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IxB kinase, p38 MAPK, and Akt are major signaling molecules
thought to play a pivotal role in most types of cytokine production
in various cells (Hiscott et al., 2001; Adcock et al., 2006). Single
strand RNA such as viral RNA binds and activates helicase, which
further activates IxB kinase pathways, resulting in the production
of certain types of cytokine (Lee and Lau, 2007). In addition, it is
well known that phosphorylation of p38 MAPK is associated with
the production of cytokines in many types of cells (Suzuki et al.,
1999; Wong et al., 2005). Thus, these signaling molecules may be
associated with the production of cytokines in virus-infected cells,
although the details are not as yet known.

Human lung fibroblasts are reported to be susceptibie to vari-
ous respiratory viruses such as PIV and RV (Bousse et al., 2006;
Jang et al., 2009). In addition, lung fibroblasts may be associated
with remodeling involved in fibrosis in the small airways (Puxeddu
etal., 2006). In asthmatics, viral infections are more likely to result
in lower respiratory tract infection (Gern, 2009), and moreover,
these infections are not restricted to the respiratory epithelium,
but can spread to the structural cells such as smooth muscle cells
and fibroblasts (Holgate et al., 2004b). From these background, in
the present study we chose human fetal lung fibroblasts to examine
the cytokine milieu of the asthmatic airway under chronic viral
infection. We hypothesized that PIV infection might induce virus-
induced asthma-related cytokine production in fetal lung fibrob-
lasts. To explore this possibility, we profiled cytokines released from
PIV-infected fetal lung fibroblasts and examined the role of the
signaling pathways (IxkB kinase, p38 MAPK, and Akt).

MATERIALS AND METHODS

CELLS AND CELL CULTURE

Human fetal lung fibroblasts (MRC-5 cells) were purchased from
the American Type Culture Collection (ATCC, Manassas, VA, USA).
Cells were grown in 75-cm? tissue culture flasks and maintained
in Eagle’s minimum essential medium (MEM; Invitrogen Life
Technologies, CA, USA) containing 10% fetal bovine serum (FBS),
L-glutamine (0.6 mg/ml),and 0.35% NaHCO, at 36°C ina humidi-
fied atmosphere containing 5% CO, (de Ona et al., 1995).

VIRAL PROPAGATION AND MEASUREMENT OF VIRAL TITERS

Human PIV type 3 (C 243 strain) were obtained from American
Tissue Culture Corrections (Rockville, MD, USA) and propagated in
Vero E6 cells. When the PIV-infected Vero E6 cells showed cytopathic
effects (CPE), they were centrifuged at 4200 x g for 30 min at 4°C to
remove debris. To purify the viruses, the supernatants were layered
over 50% sucrose in PBS, then centrifuged at 65,000 x g for 2 h at
4°C as previously described (Ueba, 1978). Aliquots of the viruses
were stored at ~80°C until required.

MEASUREMENT OF CYTOKINE CONCENTRATIONS

We inoculated 0 (no virus) or 1.0 MOI of each virus suspension
(100 pl) in Opti-MEM I to the human fetal lung fibroblasts grown in
96-well microplates. Concentrations of cytokines, chemokines, and
growth factors in the culture supernatants from each experimental
system (virus-infected, UV-inactivated virus, inhibitor-added, and
no virus) were obtained at 24 h, To remove the effect of intracellular
cytokines/chemokines, we centrifuged the microplates at 1660 x g
for 10 min before carefully harvesting the supernatants.

We measured the following 27 cytokines using an available
kit (Cytokine assay 27-Plex Panel kit, Bio-Rad, Hercules, CA,
USA): interleukins (IL)-1f, 1ra, 2,4,5,6, 7, 8,9, 10, 12, 13, 15,
and 17, interferon (IFN)-y, granulocyte colony-stimulating fac-
tor (G-CSF), granulocyte-macrophage colony-stimulating factor
(GM-CSF), tumor necrosis factor (TNF)-0,, monocyte chemoat-
tractant protein (MCP)-1, macrophage inflammatory protein
(MIP)-10, 1B, interferon-inducible protein (IP)-10, eotaxin,
fibroblast growth factor (FGF) basic, platelet-derived growth fac-
tor (PDGF)-bb, regulated on activation normal T-cell expressed
and secreted (RANTES), and vascular endothelial growth factor
(VEGF}). Assays were performed using the Bio-Plex suspension
array system according to the manufacturer’s instructions (Bio-
Rad). Data were automatically processed and analyzed using Bio-
Plex Manager Software 5.0 with the standard curve produced
from the recombinant cytokine standard. The sensitivity limits
for each cytokine were set at 0.1-3 pg/ml (Okazaki et al., 2008;
Yoshizumi et al., 2008).

MEASUREMENT OF PHOSPHORYLATION INHIBITION OF IxB KINASE, p38
MAPK, AND Akt

The inhibitors BMS-345541 (4(2"-aminoethyl)ami-
no-1,8-dimethylimidazo(1,2-a)quinoxaline), a specific
inhibitor of IkB kinase), SB203580 (4-(4-fluorophenyl)-2-(4-
methylsulfinylphenyl)-5-(4-pyridyl) 1H-imidazole, a specificinhib-
itor of p38 MAPK), and Akt inhibitor X (10-(4-(N-diethylamino)
butyl)-2-chlorophenoxazine, HCI) were purchased from
Calbiochem (KGaA, Darmstadt, Germany). These compounds
were dissolved in DMSO (10 mM) and stored at —80°C until
required. The optimal concentration of each of these specific
inhibitors of signaling protein phosphorylation was preliminary
examined, and 10 pM of each inhibitor was found to be suitable for
significant inhibition of the phosphorylation of the kinases, results
which are compatible with previous reports (MacMaster et al.,
2003; Thimmaiah et al., 2005; Zaheer et al., 2009). Phosphorylation
of signal molecules induced by PIV was also assessed using a Bio-
Plex suspension array system.

STATISTICAL ANALYSIS

Data are expressed as means + SE. Statistical analyses of cytokine/
chemckine concentrations were performed using the Kruskal-
Wallis and Mann—Whitney U methods. Subsequent post hoc analysis
was conducted using the Bonferroni-adjusted o method. All statis-
tical analyses were performed using SPSS version 12.0 (SPSS Inc.,
Chicago, IL, USA). Values of p < 0.05 were considered significant.

RESULTS

EXPERIMENTAL CONDITIONS

To confirm the infection of human fetal lung fibroblasts with PIV,
morphological changes in the cells were examined by light micro-
scopy after 6, 24, and 48 h. No changes were observed 6 h after
PIV infection, whereas the cells clearly showed CPE after 48 h of
PIV infection {data not shown). We confirmed that there were no
significant differences in the amounts of cytokines released between
the UV-treated virus treatment, medium with 0.1% DMSO, and
medium alone (without the addition of viruses) (data not shown).
Of the 27 cytokines examined, significantly higher amounts of 18
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cytokines were released after addition of 1.0 MOI of PIV compared
with no addition of viruses (data not shown). Cytokine release by
viruses was MOI-dependent (data not shown).

CATEGORIZATION OF CYTOKINES RELEASED BY PIV-INFECTED HUMAN
FETAL LUNG FIBROBLASTS

Next, we compared the cytokine levels induced between control
and PIV-infected fibroblasts. The amounts of 18 cytokines induced
by PIV infection were significantly higher, at least at one time
point, than those of control cells. The 18 cytokines were catego-
rized into nine groups (Barnes, 2008): proinflammatory cytokines
(Figures 1A-~C), anti-inflammatory cytokines, (Figure 1D),
Thl cytokines (Figures 1E,F), Th2 cytokines (Figures 1G-I),

granulopoiesis-inducing cytokines (Figures 1J,K), neutrophil
recruitment-inducing chemokines (Figures 1L,M), eosinophil
recruitment-inducing chemokines (Figures IN,0), and tissue
remodeling-related cytokines (Figures 1B,Q).

COMPARISON OF PROINFLAMMATORY AND ANTI-INFLAMMATORY
CYTOKINES RELEASED BY PIV-INFECTED HUMAN FETAL LUNG
FIBROBLASTS

As shown in Figures 1A—C, proinflammatory cytokine (IL-1[,1L-6
and TNE-o levels at 24 h after infection with PTV were significantly
higher than levels of control cells. Similarly, the level of IL-1ra (anti-
inflammatory cytokine) was significantly higher from PIV-infected
cells than from the control cells (Figure 1D).
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COMPARISON OF Th1, Th17, AND Th2 CYTOKINES RELEASED BY
PIV-INFECTED HUMAN FETAL LUNG FIBROBLASTS

To clarify the differences in Thl, Th17, and Th2 cytokine profiles
between PIV-infected human fetal lung fibroblasts and control cells,
we compared levels of IFN-y, [L-2,1L-12,1L-17, 1L-4,IL-5,IL-10, and
1L-13. We found that small but significant amounts of IFN-yand IL-2
were produced by PIV-infected fibroblasts compared with control
fibroblasts (Figures 1E,F), but there was no significant difference in
IL-12 levels (data not shown). In addition, PIV infection did not result
in any significant difference in amounts of 1L-17 from fibroblasts
compared with the control (data not shown). PIV infection did result
in significantly higher production of IL-4, IL-5, and IL-10 compared
with the control (Figures 1G-I), but not IL-13 (data not shown).

COMPARISON OF GROWTH FACTORS AND CHEMOKINES RELEASED BY
PIV-INFECTED HUMAN FETAL LUNG FIBROBLASTS

G-CSF and GM-CSF levels induced by PIV infection were signifi-
cantly higher than those induced by the control (Figures 1J,K).
Similarly, IL-8, [P-10, eotaxin, and RANTES levels were significantly
higher in supernatants from PIV-infected fibroblasts than control
fibroblasts (Figures 11~0). Regarding cytokines related to tissue
remodeling, the same tendency was observed; PDGE-bb and VEGF
levels were significantly higher in supernatants from PIV-infected
fibroblasts compared with control fibroblasts (Figures 1P,Q).

PHOSPHORYLATION OF I1xB KINASE, p38 MAPK, AND Akt

To examine possible signal molecules, we investigated the phospho-
rylation of IxB kinase, p38 MAPK, and Akt. PIV infection dramati-
cally induced the phosphorylation of IxB kinase and p38 MAPK in

MRC-5 cells compared with the control (Figures 2A,B). However, no
enhancement of Akt phosphorylation was found in the virus-infected
cells (Figure 2C). Thus, to define the role of the IxB kinase and p38
MAPK pathways in viral induction of cytokines and chemokines,
we used their specific inhibitors. As a result, in MRC-5 cells, inhibi-
tion of the NF-kB pathway with BMS-345541 (10 uM) significantly
inhibited PIV-induced cytokines, namely, IL- 1, 1ra, 2, 4,5, 6, 8, 10,
IFN-y, TNF-a, G-CSE, GM-CSF, IP-10, eotaxin, RANTES, PDGF-bb,
and VEGF (Figure 1). Similarly, treatment of the p38 MAPK pathway
with SB203580 (10 pM) also significantly inhibited the release of
these cytokines (Figure 1). The results suggested that both IkB kinase
and p38 MAPK phosphorylation was associated with the production
and release of various cytokines in the virus-infected cells.

DISCUSSION

We profiled a number of cytokines from PIV-infected fetal lung
fibroblasts. Compared with control (no virus) cells, a significant
amount of various cytokines were shown to be released, namely,
IL-1B, IL-6, TNF-@, IL-1ra, IFN-y, IL-2, IL-4, IL-5, IL-10, G-CSF,
GM-CSEF, IL-8, IP-10, eotaxin, RANTES, PDGF-bb, and VEGF. In
addition, we found that most aberrantly released cytokines were
associated with phosphorylation of IxB kinase and p38 MAPK.
Infection by PIV may induce large-scale production of various
cytokines in the airway. Although PIV failed to induce IL-12 and
IL-17 production, these results indicate that PIV induces a Th2
cytokine milieu as well as eosinophil and neutrophil recruitment
to fibroblasts. As a result, Th2 immunity may be augmented, which
is likely to be an important mechanism in the pathophysiology of
PIV-induced asthma (virus-induced asthma).

A Ixf~a B p38 MAPK
10600 400
8 800 2
8 g
g 600 g
2.5 ;5 2001
< 400 < . .
200 * % )
o Control PIV PIV  Inhibitor 0 Control PIV PIV  Inhibitor
+ +
inhibitor inhibitor
c Akt
200]
g 150]
-3
5
E 100] "
(=]
@ T
=50 *
0 Control PIV PIV  Inhibitor
+
inhibitor
FIGURE 2 | Phosphorylation of heB kinase, p38 MAPK, and Akt levels in cell lysate from PlV-infected human fetal lung fibroblasts. All assays were performed
in duplicate in five independent experiments. “Control” indicates no addition of virus to the fibroblasts. Vertical bars represent mean + SE. *p < 0.05 when compared
with the hxB kinase {A), p38 MAPK (B), and Akt {C) levels induced by infection with PIV.

Frontiers in Microbiology | Virology

Novernber 2010 | Volume 1 | Article 124 | 4



Yoshizumi et al.

Cytokines/signaling of parainfluenza virus infection

It is suggested that maximal MAP kinase phosphorylation and
activity is seen within 60 min after stimulation. In this study, the
phosphorylation of IxB kinase and p38 MAP kinase was examined
at 24 h after PIV infection. Thus, it is possible that cytokines pro-
duced by PIV-infected MRC-5 cells might be responsible for the
induction of MAP kinase phosphorylation, since various cytokines
produced after PIV infection have been shown to induce IkB kinase
and MAP kinase phosphorylation.

‘We speculate that the effects of PIV on normal fibroblasts can be
extrapolated to corresponding cells in asthmatic airways. Previous
studies have shown that increased viral replication and impaired
IFN response to viral infection occurs in primary epithelial cells
and peripheral blood cells from asthmatics compared with nor-
mal subjects (Wark et al., 2005; Contoli et al., 2006; Gehlhar et al.,
2006). The increase in virus infection-induced inflammation is a
probable explanation for these observations. Asthmatics may also
be more susceptible to infection (Holgate, 2007). Furthermore,
it has also been suggested that infants who are born with poor
antiviral responses and/or airway hyper-responsiveness are prone
to repetitive severe illnesses (Gehlhar et al., 2006), and these same
abnormalities may increase the risk of recurrent wheezing and
possibly asthma. Therefore, fibroblasts from those who develop
asthma in earlier childhood might possess a defective IFN response
to these respiratory viruses. Such partially defective innate immune
responses may result in augmented Th2 immunity in asthmatic
patients as well as increased and prolonged airway inflammation
(Barrett and Austen, 2009).

A direct causative role for these respiratory viruses in the devel-
opment of asthma has not been proven yet. Lemanske et al. (2005)
suggested at least two potential mechanisms for the development
of recurrent wheezing in early childhood. First, healthy infants
who undergo repetitive severe viral respiratory infections could
develop recurrent wheezing because of lung damage and/or airway
remodeling. Second, as mentioned above, infants who are born with
weak antiviral responses and/or airway hyper-responsiveness are
prone to repetitive severe illnesses, which may increase the risk of
recurrent wheezing and possibly asthma. A recent study suggests
that RSV-induced wheezing is an indicator of genetic predisposition
to asthma, but is not associated with allergic sensitization, irre-
spective of the family history of asthma (Singh et al., 2007). In the
present study, PIV-infected human lung fibroblasts produced and
released tissue remodeling-related cytokines (PDGF and VEGF)
and proinflammatory cytokines (IL-1p, IL-6, and TNF-o) com-
pared with the control. Using animal models, it was also recently
suggested that endotracheal inoculation of PIV induces biological
and histological changes reminiscent of asthma (Pelaia et al., 2006).
In particular, PIV infection elicits an airway influx of inflammatory
cells, bronchial hyper-responsiveness, epithelial damage, and bron-
chiolar fibrosis (Pelaia et al., 2006). These findings suggest that the
recurrence of PIV infections in patients with asthma may contribute
to prolonged airway inflammation and airway structural changes
typical of the disease (Pelaia et al., 2006). Moreover, our results
suggest that PIV-induced tissue remodeling-related cytokines and
proinflammatory cytokines from human fibroblasts may be asso-
ciated with respiratory remodeling and prolonged airway inflam-
mation after infection. Human asthma subjects have exhibited
significant increases in IFN-v, in the supernatants of cultured

bronchoalveolar cells (Krug et al., 1996). Recently, Magnan et al.
(2000) demonstrated increased IFN-y-producing CD8" T cells in
asthmatic airways, and the levels of I[FN-y correlated with asthma
severity, bronchial hyper-responsiveness, and blood eosinophilia
(Ishihara et al., 1997). IFN-y has been reported to be associated
with severe and chronic asthma. In the present study, PIV-infected
human lung fibroblasts produced and released IFN-y, which might
be associated with severity of asthma.

Cytokine production-related signaling pathways related to viral
infections have been reported (Santoro et al., 2003; Kohlmeier et al.,
2009; Zaheer et al., 2009). For example, Lee et al. suggested that
single strand viral RNA of influenza virus binds to the host cellu-
lar helicase resulting in activation of signaling pathways including
IcB kinase (Lee and Lau, 2007). In addition, viral single strand or
double strand RNA/MKK3/6 complex can also activate p38 MAPK
(Stephan, 2007). Finally, activation of these pathways may lead
to the production and release of cytokines in virus-infected cells
as an antiviral response (Stephan, 2007). In the present study, at
24 h after PIV infection, phosphorylation of 1kB kinase and p38
MAPK and the release of cytokines were significantly increased in
lung fibroblasts. Furthermore, inhibition of phosphorylation of
these kinases by specific inhibitors significantly eliminated release
of cytokines (Figure 2). At 24 h after infection, PIV genomes (also
single strand RNA) may be significantly propagated (De et al.,
1990). A possible reason for this is that the increase in phospho-
rylation of IxB kinase and p38 MAPK after PIV infection might
be associated with propagated PIV genomes in the cells, although
we did not observe an increase in the PIV genome/helicase or PIV
genome MKK3/6 complex.

Fibroblasts have the potential to play a critical role in remodeling
of and changes in the airway matrix (Holgate et al., 2004a). In this
study, we found that PIV infection-induced significantly higher
production of Th! and Th2 cytokines from fibroblasts compared
to control cells. PIV might promote release of not only inflamma-
tory cytokines but also allergy-related cytokines in virus-infected
MRC-5 cells. From the present results and previous our results
suggest that aberrant release/production of various cytokines (i.e.,
cvtokine storm) due to PIV or RSV infection is also associated
with severe respiratory infection such as pneumonia (Ishiokaetal.,
2010). In addition, we showed that this cytokine production may
be closely linked to phosphorylation of signal molecules such as
IxB kinase and p38 MAPK. Recurrent RSV infection may damage
the lower respiratory airways and induce remodeling. Finally, our
findings suggest that PIV infection-induced aberrant phosphor-
ylation of IxB kinase and p38 MAPK in lung fibroblasts might
mediate hypersensitive Th1- and Th2-type responses in subjects
with asthma, which is likely an important mechanism in virus-
induced asthma.
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Human metapneumovirus (hMPV) belongs to the family
Paramyxoviridae, genus Metapneumovirus. 1t is an impor-
tant causative agent of acute respiratory infections (ARIs) in
humans (1) whose epidemiology in Japan is not known, To
better understand the molecular epidemiology of domestic
strains of hMPV, we performed phylogenetic analysis of
hMPYV detected from children with ARIs in Yamaguchi Pre-
fecture during July and August 2009.

Table 1 shows patient and virus data. Virus RNA was ex-
tracted from throat swabs using a QlAamp Viral RNA Mini
Kit (Qiagen, Germantown, Md., USA} and suspended in
DNase/RNase-free water. After RNA extraction, reverse
transcriptase-polymerase chain reaction (RT-PCR) was per-
formed as previously described (2). Amplicons were purified
using a MinElute PCR Purification Kit (Qiagen), and the
nucleotide sequences were determined by direct sequencing
(2). We performed phylogenetic analysis based on the F gene

of hMPV strains using Molecular Evolutionary Genetics
Analysis (MEGA) software version 4 (3). Evolutionary dis-
tances were estimated using Kimura’s two-parameter method,
and a phylogenetic tree was constructed using the neighbor-
joining method (4). The reliability of the tree was estimated
using 1,000 bootstrap replications.

The phylogenetic tree revealed that 14 out of the 18 strains
detected during the 2009 summer season were clustered in
the A2 subgroup, 3 strains were in the Bl subgroup, and 1
strain was in the B2 subgroup (Fig. 1). The 14 strains clus-
tered in subgroup A2 were further classified into 2 subclusters,
The nucleotide identities among the strains within the sub-
groups were 98.4 to 100% for subgroup A2 and 100% for
subgroup Bl. The nucleotide identities among the strains
within the two subclusters of the A2 subgroup were 99.7 and
100%, respectively. In one of the subclusters of the A2 sub-
group to which 11 strains belonged, an epidemiological rela-

Table 1. Patient and human metapneumovirus data

: . : . . GenBank
Patient  Age(y)  Sex Diagnosis Onset date Sampling date Strain Subgroup accession no.
1 1 F Bronchiolitis 28 Jul. 2009 29 Jul. 2009 Yamaguchi 09-01 A2 ABS533235
2 1 F Pneumonia 26 Jul. 2009 29 Jul. 2009 Yamaguchi 09-03 A2 AB533239
3 2 F Pneumonia 27 Jul. 2009 29 Jul. 2009 Yamaguchi 09-04 A2 AB533236
4 5 F Bronchiolitis 30 Jul. 2009 31 Jul. 2009 Yamaguchi 09-07 A2 AB533237
5 2 M Bronchiolitis 31 Jul. 2009 1 Aug. 2009 Yamaguchi 09-09 A2 AB533238
6 3 M Bronchiolitis 31 Jul. 2009 3 Aug. 2009 Yamaguchi 09-10 A2 AB533240
7 8 M Pneumonia 4 Aug. 2009 6 Aug. 2009 Yamaguchi 09-13 A2 AB533241
8 4 M Bronchiolitis 4 Aug. 2009 6 Aug. 2009 Yamaguchi 09-14 A2 AB533242
9 9 F Bronchiolitis 2 Aug. 2009 3 Aug. 2009 Yamaguchi 09-15 B2 ABS533243
10 2 F Pncumonia 7 Aug. 2009 8 Aug. 2009 Yamaguchi 09-17 Bl AB533244
11 4 M Pncumonia 9 Aug. 2009 10 Aug. 2009 Yamaguchi 09-20 A2 ABS533245
12 3 F Bronchiolitis 8 Aug. 2009 10 Aug. 2009 Yamaguchi 09-22 A2 AB533246
13 4 M Bronchiolitis 8 Aug. 2009 11 Aug. 2009 Yamaguchi 09-26 A2 AB533247
14 1 F Bronchiolitis 12 Aug. 2009 13 Aug. 2009  Yamaguchi 09-29 A2 AB533248
15 6 F Pncumonia 11 Aug. 2009 (3 Aug. 2009  Yamaguchi 09-30 Bl AB533249
16 3 M Bronchiolitis 11 Aug. 2009 13 Aug. 2009  Yamaguchi 09-31 Bl AB533250
17 4 M Pneumonia 19 Aug. 2009 21 Aug.2009  Yamaguchi 09-37 A2 AB533251
18 0 (3 mo) F Bronchiolitis 19 Aug. 2009 21 Aug. 2009  Yamaguchi 09-38 A2 ABS533252

*Corresponding author: Mailing address: Yamaguchi Prefectural
Institute of Public Health and Environment, 2-5-67 Aoi, Yamaguchi-
shi, Yamaguchi 753-0821, Japan. Tel: +81-83-922-7630, Fax:
+81-83-922-7632, E-mail: shirabe koumei@pref.yamaguchi.lg.
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Fig. 1. Phylogenetic tree constructed on the basis of partial sequences of the human metapneumovirus F gene. Distance was
calculated using Kimura’s two-parameter method, and the tree was plotted using the neighbor-joining method. Numbers above
the branches are bootstrap probabilitics (%). Reference strains were NL/1/00, NL/17/00, NL/1/99, and NL/1/94.

tion was found. Five out of the 11 patients (patients 1, 4, 5, 6,
and 13) and 2 patients (patients 8 and 14) attended the same
nursery schools, respectively. In addition, patients 4 and 8
were from the same family. In the other subcluster, patients 2
and 12 attended the same nursery school, and patients 7 and
12 were from the same family.

In summary, hAMPV was detected from a total of 18 chil-
dren with ARIs during July and August 2009 in Yamaguchi
Prefecture. All of these patients resided in the same city, in-
dicating that a regional outbreak of hMPV occurred among
the children. Phylogenetic analysis revealed that subgroup
A2 was predominant in the outbreak, and that subgroups B1
and B2 cocirculated. Our findings suggested that this out-
break had at least four different infection sources. Although
there have been few reports of hMPV being detected in the
summer season (5-9), the results of the present study suggest
that hMPV infections should be taken into consideration in
children with ARIs throughout the year.

This work was supported in part by a Grant-in-Aid for Re-
search on Emerging and Re-emerging Infectious Diseases,
Labour and Welfare Programs from the Ministry of Health,
Labour and Welfare of Japan (24-19211301).
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The distribution of the severe acute respiratory syndrome coronavirus (SARS-CoV) receptor, an angiotensin-
converting enzyme 2 (ACE2), does not strictly correlate with SARS-CoV cell tropism in lungs; therefore, other
cellular factors have been predicted to be required for activation of virus infection. In the present study, we
identified transmembrane protease serine 2 (TMPRSS2), whose expression does correlate with SARS-CoV
infection in the upper lobe of the lung. In Vero cells expressing TMPRSS2, large syncytia were induced by
SARS-CoV infection. Further, the lysosome-tropic reagents failed to inhibit, whereas the heptad repeat peptide
efficiently inhibited viral entry into cells, suggesting that TMPRSS2 affects the S protein at the cell surface and
induces virus-plasma membrane fusion. On the other hand, production of virus in TMPRSS2-expressing cells
did not result in S-protein cleavage or increased infectivity of the resulting virus. Thus, TMPRSS?2 affects the
entry of virus but not other phases of virus replication. We hypothesized that the spatial orientation of
TMPRSS2 vis-a-vis S protein is a key mechanism underling this phenomenon. To test this, the TMPRSS2 and
S proteins were expressed in cells labeled with fluorescent probes of different colors, and the cell-cell fusion
between these cells was tested. Results indicate that TMPRSS2 needs to be expressed in the opposing (target)
cell membrane to activate S protein rather than in the producer cell, as found for influenza A virus and
metapneumoviruses. This is the first report of TMPRSS2 being required in the target cell for activation of a
viral fusion protein but not for the S protein synthesized in and transported to the surface of cells. Our findings
suggest that the TMIPRSS2 expressed in lung tissues may be a determinant of viral tropism and pathogenicity

at the initial site of SARS-CoV infection.

Angiotensin-converting enzyme 2 (ACE2) has been shown
to be the functional receptor for severe acute respiratory syn-
drome coronavirus (SARS-CoV) (18, 24), the etiological agent
of an acute infectious disease that spreads mainly via the res-
piratory route. Although ACE2 is present in the vascular en-
dothelial cells of all organs, SARS-CoV is highly pathogenic
only in the lungs (12). Furthermore, while ACE2 expression in
the lung has been shown for both type I and type II pneumo-
cytes (12), cell tropism of SARS-CoV does not strictly corre-
late with ACE2 expression, suggesting that other factors are
required to explain the pathogenesis of this disease (8, 32).
One such factor is the critical role played by host cellular
proteases in the process of viral entry into cells. For example,
a variety of proteases such as trypsin, tryptase Clara, mini-
plasmin, human airway trypsin-like protease (HAT), and
TMPRSS2 (transmembrane protease, serine 2) are known to
cleave the glycoprotein hemagglutinin (HA) of influenza A
viruses, a prerequisite for the fusion between viral and host cell
membranes and viral cell entry. Cleavage of HA is critical for
viral infection, with the tissue distribution of proteases deter-

* Corresponding author. Mailing address: Department of Virology
I1I, National Institute of Infectious Diseases, Japan, 4-7-1 Gakuen,
Musashi-Murayama, Tokyo 208-0011, Japan. Phone: 81 42 561 0771,
ext. 3755. Fax: 81 42 567 5631. E-mail: matuyama@nih.go.jp.

¥ Published ahead of print on 6 October 2010.

mining cell tropism of virus strains (16). There are two major
mechanisms responsible for proteolytic activation of viral gly-
coproteins. For many viruses, such as the human immunode-
ficiency virus (HIV) and Nipah virus, cellular proteases (e.g.,
furin or cathepsin) cleave the glycoprotein during biogenesis,
separating receptor binding and fusion subunits and converting
the precursor glycoprotein to its fusion-competent state (36).
Alternatively, for other viruses such as Ebola and SARS-CoV,
cleavage of the viral glycoprotein by endosomal proteases in-
duces conformational changes during viral entry following re-
ceptor binding and/or endocytosis (6, 20, 28, 31).

Three proteases—trypsin, cathepsin L, and elastase—have
been previously reported to activate the spike (S) protein of
SARS-CoV (3, 13, 20, 30, 31). In the absence of proteases at
the cell surface, SARS-CoV enters cells by an endosomal path-
way, and S protein is activated for fusion by cathepsin L in the
endosome (14, 30, 37). Conversely, in the presence of pro-
teases at the cell surface, such as trypsin and elastase, viral S
proteins attached to the receptor at the host cell surface are
activated, inducing envelope-plasma membrane fusion and di-
rect entry of SARS-CoV into cells (21). Viral replication in the
latter case has been shown to be 100 times higher than repli-
cation via the endosomal pathway (21), suggesting that the
higher infectivity of SARS-CoV in the lungs could be due to an
enhancement of direct viral cell entry mediated by proteases.
In this study we test the possibility that TMPRSS2 is an acti-
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vator of SARS-CoV entry into host cells. TMPRSS2 is highly
expressed at epithelial cells in human lungs (9, 26) and acti-
vates influenza A virus and metapneumovirus in culture cells
(4, 5, 7, 29). Here, we present data indicating that the distri-
bution of TMPRSS2 correlates with SARS-CoV infection in
the lung and that this protease can efficiently activate SARS-
CoV S protein to induce virus-cell membrane fusion at the cell
surface.

MATERIALS AND METHODS

Animal experiments. Animal experiments with SARS-CoV-infected cynomol-
gus monkeys were performed as described previously (23). Briefly, 3-year-old
male cynomolgus monkeys were intratracheally inoculated with 108 50% tissue
culture infective doses (TCIDs,) of SARS-CoV, On day 7 postinoculation ani-
mals were cuthanized, and tissue samples of the lungs were collected.

Immunofiuorescence staining method. Detection of TMPRSS2, ACE2, and
SARS-CoV antigens was performed on paraffin-embedded sections by a double
immunofluorescence staining method modified from a previous protocol (19, 22,
23). Rabbit antibody (Ab) against TMPRSS2 (ab56110; Abcam), goat antibody
against rccombinant human ACE2 (R&D Systems, MN), and the SKOTS mono-
clonal mouse antibody against nuclcocapsid protcin of SARS-CoV (25) were
used as primary antibodies. Briefly, after deparaffinization with xylene, the sec-
tions were rchydrated in ethanol and immersed in phosphate-buffered saline
(PBS). Antigens were retrieved by hydrolytic autoclaving in the retrieval solution
at pH 9.0 (Nichirei). After a cooling step, normal donkey or goat serum was used
1o block background staining. To detcct the TMPRSS2 or ACE2 antigen, the
sections were immersed in PBS and then incubated with primary antibodies
overnight at 4°C. After three washes in PBS, the sections were incubated with
monoclonal antibody for 60 min at 37°C to detect the SARS-CoV protein. After
threc additional washes in PBS, the sections were incubated with anti-rabbit
{goat origin) or anti-goat (donkey origin) Alexa Fluor 546 and anti-mouse (goat
or donkey origin) Aiexa Fluor 488 (Molecular Probes, Eugene, OR) for 60 min
at 37°C to detect the primary antibodies,. The sections were mounted with
ProLong antifade reagent with 4',6'-diamidino-2-phenylindole (DAPI; Molccu-
lar Probes), and images were captured and analyzed by confocal laser microscopy
(Fluoview FV1000-D; Olympus, Tokyo, Japan).

Celis and viruses. Vero E6 and Vero cells and Vero cells expressing
TMPRSS2 (Vero-TMPRSS2) (29) were cultured in Dulbecco’s modified Eagle’s
mediom (DMEM: Gibco/BRL), supplemented with 5% fetal bovine serum
(Gibco/BRL). The SARS-CoV Frankfurt 1 strain, kindly provided by J. Ziebuhr
(University of Wiirzburg, Germany), and the recombinant vaccinia virus con-
taining the gene encoding the spike protein of SARS-CoV (Dis/SARS-S), kindly
provided by K. Ishii (NIID, Japan), were propagated and assayed by using Vero
E6 and 293T cclls, respectively.

Virus entry assay. Vero or Vero-TMPRSS2 cclls in 96-well plates were treated
with DMEM containing the reagents indicated in the legends of Fig. 3 at 37°C for
30 min and then chilled on icc for 10 min. Approximately 105 PFU (PFU) of
virus in DMEM was used to infect 106 cells on ice. After an adsorption period
of 30 min, the virus was removed, and infected cells were cultured in DMEM
with the reagents at 37°C for 5 h. Viral nRNAs were isolated from cells with the
addition of 200 ul of Isogen (Nippon gene). Real-time PCR was performed to
cstimate the amounts of newly synthesized mRNA9 as described previously (21).

Western blotting. Expression of § protein in Vero E6 cells was analyzed by
Westcrn blotting. Preparation of cell lysates, SDS-PAGE, and electrical transfer
of the protcin onto a transfer membrane were described elsewhere (21). 8
protein was detected with anti-S antibody (IMG-557; Imgenex, San Diego) and
anti-rabbit IgG-horseradish peroxidase (HRPO). Influenza virus HA was de-
tected with anti-HA Ab, Udorn virus HA (29), and anti-goat IgG-HRPO. Bands
were visualized by using enhanced chemiluminescence reagents (ECL Plus; Am-
crsham Pharmacia) on an LAS-1000 instrument (Fuji).

Cell-cell fusion. Effcctor cells (Vero or Vero-TMPRSS2) werc infected with
Dis/SARS-S at a multiplicity of infection (MOI) of 1 for 1 h or transfected with
pKS/SARS-S by using the Fugene 6 reagent (Roche) and then labeled with 2 pM
CellTracker Green (5-chloromethylftuorescein diacetate [CMFDA] Invitrogen)
for 30 min and washed threc times with medium. Meanwhile, Vero or Vero-
TMPRSS2 target cells were labeled with 2 WM orange chloromethyl tetramcth-
ylrhodamine (CMTMR; Invitrogen} for 30 min and washed three times with
medium. Effector cells were collected with nonenzymatic cell dissociation solu-
tion (Sigma) and then overlaid on target cells. Cells were incubated for 20 h and
observed by fluorescence microscopy (BioZero, Keyence) for cell-celi fusion,
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The extent of syncytium formation was semiquantified by counting the number of
nuclei in the S-protcin-expressing cells (10 syncytia).

RESULTS

Distribution of TMPRSS?2 in the SARS-CoV-infected cyno-
molgus lung. We examined the immunohistochemical distri-
bution of TMPRSS2 and ACEZ2 in the uninfected lung of
cynomolgus monkeys. TMPRSS2 antigens were detected in
type I pneumocytes (Fig. 1A, arrows indicating thin shapes in
middle panel), whereas only weak staining of ACE2 antigens
was detected in enlarged type I pneumocytes (Fig. 1C, arrows
indicating round shapes in middle panel) by the immunofluo-
rescence staining method used. An antibody against SARS-
CoV was used as a negative control (Fig. 1A and C, upper left
panels). In addition, the histopathology of SARS-CoV-infected
lungs was examined on day 7 postinoculation as described previ-
ously (23). Mild lesions with some regenerated type II epithe-
lial cells were observed in the upper lobe (Fig. 1B and D,).
SARS-CoV antigens were detected in the cytoplasm of type 1
pneumocytes (Fig. 1B and D, arrowheads), which primarily
resembled TMPRSS2-expressing cells (Fig. 1B, upper right)
more than ACE2-expressing cells (Fig. 1D, upper right). In
contrast, severe pulmonary edema and inflammatory reactions
were observed in severe lesions (Fig. 1B and D). Marked
immunostaining of TMPRSS2 and ACE2 antigens was de-
tected in the cytoplasm of enlarged type II pneumocytes (Fig.
1B and D, lower middle panels). SARS-CoV antigens were
detected in the cytoplasm of many unspecified cells (Fig. 1B
and D, lower left), but these cells never merged with either
TMPRSS2- or ACE2-expressing cells. These results suggest
that the presence of SARS-CoV antigens does not correlate
with the presence of either ACE2 or TMPRSS2 antigens in
severe lesions.

Syncytium formation by SARS-CoV infection of TMPRSS2-
expressing cells. Vero cells have been generally used for infec-
tion assays of SARS-CoV (10). SARS-CoV S protein-expressing
Vero cells form syncytia if treated with trypsin but not in its
absence (Fig. 2B, frames a and c). Here, we examined whether
Vero cells stably expressing TMPRSS2 (VERO-TMPRSS2)
undergo syncytium formation induced by SARS-CoV infection
or S-protein expression. After 36 h of SARS-CoV infection at
an MOI of 0.1, large syncytia were observed in Vero-TM-
PRSS2 cells (Fig. 2A, frame b) but not in Vero cells (Fig. 24,
frame a). To determine if expression of S protein induced
syncytium formation, Vero-TMPRSS2 cells were infected with
vaccinia virus encoding the SARS-CoV S gene, Dis/SARS-S,
which resulted in the formation of large syncytia at 20 h after
infection (Fig. 2B, frame b). In addition, plasmid-based ex-
pression of S protein also induced syncytia (see Fig. 5B). To
further assess if TMPRSS2 can proteolytically activate S
protein, Vero-TMPRSS2 cells expressing S protein were
treated with various concentrations of leupeptin (Fig. 2C), a
known inhibitor of serine and cysteine proteases. The results
show that syncytium formation was moderately inhibited at a
concentration of 500 pM (Fig. 2C, frame b, and D) and com-
pletely inhibited at a concentration of 5 mM (Fig. 2C, frame c,
and D), suggesting that leupeptin inhibits the activity of
TMPRSS2, suppressing S-protein-induced cell-cell fusion.
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FIG. 1. Distribution of TMPRSS2 and ACE2 and histopathology of SARS-CoV-infected cynomolgus lung. The distribution of TMPRSS2 (A,
arrows indicating round shapes in middle panel) and ACE2 (C, arrows indicating thin shapes in middle panel) in healthy cynomolgus lung sections
stained with antibodies against SARS-CoV, TMPRSS2, or DAPI (upper panels) was detected by an immunofluorescence staining method (see
Materials and Methods section). Samples stained with secondary antibodies were used as controls (lower panels). The distribution of TMPRSS2
(B) and ACE2 (D) was also examined in mild (upper row) and severe (lower row) lesions of SARS-CoV-infected lungs stained with antibodies

against SARS-CoV, TMPRSS2, or DAPI (nuclear staining).

Viral entry into TMPRSS2-expressing cells. The above ob-
servations suggest that TMPRSS?2 activates S protein at the cell
surface, enabling viral entry into the cell. To assess this possi-
bility, we first examined the effects of EST (Calbiochem),
which is known to inhibit endosomal cathepsins and thereby
block infection of Vero cells by SARS-CoV (35). Viral entry
into cells was estimated by the newly synthesized viral mRNA9,
which was quantified by real-time PCR as described previously
(21). As shown in Fig. 3, treatment of Vero cells with EST at
a concentration of 50 pM caused a 1,000-fold decrease of
SARS-CoV cell entry via the endosomal pathway. In contrast,
EST failed to suppress viral entry into Vero-TMPRSS2 cells.
Similarly, treatment with bafilomycin A (Sigma) at a concen-
tration of 500 uM reduced infectivity by 100-fold in Vero cells
although only mild suppression (10%) of viral infection was
observed in Vero-TMPRSS2 cells. Furthermore, we examined
the effect of heptad repeat 2 (HR2) peptide, kindly provided
by R. S. Hodges (33), on SARS-CoV infectivity in Vero-
TMPRSS2 cells. HR2 peptide is known to prevent trypsin-
activated cell entry of SARS-CoV via the cell surface; presum-
ably an S protein activated by cell surface receptor exposes the
HRI1 region, and the HR2 peptide then interferes with the
six-helix bundle formation (34). Treatment with HR2 peptide
at a concentration of 5 pM efficiently suppressed viral entry
into Vero-TMPRSS2 cells but not into Vero cells. These re-

sults suggest that TMPRSS2 activates S protein and facilitates
viral entry via the cell surface.

TMPRSS2 does not cleave SARS-CoV S during virus pro-
duction. It has been previously shown that TMPRSS2 ex-
pressed in cells promoted cleavage of glycoprotein of influenza
A virus and metapneumovirus, increasing infectivity (5, 29).
Here, we examined whether the S protein of SARS-CoV is
cleaved and activated in Vero-TMPRSS2 cells. After 36 h of
infection of Vero and Vero-TMPRSS2 cells with SARS-CoV,
cells and medium were collected, and Western blotting was
performed to detect S protein. As shown in Fig. 4A (right),
the HA of influenza virus was markedly cleaved in Vero-
TMPRSS?2 cells at 18 h after transfection. However, S proteins
synthesized in either Vero or Vero-TMPRSS2 cells were not
cleaved when examined in cell lysates or in virions released
into the medium (Fig. 4A, left). Furthermore, the infectious
titers of SARS-CoV produced in Vero and Vero-TMPRSS2
(on Vero E6 cells) were not markedly different, and in both
cases infection was inhibited by bafilomycin Al but not HR2
peptide (Fig. 4B). These results suggest that SARS-CoV pro-
duced in Vero-TMPRSS2 cells has no fusion-competent,
cleaved S protein entering into cells via the endosomal path-
way.

Productive activation of S by TMPRSS2 requires TMPRSS2
expression in target cells. The previous results suggest that
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FIG. 2. Cytopathic changes on SARS-CoV S-protein-expressing cells. (A) Vero cells or Vero-TMPRSS?2 cells were infected with SARS-CoV
at an MOI of 0.1 and incubated at 37°C for 36 h. Cells were stained with crystal violet. (B) Vero cells or Vero-TMPRSS?2 cells were infected with
Dis/SARS-S at an MOI of 0.1 and incubated at 37°C for 20 h, after which the cells were treated with 10 wg/ml trypsin at 37°C for 30 min and then
incubated for another 3 h. (C) Vero-TMPRSS2 cells were infected with Dis/SARS-S at an MOI of 0.1 and incubated at 37°C for 20 h in the absence
(a) or presence of 500 pM (b) or 5 mM (c) leupeptin. Cells not infected with Dis/SARS-S were used as a control (d). (D) The size of syncytia in
the absence and presence of 5 uM, 50 pM, 500 uM, and 5 mM leupeptin was quantified by counting the number of nuclei in the fused cells. The

error bars are standard deviations.
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FIG. 3. Effect of TMPRSS2 on virus entry into cells. Vero or Vero-
TMPRSS?2 cells were infected with SARS-CoV at an MOI of 0.1 in the
presence of 5 uM HR2 peptide, 50 uM EST, or 500 uM bafilomycin
A1l and then cultured for 5 h. The amount of viral mRNA9 was
measured by real-time PCR. Cells not treated with reagents were used
as controls. The error bars are standard deviations of at least six
independent measurements.

TMPRSS?2 affects viral S protein attached to receptors at the
cell surface but not newly synthesized S proteins either
during transport to the plasma membrane or incorporation
into the virion. We hypothesized that the spatial orientation
of TMPRSS2 against S protein might be critical for S pro-
tein activation. To demonstrate this spatial dependence be-
tween TMPRSS2 and S protein, a cell-cell fusion assay was
conducted. Our design is diagramed in Fig. 5A. Vero and
Vero-TMPRSS? cells were either Dis/SARS-S infected (Fig.
5B, frames a, b, ¢, and d) or pKS/SARS-S transfected (Fig. 5B,
frames e, f, g, and h) to express S protein and then stained with
green as described in the methodology. The green-labeled
Vero and Vero-TMPRSS?2 cells were collected with nonenzy-
matic cell dissociation solution and overlaid onto the orange-
labeled target cells, Vero and Vero-TMPRSS2. As shown in
Fig. 5B, the formation of syncytia was not induced in cells
not expressing TMPRSS2 (Fig. 5B, frames a and e). Also,
syncytia were not formed between green cells expressing
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FIG. 4. TMPRSS2 does not affect virus production. (A) SDS-
PAGE and Western blot analysis were performed to detect S protein
in cell lysates (cell) and culture medium (med) of Vero or Vero-
TMPRSS2 (Vero-TM2) cells at 20 h after SARS-CoV infection (left
panel). Cells treated with 10 pg/ml trypsin (tryp) at 37°C for 5 min
were used as a cleaved-S control. Influenza virus (Flu)-HA produced
by plasmid transfection was also used as a cleavage control (right
panel). (B) Infectivity of SARS-CoV produced in Vero or Vero-
TMPRSS2 cells. Vero-E6 cells were infected with SARS-CoV pro-
duced in either Vero or Vero-TMPRSS?2 cells in the presence of 5 pM
HR2 peptide or 500 nM bafilomycin Al and then cultured for 5 h. The
amount of viral mRNA9 was measured by real-time PCR. Cells not
treated with reagents were used as controls. The error bars are stan-
dard deviations of at least six independent measurements.

both TMPRSS2 and S protein and the orange Vero cells
without TMPRSS2 (Fig. 5B, frames b and f). However, large
syncytia were formed when TMPRSS2 was expressed either in
the orange target cells (Fig. 5B, frames ¢ and g) or both in the
orange target and green producer cells (Fig. 5B, frames d and
h). The extent of syncytium formation was semiquantified by
counting the number of nuclei in the fused cells infected with
Dis/SARS-S (Fig. 5C). It was previously reported that ACE2
is downregulated in S-expressing cells (11, 17), indicating that
green producer cells are refractory to self-fusion due to a lack
of receptors at the cell surface. These results suggest that the
spatial orientation of TMPRSS2 must be opposite that of S
protein (namely, the two proteins must reside in opposite
membranes) to induce membrane fusion. This observation is in
agreement with the idea that TMPRSS2 activates only viral S
protein already attached to receptors at the cell surface but not
during virus maturation.
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FIG. 5. TMPRSS2 dependence on spatial orientation for the acti-
vation of SARS-CoV S protein. (A) Schematic diagrams of S-express-
ing effector cells (green) and acceptor cells (orange) shown in panel B.
(B) To detect cell-cell fusion of S-expressing cells, Dis/SARS-S-in-
fected or pKS/SARS-S-transfected Vero or Vero-TMPRSS?2 cells (ef-
fector cells) were collected by nonenzymatic cell dissociation solution
and then overlaid onto the orange target Vero or Vero-TMPRSS2
cells, respectively. After 20 h of incubation, cells were fixed with 4%
formaldehyde and observed by fluorescence microscopy. White arrows
indicate fused cells. (C) The sizes of syncytia indicated in the upper
row of panel B were quantified by counting the number of nuclei in the
fused cells. The error bars are standard deviations.

DISCUSSION

In the present study we showed the distribution of ACE2 in
mild and severe inflammatory lesions of cynomolgus lungs
infected by SARS-CoV. We found that type II pneumocytes,
which are frequently observed in regenerated tissues during
inflammation and which express high levels of ACE2, were
refractory to SARS-CoV infection, whereas type I pneumo-
cytes, which do not express detectable levels of ACE2, were
readily infected by SARS-CoV. This inconsistency may be ex-
plained by the downregulation of ACE2 in SARS-CoV-in-
fected cells, as previously reported (11, 17). Here, we showed
that the localization of TMPRSS2-expressing cells in normal
lung tissues, rather than ACE2-expressing cells, is closely tied
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to SARS-CoV infection in mild lesions, indicating that TM-
PRSS2 may determine viral tropism at an early stage of SARS-
CoV infection. However, TMPRSS2 expression occurred in
cells adjacent to virus-infected cells, not in infected cells, sug-
gesting that TMPRSS2 may also be downregulated in infected
cells, as observed for ACE2. We have previously reported that
SARS-CoV infectivity was enhanced in culture cells by the
addition of exogenous elastase, which enabled virus entry via
the cell surface (21). Elastase is a major protease produced by
neutrophils during inflammation and may be relevant to the
high level of SARS-CoV replication in lungs that results in
severe pneumonia in the mouse model (1). We have also
reported that in the late stage of SARS-CoV infection in the
cynomolgus lung, which remarkably occurs with severe in-
flammation in the lower lobe, SARS-CoV is distributed in
both type I and type II pneumocytes (23), indicating that
clastase may trigger viral entry via the surface of these cells
and determine SARS-CoV pathogenicity in this late stage of
infection.

Activation of viral glycoprotein by TMPRSS2 has been pre-
viously reported for influenza A virus and metapneumovirus
(4, 5, 7, 29). The most distinctive difference between these
viruses and SARS-CoV is the stage during virus replication in
which viral glycoproteins are cleaved by proteases. In influenza
A virus and metapneumovirus, the protease makes a simple cut
in the glycoprotein during maturation, in a manner similar to
that made by furin. In contrast, SARS-CoV S protein is
cleaved by the protease following receptor-induced confor-
mational changes. The protease cleavage site in S protein,
located nearer the C-terminal region than predicted for a
cleavage site, is thought to be exposed only after receptor
binding (2, 35). In support of this model, we recently reported
that the S protein of mouse hepatitis virus type 2 (MHV-2),
which is highly similar to the S protein of SARS-CoV (27),
requires two-step conformational changes mediated by se-
quential receptor binding and proteolysis to be activated for
fusion (20). Such a mechanism allows for tight temporal con-
trol over fusion by protecting the activating cleavage site from
premature proteolysis yet allowing cfficient cleavage upon
binding to the receptor on target cells.

Previous studies have clearly demonstrated that the SARS-
CoV S protein requires proteolytic cleavage for S-mediated
cell-cell or virus-cell fusion (3, 13, 21, 30, 31). Recently, the
cleavage of S protein by the airway transmembrane protease,
TMPRSS11a, was also reported (15). Treatment with a puri-
fied soluble form of TMPRSS11a following receptor binding to
the pseudotyped SARS-CoV S protein strongly enhanced viral
infection. Moreover, proteolytic cleavage by TMPRSS11a was
observed at the same position as cleavage by trypsin in the
purified soluble form of § protein (15). While the reported
concentration of the previously mentioned proteases required
to induce membrane fusion is extremely high (3, 15, 21 ), the
amount of TMPRSS2 expressed in Vero-TMPRSS2 cells is
thought to be low (29). Still, our resulits showed the formation
of massive syncytia when S protein was expressed (Fig. 2),
suggesting that TMPRSS2 may be more efficient than previ-
ously characterized proteases. The inhibition of cell-cell fusion
in TMPRSS2-expressing cells in the presence of a protease
inhibitor (Fig. 2) strongly suggests that TMPRSS2 proteolyti-
cally affects S protein. Because we could not detect a consid-
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erable amount of cleaved S protein in cells expressing both S
and TMPRSS2, even when massive syncytia were observed in
these cells, we hypothesized that proteolytic activation of S
protein by TMPRSS2 occurs only during cell entry, following
receptor binding. The results shown in Fig. 5 support this
hypothesis and clearly show that the spatial orientation of
TMPRSS? in relation to S protein is a key mechanism under-
ling this phenomenon: TMPRSS2 must be expressed in the
opposing cell membrane to activate S protein and induce cell-
cell fusion. We speculate that the encounter of receptor-bound
S protein with TMPRSS2 at the right time and in the correct
spatial orientation at the cell surface results in efficient cleav-
age of S protein and subsequent membrane fusion. Therefore,
only a small amount of S protein needs to be cleaved to enable
viral or cell-cell membrane fusion. These cleavage products
would be difficult to detect by Western blot analysis.

Additionally, we have previously reported that HR2 peptide
inhibits SARS-CoV entry into Vero E6 cells in the presence,
but not the absence, of trypsin. Likewise, inhibition of SARS-
CoV cell entry does not occur when the virus is allowed to use
the normal endosomal, cathepsin L-dependent, entry pathway
(34). Here, we show (Fig. 3) that HR2 peptide efficiently in-
hibits viral entry into TMPRSS2-expressing cells. This result
provides {urther evidence that TMPRSS2 is efficient for viral
entry and is localized at the cell surface, exposing the HR2
peptide binding site before endocytosis can occur. Thus, even
if HR2 peptide does not efficiently work in commonly used
tissue cell cultures, it may be a suitable candidate antiviral for
the inhibition of SARS-CoV infection of lung cells that express
membrane-associated proteases.
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Abstract

Introduction: Standard endoscopic mucosal resection or endoscopic submucosal dissection is a procedure for
patients with minute cancers, complicated with esophageal varices that puts them at high risk of bleeding.

Case presentation: We present the case of a 77-year-old Japanese man with alcoholic cirrhosis who underwent a
routine endoscopy examination as a screening procedure for esophageal varices and was incidentally diagnosed as
having minute cancer of the esophagegastric junction with esophageal varices. Endoscopic ultrasonography findings
suggested that the minute cancer was a non-invasive carcinoma {(carcinoma in situ) and a 2 mm in diameter blood
vessel, feeding the esophageal varices, pierced the lesion. Following the examination, we carried out endoscopic
treatment of the minute cancer and esophageal varices. Endoscopic variceal ligation was performed using a pneumo-
activated device (Sumitomo Bakelite, Tokyo, Japan). Two years after the treatment, during the follow-up endoscopic
examination on the patient, recurrence of carcinoma was not detected endoscopically or histologically.

Conclusion: Endoscopic therapy using an endoscopic variceal ligation device for minute cancer of the
esophagogastric junction, complicated with esophageal varices, may be an acceptable and easily applicable method.

Introduction

Minute cancer is a gastric cancer lesion of less than 5 mm
in its maximum diameter, with tumor cells confined to
the mucosa. Lymph node metastases, meanwhile, are
extremely rare [1,2]. These characteristics of minute can-
cer provide the basis for using endoscopic therapy as a
curative treatment [3]. In this report, we describe endo-
scopic therapy using an endoscopic variceal ligation
(EVL) device for minute cancer complicated with esopha-
geal varices.

Case presentation

A 77-year-old Japanese man with alcoholic cirrhosis had
been undergoing a follow-up laboratory examination
every month for three years. He had been undergoing
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! Gastroenterology Division, Yokohama City University School of Medicine,
Japan

Full ist of author information is available at the end of the article

imaging studies such as ultrasonography and computed
tomography every month as screening procedures for
hepatocellular carcinoma, and endoscopic examination
every year to monitor esophageal varices. During one
such routine examination, he was diagnosed as having
minute cancer of the esophagogastric junction (EGJ) (Fig-
ure 1) based on the histological examination of the biopsy
specimen (Figure 2) and esophageal varices (Figure 3).
One month later, he was referred to our institution for
endoscopic ultrasonography (EUS) evaluation (Olympus
UM2000, Olympus Optical Company, Tokyo, Japan) and
endoscopic therapy. The ultrasonography findings
showed that the minute cancer was a noninvasive carci-
noma {(carcinoma in situ) and a blood vessel, 2 mm in
diameter feeding the esophageal varices, pierced the
lesion (Figure 4).

Following the EUS examination, we carried out endo-
scopic treatment of the minute cancer and esophageal

g . © 2010 Akiyama et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
( ) B|0Med Cen'[ra' Attribution License (http:/creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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Figure 1 Minute cancer of the esophagogastric junction. White ar-
rows indicate the minute cancer.
—_

varices. The endoscope (GIF-Q200, Olympus Optical
Co., Tokyo, Japan) was preloaded with an overtube, which
was passed into the oropharynx over the already intro-
duced endoscope. The tip of the endoscope was loaded
with a pneumatic EVL device (Sumitomo Bakelite, Tokyo,
Japan). Under full endoscopic suction, the minute cancer
was tightly packed inside the cap of the endoscope, and
the tripwire was pulled, creating an artificial polyp that
included the lesion. After confirmation that the electro-
cautery markings were contained in the ligated band,
resection was not performed for the lesion. EVL was suc-
cessively done for the esophageal varices in three places.
All EVL bands were placed in the esophagus and EG]J.

Figure 2 Histological examination of the biopsy specimen
showed well-differentiated adenocarcinoma (hematoxylin and
eosin staining, original magnification x100).

Figure 3 Esophageal varices. (A) The lower esophagus and gastroe-
sophageal junction. (B) The middle esophagus.
N )

The iatrogenic ulcers in the esophagus and EGJ resulting
from the EVL were treated with the administration of a
proton pump inhibitor and sodium alginate.

The ulcers were observed endoscopically three months
after the procedure to check for the presence of any resid-
ual lesion or other lesions, and forceps biopsy specimens
were obtained from the site of the resection. A follow-up
examination after two years did not show recurrence of
the disease (Figure 5).

Figure 4 Endoscopic ultrasonography with Olympus UM2000
(Olympus Optical Company, Tokyo, Japan), demonstrates that
the minute cancer was noninvasive carcinoma (carcinoma in situ)
and a 2-mm diameter blood vessel (thin white arrows), feeding
the esophageal varices, pierces the lesion. Thick white thick arrows
indicate the minute cancer.
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Figure 5 latrogenic ulcer has healed with scarring, but without
any residual lesion.

Discussion

Endoscopic resection has the advantage of providing a
full specimen for histological examination and for the
diagnosis of the extent and infiltration depth of the lesion.
The outcome of endoscopic therapy can therefore be
evaluated on the basis of macroscopic and histologic
findings. However, in our case, our patient with minute
cancer, complicated with esophageal varices, was at a
high bleeding risk because of standard endoscopic
mucosal resection or endoscopic submucosal dissection.
We thus selected endoscopic therapy using EVL, without
mucosal resection, for this lesion. This technique had
several limitations that may need to be considered. First,
large lesions cannot be completely excised with this
method because of the size limitation of the friction-fit
adaptor. In our case, the diameter of the cancer was less
than 10 mm in diameter. Second, because a full specimen
cannot be provided, histological examination and the
diagnosis of the extent and infiltration depth of the lesion
cannot be evaluated.

Conclusion

We believe that because of its technical simplicity and
safety, endoscopic therapy using an EVL device for min-
ute cancer of the EG]J, complicated with esophageal
varices, may be an acceptable and easily applicable
method.

Consent

Weritten informed consent was obtained from our patient
for publication of this case report and any accompanying
images. A copy of the written consent is available for
review by the Editor-in-Chief of this journal.
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