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Sendai virus infection changes the subcellular localization of
tryptase Clara in rat bronchiolar epithelial cells
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Sendai virus infection changes the subcellular localization of tryptase Clara in rat bron-
chiolar epithelial cells. K. Sakai, T. Kohri, M. Tashiro, Y. Kishino, H. Kido. ©ERS
Journals Ltd 1994.

ABSTRACT: Tryptase Clara activates the infectivity of Sendai and influenza
viruses proteolytically. In this study, we investigated changes in the subcellular
localization of tryptase Clara in rat bronchioles with progression of Sendai virus
infection. Tryptase Clara and Sendai virus F2 antigen were localized by light and
electron immunohistochemical studies.

In the uninfected rat lung, tryptase Clara was specifically localized in the secre-
tory granules of respiratory bronchiolar epithelial nonciliated cells, but not in bron-
chiolar ciliated, or alveolar cells. In the initial stage of Sendai virus infection with
slight pathological changes, however, anti-tryptase Clara was highly reactive in
luminal peripheral membranes of both nonciliated and ciliated epithelial cells of
the bronchioles together with some Sendai virus envelope glycoprotein, F2 antigen.
In the progressed stage, tryptase Clara was hard to detect, with heavy accumula-
tion of F2 antigen in the epithelial cells.

These immunohistochemical results support our previous findings that in the
bronchial lavage fluid tryptase Clara is significantly increased both in amount and
activity after viral infection. These results suggest that Sendai virus stimulates
the secretion of tryptase Clara from nonciliated bronchiolar epithelial cells to
the airway lumen. Accumulation of tryptase Clara on the luminal surface of the
bronchiolar epithelial cells and/or in the airway lumen may produce favourable
conditions for proteolytic viral activation and multiplication.
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The pathogenicity of Sendai and influenza viruses is
considered to be determined primarily by a host-cell pro-
tease(s) that activates viral infectivity by proteolytic cleav-
age of the envelope glycoproteins, fusion glycoprotein
(F) and haemagglutinin (HA) [1-7]. These viruses in-
fect nasal, tracheal, bronchial and bronchiolar epithelial
cells and some alveolar epithelial cells [8, 9], suggest-
ing the presence of a specific trypsin-like protease(s) in
the respiratory tract, that converts the envelope glyco-
protein precursors to mature forms with membrane fusion
activity.

Recently, we isolated a novel trypsin-type serine pro-
tease, named tryptase Clara, from the rat lung [10]. This
protease is localized in the secretory granules of noncili-
ated secretory Clara cells in the bronchi and bronchioles
of rats [11], and some of the enzyme in the granules is
normally secreted into the airway lumen [10]. Purified
tryptase Clara converts FO of Sendai virus to subunits
F1 and F2, and HA of influenza A/Aichi/2/68 (H3N2)
virus to subunits HA1 and HA2. It also activates the in-
fectivities of these viruses dose-dependently in vitro and
in organ cultures of rat lung [10, 12]. Intranasal instil-
lation of antibody against tryptase Clara inhibits Sendai
virus activation and multiple cycles of viral replica-
tion in the lungs of infected rats [12]. These findings

suggest that tryptase Clara is a primary host factor invol-
ved in the pneumopathogenicity of Sendai virus and
that proteolytic viral activation occurs extracellularly in
the respiratory lumen [12]. However, the precise mecha-
nism of pneumotropic virus activation by tryptase Clara
in vivo has not been clarified. To elucidate the mecha-
nism of Sendai virus activation by tryptase Clara in vivo
and the pathophysiological role of tryptase Clara in the
respiratory tract after infection of pneumotropic viruses,
we examined the subcellular localization of tryptase Clara
in respiratory epithelial cells from rats infected with
Sendai virus by light and electron immunohistochemical
studies.

Here we report changes in the subcellular localization
of tryptase Clara with progress of Sendai virus infection
in the rat lung. We also discuss the role of tryptase Clara
in the mechanism of Sendai virus activation in vivo.

Materials and methods
Antibodies

Antibody against tryptase Clara from rat lung was pre-
pared as described in detail previously [10]. Antibody
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against the Sendai virus F2 subunit, designated F2C12,
was raised against a synthetic peptide composed of 13
amino acids, NDTTQNAGAPQSC, that correspond to
the carboxyl terminus of the F2 subunit (residues 104 to
116), except that the carboxyl terminal arginine was
replaced by cysteine. This allowed formation of a pep-
tide-Keyhole Limpet haemocyanin conjugate using
sulphosuccinimidyl-4-(N-maleimidomethyl) cyclo-
hexane-1-carboxylate [13]. The conjugate (I mg) in 1
ml of saline was emulsified with an equal volume of
Freund's complete adjuvant and injected subcutaneously
into New Zealand White rabbits (Japan SLC; Shizuoka,
Japan). Monospecific antibody against the peptide was
purified by affinity chromatography on a column con-
taining antigen peptide-coupled Sepharose 4B (Pharma-
cia LKB Biotechnology; Uppsala, Sweden).

Virus and cells

Active (infectious) Sendai virus (Z strain) was propa-
gated, purified, and assayed for infectivity as described
previously [1, 14]. Inactive (noninfectious) virus was
prepared in LLC-MK cells, an established line of mon-
key kidney cells, in the absence of protease in culture
medium as described previously [1, 15, 16].

Electrophoresis and Western immunoblotting

For Western blot analysis, inactive and activated Sendai
viruses were subjected to electrophoresis in sodium
dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) (10-20% gradient) under reducing condi-
tions by the method of LaemmLi [17], and transferred
electrophoretically to an Immobilon transfer membrane
(Millipore, Tokyo, Japan). The membrane was soaked
in 1% bovine serum albumin (BSA) to block nonspe-
cific binding, and then incubated for 15 h at room tem-
perature with 1:200 dilution of an affinity purified F2C12
antibody (0.8 mg-ml'). Bound antibodies were detected
by the anti-rabbit alkaline phosphatase method (Strata-
gene, La Jolla, CA, USA) according to the manufactu-
rer's instructions. Prestained SDS-PAGE low range
standards (Bio-Rad, Richmond, CA, USA) were used as
molecular weight markers.

Protein measurement

The protein concentration was measured with bicin-
choninic acid (Pierce Chemical Co., Rockford, IL, USA)
by the method of SMmITH et al. [18].

Infection of rats with Sendai virus

Specific-pathogen-free male Wistar strain rats (n=6)
(Japan SLC) weighing 60-80 g were infected intranas-
ally with 2x10* plaque forming units of activated virus
[12]. The rats were sacrificed 24 h after infection and

their lungs were stained immunohistochemically. Control
rats (n=6) were inoculated with saline and their lungs
were examined in the same manner.

Immunohistochemical staining for light microscopy

Rats were anaesthetized with an intraperitoneal injec-
tion of sodium pentobarbital and 200 units of heparin
solution in 0.2 ml of saline was injected into the inferior
vena cava. A cannula was inserted through the inferior
vena cava to the right atrium of the heart. The lungs
were perfused at 20 cmH,O pressure with Ca?- and
Mg?+-free Dulbecco's phosphate buffered saline (Gibco;
Grand Island, NY, USA) via the cannula, as described
previously [10, 11, 19]. The lungs were then fixed by
tracheal instillation and lung perfusion at 20 cmH,O
pressure with 10% buffered formalin pH 7.2, excised,
fixed in the same fixative for 24 h at 4°C and embed-
ded in paraffin.

Three serial lung sections of 4 um thickness were
placed on glass slides coated with 1% aqueous gelatin.
One of them was stained with haematoxylin and eosin
(HE) and the others were stained immunohistochemi-
cally by the avidin-biotin-peroxidase complex method
[20, 21]. For immunohistochemical staining, sections
were deparaffinized and soaked in 0.3% hydrogen per-
oxide in absolute methanol for 30 min at room temper-
ature. After hydration and rinsing in phosphate buffered
saline (PBS; 0.01 M phosphate buffer, pH 7.2, con-
taining 0.85% NacCl), the sections were incubated with
normal goat serum at 1:60 dilution for 20 min at room
temperature to reduce nonspecific staining, then at 4°C
overnight with 6 pg-ml-! of anti-tryptase Claraor5 pg-ml-
I of F2C12 in PBS containing 0.1% BSA in a moist
chamber. The sections were then rinsed with PBS and
incubated for 50 min at room temperature with a 1:200
dilution of biotinylated goat anti-rabbit immuno-globu-
lin G (IgG) (Vectastain ABC Kit, Vector Labora-tories,
Burlingame, CA, USA). After rinsing in PBS, the sec-
tions were incubated for 60 min at room temperature
with the avidin-biotin complex. They were then rinsed
in PBS, and stained for 5 min with 50 mM Tris-HCI,
pH 7.6, containing 0.1% 3,3'-diaminobenzidine tetrahy-
drochloride, 0.02% hydrogen peroxide and 0.65 mg-ml-
! of sodium azide. The sections were washed with PBS,
counterstained for 10 min with 1% methyl green, dehy-
drated and mounted. Controls were prepared in the same
way, except that nonimmunized rabbit IgG was used
instead of the primary antibody.

Immunoelectron microscopy

Rat lungs were perfused as described above and fixed
by instillation into the trachea and perfusion of the lungs
at 20 cmH,O pressure with freshly prepared periodate-
lysine-paraformaldehyde solution for 10 min. The lungs
were then excised and fixed in the same fixative overnight
at 4°C. The fixed lungs were cut into 3 mm slices and
washed sequentially with 0.1 M phosphate buffer (PB),
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pH 7.4, containing 10, 15 and 20% sucrose (PB-sucrose).
The lung slices were rapidly frozen in liquid nitrogen,
sectioned at 10 pm thickness with a cryostat, thawed,
and dried on glass slides coated with 1% aqueous gelatin.
The sections were then incubated with 1.14 mg-ml! of
sodium periodate in PB for 10 min at room temperature,
washed with PB-sucrose and incubated with 20% nor-
mal goat serum in PB for 30 min at room temperature
to block nonspecific binding. F(ab'), fragments of anti-
gen-affinity purified anti-tryptase Clara (60 pg-ml')
were incubated with the sections overnight at 4°C as the
primary antibody. The sections were then washed with
PB-sucrose and incubated with the peroxidase labelled
Fab fragment of goat anti-rabbit IgG (Organon Teknika
Corp.; Durham, NC, USA) at 4°C for 4 h. The sec-
tions were washed with PB-sucrose and fixed in 1% glu-
taraldehyde in PB for 10 min at 4°C. They were then
washed with PB, and reaction products were located by
incubation for 10 min in 50 mM Tris-HCI, pH 7.6, con-
taining 0.1% 3,3'-diaminobenzidine tetrahydrochloride,
0.02% hydrogen peroxide, 0.65 mg-ml-! of sodium azide,
and 1% dimethyl sulphoxide. The stained sections were
post-fixed with 1% OsO, in PB for 60 min at room tem-
perature, dehydrated in an ethanol series and embedded
in Epon. Ultrathin sections were examined with a Hitachi
HU-12 electron microscope at 75 kV. Controls were
prepared in the same manner, except that nonimmunized
rabbit F(ab'), fragments of IgG (60 pg-ml') were used
instead of the primary antibody.
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Fig. 1. — Immunochemical analysis of the specificity of antibody
against Sendai virus F2 glycoprotein, F2C12. Western blots of non-
active Sendai virus with (lane 2) or without (lane 1) digestion by
tryptase Clara (50 pg-ml'). The viral proteins (1.3 ng) were separa-
ted by SDS-PAGE (10-20% gradient) under reducing conditions
and transferred electrophoretically to an Immobilon transfer membrane.
The membrane was developed with a 1:200 dilution of F2C12 (0.8
mg-ml') and stained by the anti-rabbit alkaline phosphatase method
as described under "Materials and methods". The molecular mass was
determined by comparison with prestained Bio-Rad low range stan-
dards: ovalbumin (49.5 kDa), carbonic anhydrase (32.5 kDa), soy-
bean trypsin inhibitor (27.5 kDa) and lysozyme (18.5 kDa).

Results

Immunochemical analysis of specificity of an antibody
against the F2 subunit of Sendai virus envelope glyco-
protein

The specificity of an antibody raised against the car-
boxyl terminal peptide, NDTTQNAGAPQS, of the F2
subunit was evaluated by Western blotting. The anti-
body (F2C12) reacted specifically with F2 and its pre-
cursor FO under reducing (fig. 1; lanes 1 and 2, respectively)
and nonreducing conditions (data not shown). These
results indicate that the carboxyl terminus regions of F2
is an antigenic epitope both in the uncleaved and cleaved
forms of the F protein. The antibody did not react with
other viral proteins, such as haemagglutinin, neuramini-
dase and the F1 subunit. For immunohistochemical stu-
dies, we also tested the other antibodies against Sendai
virus, such as a monoclonal antibody against Sendai virus
F protein and polyclonal antibodies against whole par-
ticles of Sendai virus. Among the antibodies tested,
F2C12 was the most sensitive for immunostaining of
Sendai virus and also gave the lowest background (data
not shown).

Histology and immunostaining of serial lung sections of
the respiratory tract of uninfected rats

In serial sections of the lungs of control rats inocula-
ted intranasally with saline, the respiratory bronchioles
were stained with HE (fig. 2A), and immunohisto-
chemically with antibody against F2C12 (fig. 2B) or
tryptase Clara (fig. 2C and D). HE staining revealed
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Fig. 2. — Histology and immunostaining of serial lung sections of a

respiratory bronchiole of a rat 24 h after intranasal inoculation with
saline. A) HE staining shows an intact bronchiole with neither a dis-
order of the epithelial lining cells, nor infiltration by inflammatory
cells. (Bar=100 pm). B) No immunoreactivity with antibody F2C12
is detectable. (Bar=100 pym). C) Immunoreactivity against tryptase
Clara is present in bronchiolar nonciliated epithelial Clara cells. (Bar=100
pm). D) High magnification of (C). Heavy deposits of immunoreac-
tive products with anti-tryptase Clara are seen in Clara cells (arrows),
but not in ciliated cells. (Bar=40 pm).
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intact epithelial nonciliated Clara cells and ciliated cells
lining the bronchioles, with no infiltration of inflamma-
tory cells. No immunoreactive deposits were detected
with F2C12 antibody. On the other hand, heavy immunore-
active deposits of antibody against tryptase Clara were
seen specifically in bronchiolar nonciliated Clara cells,
and not in bronchiolar ciliated cells or alveolar cells. No
reaction products were seen in control sections, in which
the primary antibody was nonimmunized rabbit IgG (data
not shown).

Histology and immunostaining of serial lung sections of
rats infected with Sendai virus

Serial sections of the lungs of rats obtained 24 h after
infection with Sendai virus showed various degrees of

pathological change in each lobe of the lung, probably
due to differences in the amount of viral particles that
had reached individual lobes after intranasal instillation.
Figure 3 shows slight pathological changes in the sec-
tion of a bronchiole in the initial stage of virus infection,
as judged by the mild infiltration of mononuclear cells,
slight swelling of the epithelium (figs. 3A and B) and
slight immunoreactive deposits of Sendai virus F2 anti-
gen in some epithelial cells (fig. 3C). At higher magni-
fication, the F2 antigen was thinly scattered on both the
apical surface of Clara cells and the cilia of ciliated cells
(fig. 3D), indicating that the progeny virus buds from the
luminal surface of these bronchiolar epithelial cells. In
serial sections, however, reaction products with anti-
tryptase Clara were heavily deposited in the apical dom-
ains of almost all bronchiolar epithelial lining cells
(figs. 3E and F), in contrast to its specific localization in

Fig. 3. — Histology and immunostaining of serial sections of a bronchiole of rat lung in a locus with slight pathological changes 24 h after inocu-
lation with Sendai virus. A) HE staining shows slight infiltration of mononuclear cells into the peribronchiolar epithelium. (Bar=100 um). B)
Higher magnification of (A) shows a slight disorder of epithelial lining cells. (Bar=40 pm). C) Sendai virus F2 antigens are seen in some epithe-
lial cells. (Bar=100 pm). D) Higher magnification of (C). Immuno-positive reactions with F2C12 antibody are seen in the apical regions of sev-
eral Clara cells (arrow heads) and the cilia of several ciliated cells (arrows). (Bar=40 pm). E) Intense immunoreactions of tryptase Clara are
present in the apical surface of almost all epithelial lining cells. (Bar=100 pm). F) Higher magnification of (E). The cilia of ciliated cells (arrows)
and luminal cell surface of Clara cells (arrow heads) are major immunoreactive sites. The cytoplasm of these cells shows little immunostaining.

(Bar=40 pm).
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the cytoplasmic space of Clara cells in the uninfected
lung (fig. 2C). In this locus, no significant pathological
changes were evident in respiratory subepithelial tissues,
alveolar lining epithelial cells or alveolar macrophages.

Figure 4 shows severe pathological changes in bron-
chiolar sections at an advanced stage of Sendai virus
infection. HE staining revealed peribronchiolar infiltra-
tion of numerous mononuclear cells and marked swelling
of the epithelium (figs. 4A and B). Heavy immunorea-
ctive deposits of Sendai virus F2 antigen were wide-
spread on the luminal surface of almost all epithelial
cells (figs. 4C and D). At this stage, scarcely any tryp-
tase Clara immunoreactivity was evident in the epithe-
lial cells (figs. 4E and F), but some mononuclear cells
infiltrating the bronchiolar airway space were, in part,
weakly positive. No reaction products were seen in con-
trol sections prepared using nonimmunized rabbit IgG
as the primary antibody (data not shown).

Electron immunohistochemical appearance of tryptase
Clara in rat lungs infected with Sendai virus

The subcellular localization of tryptase Clara in the
section with slight pathological changes in the initial
stage of Sendai virus infection was examined by elec-
tron immunomicroscopy. In sections of uninfected rats,
tryptase Clara was detected only in the cytoplasmic secre-
tory granules of nonciliated Clara cells (fig. SA), not in
bronchiolar ciliated (fig. 5C), or alveolar cells (data not
shown). These results are consistent with our previous
findings on electron immunocytochemical staining by
the protein A-gold technique [11]. At the initial stage
of infection, immunoreactive deposits of tryptase Clara
were mainly present in the peripheral membranes of
both bronchiolar Clara (fig. 5B) and ciliated cells (fig.
5D), with little detection in the secretory granules of
infected Clara cells. No immuno-positive organelles,
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Fig. 4. — Histology and immunostaining of serial sections of a bronchiole of rat lung in a locus of severe pathological changes 24 h after Sendai

virus infection. A) HE staining shows infiltration of numerous mononuclear cells into the peribronchiolar epithelium and into the respiratory and
adjacent alveolar spaces. (Bar=100 pm). B) Higher magnification of (A) shows marked swelling of the bronchiolar epithelium. (Bar=40 pm).
C) Positive staining for Sendai virus F2 antigen is seen in the luminal surface of almost all epithelial cells. (Bar=100 um). D) Higher magni-
fication of (C). Heavy deposits of immunoreactive products with F2C12 antibody are seen in the luminal surface of the swollen epithelium.
(Bar=40 ym). E) Little or no staining for tryptase Clara is present in the epithelial lining cells, but some mononuclear cells infiltrating into the
respiratory airway space are weakly positive. (Bar=100 pm). F) Higher magnification of (E). There is little immunoreactivity for the protease

in the apical cell surfaces of epithelial cells (arrow). (Bar=40 pm).
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Fig. 5. — Immunoelectron micrographs of weakly infected respiratory epithelial Clara cells and ciliated cells of rats 24 h after inoculation with
Sendai virus. A) Heavy deposits of immunoreactive products of tryptase Clara (arrows) are mainly located in the secretory granules of Clara cells
of control rats inoculated with saline instead of Sendai virus. (Bar=1 pm). B) The peripheral luminal membrane of Clara cells of rats infected
with the virus is intensely labelled with deposits of immunoreactive products of tryptase Clara. Little immunoreactivity is noted in secretory gran-
ules. (Bar=1 pm). C) There is no immunoreactivity for tryptase Clara in ciliated cells of control rats. (Bar=1 pm). D) Ciliated cells of rats
infected with Sendai virus show immunoreactivity for tryptase Clara in the peripheral membranes of cilia (large arrow) and some microvilli (small
arrows). No organelles are labelled. Note diminished cilia and disorder of the cell surface. (Bar=1 pm).

such as the Golgi apparatus and endoplasmic reticulum,
were seen in infected ciliated or Clara cells. There were
no immunoreactive deposits of tryptase Clara in the peri-
pheral membranes of the epithelial cells at the advanced
stage of infection (data not shown). There were no speci-
fic deposits in control sections using nonimmune rabbit
F(ab'), fragments instead of the first antibody (data not
shown).

Discussion

We demonstrated by histological and immunohisto-
chemical studies, that the subcellular localization of
tryptase Clara in rat bronchioles changed with the pro-
gression of pathological changes induced by Sendai virus
infection.

Various pathological changes at different stages occurred
in rat bronchioles 24 h after an intranasal inoculation
with Sendai virus. At the initial stage of infection with
slight pathological changes, Sendai virus F2 antigen was
present in the apical domains of some epithelial lining
cells. At this stage, there was a dramatic change in the
subcellular localization of tryptase Clara. Tryptase Clara
antigenicity was found in the peripheral membranes of

almost all bronchiolar epithelial cells on the luminal
side, but scarcely in the secretory granules, Golgi appa-
ratus or endoplasmic reticulum of the epithelial cells.
This was in contrast to its specific localization in the
secretory granules of Clara cells in the uninfected lung.
At an advanced stage of infection, heavy deposits of
Sendai virus F2 antigen were observed in almost all
epithelial cells with marked peribronchiolar infiltration
of mononuclear cells and large swelling of the epitheli-
um. Although tryptase Clara antigens almost disappea-
red from the apical domains of epithelial cells, we
previously reported that two- to threefold increases in
the amount and activity of the protease in bronchial
lavage fluid from rat 12-24 h after intranasal infection
with Sendai virus [22]. The precise mechanisms of the
altered localization of tryptase Clara in bronchiolar epi-
thelial cells during Sendai virus infection are unclear.
However, our results suggest that secretion of tryptase
Clara from the secretory granules of Clara cells into the
airway lumen is stimulated by infection with Sendai
virus and that increased levels of tryptase Clara in the
luminal surface of the epithelial cells produce favourable
conditions for viral activation and multiplication.

We recently found that intranasal administration of
antibody against tryptase Clara [12] and F2C12 antibody
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[23] significantly inhibited Sendai virus activation and
suppressed the multiple cycles of viral replication and
pathological changes in the lungs of infected rats. These
findings indicate that proteolytic activation of Sendai
virus mainly occurs extracellularly in the lumen of the
respiratory tract, and that tryptase Clara is a primary host
factor involved in the pneumopathogenicity of the virus.
In addition, the progeny of Sendai virus in rat lungs
underwent proteolytic activation by tryptase Clara in the
airway lumen for 5-6 days after infection [12]. These
findings were supported by the present demonstration of
the changes in the localization of tryptase Clara in bron-
chioles after Sendai virus infection. Although the pro-
tease was scarcely detectable in the lung sections at the
advanced stage of infection, amount of tryptase Clara in
the bronchial lavage fluid was increased and was held
constantly at high level after inoculation of Sendai virus
for 12-24 h [22]. The occasional staining with anti-
tryptase Clara in mononuclear cells that infiltrated the
bronchiolar airway space at the advanced stages of infec-
tion may be due to phagocytosis of the protease in the
bronchiolar airway fluid. Taken together, these results
present the correlation between change in localization of
tryptase Clara in rat bronchiolar epithelial cells and its
proteolytic activation of Sendai virus in the respiratory
lumen.

From the present findings and our previous observa-
tions, we conclude that activated virus altered the sub-
cellular localization of tryptase Clara together with
accumulation of the protease in the airway fluid from
bronchiolar and bronchial Clara cells, and that the pro-
tease in the airway fluid and/or the peripheral surface of
epithelial cells, where progeny virus buds, induces acti-
vation and multiplication of inactive progeny viruses
extracellularly.
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