CTLs
(Fig. 4.), it is likely that the permeability change was at least
in part caused by the lysis of the EA.hy926 cell monolayer. We
were not able to determine what percent of cells in EA hy926
cell monolayer was infected because of the detection limit
of our immunohistochemical staining against SNV antigen in
EA hy926 cell monolayer. Cytokines released by CTLs, such
as TNF-a, were also likely to be involved in the increase of
permeability.

In previous reports by other groups, in vitro hantavirus
infection alone did not increase permeability of infected human
endothelial cell monolayers (Khaiboullina et al., 2000; Niikura
et al., 2004; Sundstrom et al., 2001), although Khaiboullina et
al. (2000) observed a tendency for increased permeability in
SNV-infected HUVECS, compared to the uninfected control.
Our data of the direct effect of SNV infection on EA.hy926
cell monolayer permeability is not conclusive. As for the
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mechanisms of the permeability change induced by the virus
infection alone, there are reports showing that the replication of
many hantaviruses could induce characteristic features of apop-
tosis and/or cytopathic effects in some human and primate cell
lines (Kang et al., 1999; Li et al., 2002, 2004; Markotic et al.,
2003). We, however, observed very few detached cells after incu-
bation of EA hy926 cell monolayer with SNV. Another likely
mechanism is the alteration of tight junction or membrane asso-
ciation, which was observed with rotavirus (Obert et al., 2000).

Khaiboullina et al. (2000) showed that SNV-infected human
alveolar macrophages produced TNF-a. The culture super-
natant from SNV-infected human alveolar macrophages, how-
ever, did notincrease the permeability of the HUVEC monolayer
(Khaiboullina et al., 2000). Niikura et al. (2004) observed pro-
longed hyper-permeability induced by TNF-a in Hantaan virus-
infected HUVECs and suggested the involvement of infected
monocytic cells producing the low level of TNF-« in the devel-
opment of the capillary leakage in vivo. Our results showed that
hantavirus-specific CTL were able to further increase perme-
ability after recognition of the antigen presented on cell surface.
Gavrilovskaya et al. (2002) found that pathogenic hantaviruses
inhibited (3 integrin-directed endothelial cell migration. In vivo
these three mechanisms: [1] the attack of infected endothelial
cells by virus-specific CTLs, [2] TNF-a production by infected
monocyte/macrophages, (Khaiboullina et al., 2000; Niikura et
al., 2004) and [3] the direct effect of viral infection on endothe-
lial cell functions (Gavrilovskaya et al., 2002; Niikura et al.,
2004) may contribute to the severe capillary leakage. Autopsies
performed on patients with fatal HPS demonstrated that infected
lung endothelial cells were not necrotic and the lung architec-
ture appeared to be grossly intact (Nolte et al., 1995; Zaki et
al., 1995). These observations are obviously not consistent with
the possibility of the endothelial cell lysis by the virus-specific
CTLs. In vivo CTLs may induce capillary leakage mainly by
the release of cytokines, such as TNF-a, and/or only a small
percentage of the infected endothelial cells are lysed by CTLs,
which may not be detectable in autopsy tissues. To examine
whether CTLs can cause capillary leakage in vivo, itis important
to attempt to establish an appropriate animal model. Labora-
tory mice and the natural rodent reservoirs do not develop any
symptoms similar to the human diseases, HPS and HFRS. Syr-
ian hamsters do develop a disease similar to human HPS when
infected with Andes virus, but not SNV (Hooper et al., 2001;
Milazzo et al., 2002). It would be interesting to know whether
excess expansion of virus-specific CTLs, which is observed in
human disease (Kilpatrick et al., 2004), develops in infected
Syrian hamsters. There are, however, few reagents available to
study the immune responses of hamsters to the virus (Enserink,
2001).

In conclusion, our results suggest that CD8* T cells contribute
to capillary leakage observed in the patients with HPS or HFRS
in addition to the direct effects of viral infection on endothelial
cell functions. CD8* T cells-mediated capillary leakage might
also be involved in the pathogenesis of other viral hemorrhagic
fevers, where immunopathological mechanisms are speculated
(e.g. dengue virus and arenavirus infections) (Peters and Zaki,
2002).
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Immunopathogenesis of hantavirus pulmonary syndrome and hemorrhagic fever with renal syndrome: Do CD8* T cells

trigger capillary leakage in viral hemorrhagic fevers?

Abstract

There are many viruses known to cause viral hemorrhagic fevers in humans. The mechanisms causing hemorrhage are likely to vary among
viruses. Some viruses, such as Marburg virus, are directly cytopathic to infected endothelial cells, suggesting infection of endothelial cells alone
can cause hemorrhage. On the other hand, there are viruses which infect endothelial cells without causing any cytopathic effects, suggesting
the involvement of host immune responses in developing hemorrhage. Typical examples of these include viruses of the hantavirus species. We
hypothesize that impairment of endothelial cell’s defense mechanisms against cytotoxic CD8* T cells is the mechanism of capillary leakage in
hantavirus pulmonary syndrome and hemorrhagic fever with renal syndrome, which may be common to other viral hemorrhagic fevers. CD8* T
cells may be a potential target for therapy of some viral hemorrhagic fevers.

© 2007 Elsevier B.V. All rights reserved.
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There are many viruses known to cause viral hemorrhagic
fevers in humans [1]. The mechanisms causing hemorrhage are
likely to vary among viruses [2]. Some viruses, such as Mar-
burg virus, are directly cytopathic to infected endothelial cells
[3], suggesting infection of endothelial cells alone can cause
hemorrhage. On the other hand, there are viruses which infect
.endothelial cells without causing any cytopathic effects, suggest-
ing the involvement of host immune responses in developing
hemorrhage. Typical examples of these include hantaviruses
[4-7], which belong to genus Hantavirus, family Bunyaviridae.

Hantaviruses are RNA viruses possessing a segmented
negative-stranded RNA genome [8,9]. Hantaviruses are con-
ventionally divided into the Old World and the New World
hantaviruses based on the geographic regions where they
occur, although phylogenetic tree based on the genomic RNA
sequences forms three main groups, Hantaan virus-like viruses,
Puumala virus-like viruses and Sin Nombre virus (SNV)-like
viruses [10]. The Old World hantaviruses, including Hantaan,
Seoul, Dobrava and Puumala viruses which are seen throughout
Europe and Asia, cause a human disease known as hemorrhagic
fever with renal syndrome (HFRS) with more than 100,000 cases
diagnosed annually. Clinically, HFRS is initially characterized
by non-specific flu-like symptoms followed by thrombocytope-
nia, and a capillary leak syndrome with hemoconcentration.
In severe cases renal failure and shock can develop. Mortal-
ity rates vary from approximately 1 to 15%, depending on the
individual virus [11,12]. The New World hantaviruses include
SNV and Andes virus, and are seen in North, Central, and
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South America [11,12]). While these hantaviruses have likely
existed in the Americas for many years, they were recognized
as a cause of disease when the first outbreak of hantavirus pul-
monary syndrome (HPS) occurred in the southwestern United
States in 1993 [13,14]. HPS shares many characteristics with
HFRS, including thrombocytopenia and a capillary leak syn-
drome. However, there are some differences. The pathology
seen with Old World hantaviruses focuses on the kidneys,
but the major target organ for the New World hantaviruses
is the lung. HPS cases progress to a severe degree more fre-
quently than HFRS cases. After a prodromal phase similar
to that of HFRS, patients very rapidly develop pulmonary
edema, and shock, which often requires mechanical ventilation
and/or extracorporeal membrane oxygenation [15], and the case
fatality rate is approximately 35% (http://www.cdc.gov/ncidod/
diseases/hanta/hps/noframes/caseinfo.htm). Thus, the New
World hantaviruses cause some of the most lethal acute viral
infections known, and antiviral therapy or vaccines are not yet
available. In autopsied cases, most SNV antigens are found in
endothelial cells, especially alveolar endothelial cells; but some
other cells are also positive for viral antigen, such as mono-
cyte/macrophages [16].

There have been three hypotheses to explain the mecha-
nisms of increased capillary permeability. (1) The attack of
infected endothelial cells by virus-specific cytotoxic T lympho-
cytes (CTLs); (2) tumor necrosis factor (TNF)-a production by
infected monocyte/macrophages; and (3) the direct effect of viral
infection on endothelial cell functions.
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Both in vivo and in vitro observations suggest that SNV is
in general not directly cytopathic to infected cells including
endothelial cells [6,7,16,17], although there are papers report-
ing apoptosis in some human and primate cell lines, such as
human embryonic kidney 293 cells and African green mon-
key kidney Vero E6 cells, infected with hantaviruses [18-21].
Bs-Integrin is a cellular receptor for human-pathogenic han-
taviruses [22,23]. Since the ligation of endothelial ay B3-integrin
increased transcapillary liquid flux [24], it was speculated that
the virus—B;-integrin interaction might be the mechanism of
increased capillary permeability [22,23]. Infection of endothe-
lial cells alone, however, failed to increase their permeability
[6,7,25]. Hantavirus infection did inhibit Bs-integrin-directed
migration of endothelial cells, which might contribute to han-
tavirus pathogenesis [26]. .

Mechanisms involving CTLs have been suggested by us
[27-29] and others [30-32]. Lung tissues obtained at necropsy
from HPS patients contain abundant large immunoblasts consist-
ing of CD4* and CD8* T cells [16] [17], and high numbers of
cytokine-producing cells including TNF-a, interleukine-2, and
interferon (IFN)-y [33], which could mediate capillary leak-
age. In addition, preliminary evidence suggests that, in SNV
infection, the HLLA-B*3501 allele is associated with increased
risk for developing severe HPS, implying involvement of CD8*
T cells [34]. We demonstrated very high frequencies of SNV-
specific CD8* T cells detected by MHC class I/peptide tetramer
staining in HPS patients’ blood during acute illness, and the

" magnitude of virus-specific T cell responses was significantly
higher in the patients with clinically severe HPS (patients who
met clinical criteria requiring mechanical ventilation) than in
patients with moderate disease (hospitalized but not requiring
mechanical ventilation) [29]. We also showed that specific CTL
recognized and increased the permeability of an immortalized
HI_A-matched human endothelial cell monolayer infected with
SNV in transwell permeability assays [35]. These data suggest
that SN'V-specific CD8* T cells contribute to the observed capil-
lary leakage during HPS. Since infected lungs at autopsy had no
obvious damage in endothelial cells [16,17], capillary leakage is
more likely to be caused by cytokine release than by endothelial
cell lysis. Lysis of a small percentage of endothelial cells, which
is difficult to detect in tissue sections, may be enough to cause
capillary leakage, although bleeding is very rare in HPS.

A linkage between disease severity and MHC haplotype
was also observed in patients with nephropathia epidemica
(NE), a milder form of HFRS caused by Puumala virus infec-
tion. HLA-B8-DR3 extended haplotype was associated with
severe outcome of the disease [36,37], and HLA-B27 was
associated with milder disease [38], implying involvement of
CD8* T cells in NE pathogenesis. In NE patients the kidney
biopsies showed interstitial infiltration of lymphocytes, plasma
cells, monocytes/macrophages, and polymorphonuclear leuko-
cytes. An increased expression of cytokines including TNF-a
and endothelial adhesion molecules was observed [39]. Plasma
TNF-a levels were also elevated [40], and urinary excretion of
interleukin-6 correlates with proteinuria [41].

In laboratory mice infected with Hantaan virus, virus-specific
CD8* T cells, not neutralizing antibodies, were important for

clearance of the virus [42—44]. These laboratory mice, as well
as natural rodent reservoirs of hantaviruses, do not develop any
disease similar to HPS or HFRS, suggesting in mice these virus-
specific T cell are protective, not immunopathogenic. It is not
understood why these rodents do not develop the disease. We
should remember that there are many differences in the immune
systems of humans and mice [45].

In transgenic mouse model of influenza infection, in which
lung alveolar epithelial cells expressed influenza A virus hemag-
glutinin (HA), adoptive transfer of HA-specific CD8* T cells
into the HA-transgenic mice induced lung injury, which was
mediated by TNF-a produced by the HA-specific CD8* T cells
and chemokines produced by alveolar epithelial cells attacked by
the HA-specific CD8* T cells [46,47]. A similar mechanism may
occur as a result of endothelial cell-CD8* T cell interactions.

A series of experiments performed by transplantation immu-
nologists, however, showed that, contrary to lung alveolar
epithelial cells, endothelial cells were protected from humoral
and cellular immune responses in laboratory mice [48,49]. John-
son et al. analyzed humoral and cellular immune responses
against B-galactosidase (BG) protein expressed in the endothe-
lial cells of transgenic mice. In theory immune responses against
BG protein would not be induced in BG-transgenic mice in
which BG should be tolerated. Infection with recombinant vac-
cinia virus encoding BG, however, induced humoral and cellular
immune responses in the BG-transgenic mice at the same level as
responses in wild type FVB mice (from which the BG-transgenic
were generated), and, more surprisingly, these infected mice
remained healthy. No damage was observed in endothelial cells.
The BG-transgenic mice also remained healthy after primed
spleen cells or lymph node cells from immunized, wild type FVB
mice, which contained CD8* (and CD4*) T cells reacting to BG
protein, were adoptively transferred into them. These resuits are
surprising, but, nevertheless consistent with the down-regulation
of CD8* T cell activation and cytolysis by PD-L (PD-1 lig-
and) 1 and PD-L2 molecules expressed on IFN-y-activated
endothelial cells both in humans (in vitro study) and mice
[50-52] (CD8* T cells express programmed death-1 (PD-1)
molecule).

To reconcile these two findings, the immunopathological
mechanisms we would like to propose are:

(1) In HPS and HFRS patients the mechanisms to down-
regulate CD8* T cell activation and cytolysis for protection
of endothelial cells may be overwhelmed by the excess
amount of activated CD8* T cells, which appears to occur
in HPS [29].

(2) The protecting mechanisms may not be functioning properly
because of the infection of endothelial cells. Glycoproteins
of human-pathogenic hantaviruses have been found to have
immunomodulatory functions [53,54], although the effects
of hantavirus infection on PD-1, PD-L1 or PD-L2 are not
known. It is also not known whether T cells are infected
with hantavirus in vivo.

These two niechanisms can work synergistically, and
infected monocyte/macrophages also can contribute to the
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immunopathogenesis by TNF-a production [6,25]. Involvement
of virus-specific CD4* T cells is also likely, although there are
no data suggesting the direct role of CD4* T cells in HPS or
HFRS. Recently Salazar et al. reported that HLA-B35 molecule,
a risk factor for severe HPS, increased susceptibility of cells to
apoptosis [55].

In conclusion, we hypothesize that impairment of endothelial
cell’s defense mechanisms against cytotoxic CD8* T cells is the
mechanism of capillary leakage in HPS and HFRS, which may
be common to other viral hemorrhagic fevers. Immunopatho-
logical mechanisms are speculated to underlie diseases caused
by dengue virus and arenavirus infections [2,56]. CD8* T cells
may be a potential target for therapy of some viral hemorrhagic
fevers.
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