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Wild-type Sendai virus is exclusively pneumotropic in mice, while a host range mutant, F1-R, is pantropic.
The latter was attributed to structural changes in the fusion (F) glycoprotein, which was cleaved by ubiquitous
proteases present in many organs (M. Tashiro, E. Pritzer, M. A. Khoshnan, M. Yamakawa, K. Kuroda, H.-D.
Klenk, R. Rott, and J. T. Seto, Virology 165:577-583, 1988). These studies were extended by investigating, by
use of an organ block culture system of mice, whether differences exist in the susceptibility of the lung and the
other organs to the viruses and in proteolytic activation of the F protein of the viruses. Block cultures of mouse
organs were shown to synthesize the viral polypeptides and to support productive infections by the viruses.
These findings ruled out the possibility that pneumotropism of wild-type virus results because only the
respiratory organs are susceptible to the virus. Progeny virus of F1-R was produced in the activated form as
shown by infectivity assays and proteolytic cleavage of the F protein in the infected organ cultures. On the other
hand, much of wild-type virus produced in cultures of organs other than lung remained nonactivated. The
findings indicate that the F protein of wild-type virus was poorly activated by ubiquitous proteases which
efficiently activated the F protein of F1-R. Thus, the activating protease for wild-type F protein is present only
in the respiratory organs. These results, taken together with a comparison of the predicted amino acid
substitutions between the viruses, strongly suggest that the different efficiencies among mouse organs in the
proteolytic activation of F protein must be the primary determinant for organ tropism of Sendai virus.
Additionally, immunoelectron microscopic examination of the mouse bronchus indicated that the budding site
of wild-type virus was restricted to the apical domain of the epithelium, whereas budding by F1-R occurred at
the apical and basal domains. Bipolar budding was also observed in MDCK monolayers infected with F1-R.
The differential budding site at the primary target of infection may be an additional determinant for organ

tropism of Sendai virus in mice.

Sendai virus, a prototype of the paramyxovirus family, is
exclusively pneumotropic in mice (4, 10, 36, 38), despite the
wide distribution of receptors in various organs of mice (11).
Posttranslational cleavage of the fusion (F) glycoprotein into
F, and F, subunits is a prerequisite for the virus to express
infectivity (7, 8, 28, 29). Therefore, the host range and organ
tropism of Sendai virus have been proposed to be primarily
attributed to the presence of an activating protease(s) in
target tissues and the susceptibility of F protein to the
protease(s) (5, 10, 15, 23, 36, 39). The cleavage site of F
protein contains a single arginine residue. The protein should
be resistant to a ubiquitous cellular protease(s) which pref-
erentially cleaves dibasic or multibasic amino acid se-
quences (1, 9, 12, 26, 33). Thus, the activating enzyme which
cleaves the single arginine residue of F protein should be
present only in restricted cell types, such as the chorioallan-
tois of embryonated chicken eggs (22), several primary
tissue culture cells (30, 34), or lungs of mice (36), in which
cell types virus can undergo multiple cycles of replication.
We have shown that a serine protease present in the lungs is
responsible for the activation of F protein and thus for
pneumotropism (21, 36, 37).

Recently, we isolated a host range mutant of Sendai virus,
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F1-R, which underwent multiple cycles of replication in
several tissue culture cells, attributed to the proteolytic
cleavage of F protein, in the absence of exogenous trypsin
(38). Amino acid substitutions near the region of the cleav-
age site are postulated to confer the increased cleavability by
a ubiquitous protease(s) present in several cell types. The
mutant was found to be pantropic in mice. Infectious virus
was produced and multiple cycles of replication ensued in
many organs in addition to the lung (38, 39). These results,
taken together with similar observations with virulent and
avirulent strains of Newcastle disease virus (23, 24, 40) and
avian influenza viruses (2, 3, 13-15), suggest that the struc-
tural change in the F glycoprotein of F1-R, with enhanced
cleavability, resulted in the broad host range in mice (38, 39).
Two questions, however, remain to be answered: (i) whether
mouse organs other than the respiratory tract are susceptible
to wild-type virus but permissive for F1-R; and (ii) whether
the activating protease(s) for wild-type F protein is present
only in the respiratory organs, whereas the proteases for
F1-R are distributed in the systemic organs.

Sendai virus has been reported to bud exclusively at the
apical surface of MDCK cells, a polarized epithelial cell,
whereas vesicular stomatitis virus buds at the basolateral
region (27). The asymmetrical budding raises the question
whether differences in the site of budding in the bronchial
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epithelium are a critical factor in the spread of the virus in
mice. Thus, progeny virus may spread in the underlying
tissues to cause a systemic infection or remain localized in
the superficial epithelium. It was therefore of interest to
compare the site of budding of wild-type and F1-R viruses.

In this study, we examined the above-stated questions
using a mouse organ culture system and immunoelectron
microscopy of the bronchial epithelium of mice and of
infected MDCK cell monolayers. The results of this study
support the view that the proteolytic activation of the F
glycoprotein and the domains of budding at the primary
target of infection are prime candidates as determinants of
organ tropism of Sendai virus.

MATERIALS AND METHODS

Virus. The Z strain of Sendai virus and host range mutants
ts-f1 and F1-R were propagated and assayed as before (18,
38).

Organ block cultures of mice. Specific-pathogen-free 3-
week-old male mice of the ICR strain (CD-1) were obtained
from Charles River Japan, Inc. Under anesthesia with ether,
mice were bled from the left atrium of the heart with a 1-ml
syringe and a 26-gauge needle attached to a three-way plug.
Simultaneously, 1 ml of egg-grown virus (4 X 108 PFU/ml) in
phosphate-buffered saline containing 0.5% heparin sulfate
was injected. The heart stopped beating 3 to 5 min later, and
the organs were removed aseptically, minced with a blade,
and washed three times with minimal essential medium
(MEM). Blocks of tissue (3 mm) were infected again with the
same material, and the organ cultures were incubated for 1 h
at 33°C. After extensive washing, the tissues were trans-
ferred to a 24-well plastic plate and incubated with 0.3 ml of
MEM at 33 or 38°C in a 10% CO, atmosphere. At various
time intervals, medium was collected and organ blocks were
homogenized with MEM containing a mixture of protease
inhibitors (20 mM phenylmethylsulfonyl fluoride, 20 mM
1-chloro-3-tosylamido-7-amino-L-2-heptanone, 100 kIU of
aprotinin per ml). The samples were assayed for infectivity
by the differential plaque method in the presence or absence
of trypsin in the first overlay agar to determine whether virus
was activated (38). Part of the organ block was fixed with
10% Formalin for immunohistological examination as de-
scribed before (36-38).

Immunoprecipitation, SDS-polyacrylamide gel electropho-
resis, and Western immunoblot. Mouse organ cultures frozen
at various time intervals and stored at —80°C were solubi-
lized in 2 ml of a lysing buffer (0.5% Triton X-100, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS],
15 mM NaCl, 25 mM Tris hydrochloride, pH 8.0) in the
presence of the protease inhibitors. After centrifugation at
1,200 X g for 15 min at 4°C, viral antigens in the supernatant
were concentrated by immunoprecipitation. The samples
were reacted with 20 pl of anti-Sendai virus mouse serum for
1 h at 4°C, and the immune complexes were absorbed with
protein A-conjugated Sepharose CL4B beads (Pharmacia,
Uppsala, Sweden) on a rocking device for 60 min at 4°C. The
beads were washed three times with 0.1 M NaCl-5 mM
EDTA-50 mM Tris hydrochloride, pH 7.4. The absorbed
antigens were released from the beads by boiling for 5 min in
200 pl of 1% SDS-1% 2-mercaptoethanol-62.5 mM Tris
hydrochloride, pH 6.8. SDS-polyacrylamide gel electropho-
resis was done as described previously (36). The polypep-
tides in the 1.5-mm-thick gel were transferred to Clear Blot
Membrane P (ATTO, Tokyo, Japan) by a semidry transfer
system at 1.5 mA/cm? for 3 h with a transfer buffer (0.1 M
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Tris, 0.192 M glycine, 20% [vol/vol] methanol, 0.05% SDS).
After being blocked with 1% bovine serum albumin, the
membrane was treated with anti-Sendai virus rabbit immu-
noglobulins. For this reaction, antiserum was prepared
against egg-grown wild-type virus which was denatured by
boiling with 1% SDS-1% 2-mercaptoethanol, because anti-
serum raised against intact virions did not react quantita-
tively with monomers of the hemagglutinin-heuraminidase
(HN) polypeptide and F, subunit on the membrane (data not
shown). The membrane was then processed by a sandwich
reaction with, successively, biotinylated anti-rabbit immu-
noglobulin G (heavy plus light chains) goat serum, avidin D,
and biotinylated horseradish peroxidase (Vector Laborato-
ries, Inc., Burlingame, Calif.). The viral antigens were
visualized by reaction with 4-chloro-1-naphthol and H,O, as
the substrates.

Immunoelectron microscopy. Specimens were prepared by
the method described previously (6). Briefly, tissues were
fixed in periodate-lysine-formaldehyde, and frozen sections
were stained by the indirect immunoperoxidase method with
rabbit immunogolobulins against Sendai virus glycoprotein
fractions (28). The sections were refixed in 1% glutaralde-
hyde followed by 1% osmium tetroxide postfixation and
embedded in Epon-812 araldite. Ultrathin sections were
examined in a Hitachi HS9 electron microscope.

Electron microscopy of monolayer cells. Polarized MDCK
cell monolayers on polycarbonate membrane filters (tissue
culture treated; pore size, 3.0 pm; Costar, Cambridge,
Mass.) were infected with wild-type or F1-R virus and
incubated in MEM for 13 h at 38°C. Samples were fixed in
2% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) and
examined as described above.

RESULTS

Productive infection of Sendai virus in mouse organ cul-
tures. Since wild-type Sendai virus was recovered after
intranasal infection of mice and viral antigens were detected
exclusively in the respiratory organs (4, 10, 36, 38), it was
particularly of interest to determine whether differences
exist among organs of mice in susceptibility to infection by
wild-type virus. Intravenous inoculation of mice with more
than 10® PFU of virus often caused convulsions followed by
death immediately after inoculation, presumably because of
intravascular agglutination of blood cells in the lung and
brain by the virus. Therefore, an organ block culture system
was developed so that the virus would infect systemic organs
as described in Materials and Methods. In preliminary
experiments with wild-type and F1-R viruses, residual infec-
tivity of the inoculum was less than 10> PFU/ml in the
culture medium and tissue homogenates harvested 3 h after
inoculation (data not shown). To assay for virus growth, we
harvested the culture medium and organ blocks 24 h after
infection and assayed them for infectivity. The infectivity in
the medium was about 10 to 50 times lower than that in tissue
homogenates. Representative results are presented in Fig. 1.
The organs tested produced progeny virus when infected and
incubated at 33°C with wild-type, ts-f1, and F1-R viruses.
Nearly the same yield was noted for the different viruses,
although the titer of wild-type virus seemed lower than that
of the host range mutants. Replication of ts-f1, the temper-
ature-sensitive host range mutant, was negligible, as ex-
pected, at 38°C, the mouse body temperature, whereas
wild-type and F1-R viruses underwent productive infections,
although the yields were lower compared with the infectivity
at the lower temperature, 33°C.
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FIG. 1. Production and activation of wild-type (WT), ts-f1, and
F1-R Sendai viruses in mouse organ cultures. Block cultures of
mouse organs infected with the viruses were incubated in MEM for
24 h at 33 or 38°C. The tissue homogenates were assayed for
infectivity by the differential plaque method with LLC-MK, cells, in
the absence or presence of trypsin in the agar overlay, to evaluate
whether virus was activated. Black and white bars indicate the
amount of activated and nonactivated viruses, respectively. The
results show that organs of mice support productive infections of the
viruses and that efficient activation of wild-type virus occurs only in
the lung, whereas host range mutants are activated in every organ.

Activation of Sendai virus in mouse organ cultures. To
estimate the relative number of activated and nonactivated
virus particles, we did a differential plaque assay as de-
scribed in Materials and Methods. The results presented in
Fig. 1 show that infectivity of ts-f1 and F1-R in the absence
of trypsin was about 80% of that in the presence of trypsin.
This indicates that progeny virus of the host range mutants
was produced predominantly in the activated form in the
organs tested. On the other hand, infectivity of wild-type
virus was significantly enhanced by trypsin treatment, indi-
cating that substantial amounts of wild-type virus were
produced in a nonactive form. The sole exception was in the
lung culture, which produced infectious virus as noted
previously (36-38). Part of the progeny virus from wild-type
virus from the brain, heart, pancreas, and kidney was
produced in the activated form but at a significantly lower
titer than that with the corresponding virus from organs
infected with the host range mutants.

Immunohistology of mouse organ cultures. An immunohis-
tological examination of sections of the organ blocks con-
firmed that all the organ cultures were certainly infected with
wild-type and F1-R viruses (Fig. 2). The distribution of viral
antigen-positive cells was similar among cells infected by the
three viruses (including ts-f1 at 33°C [data not shown]) after
24 h of infection. In general, the epithelial, mesothelial, and
vascular endothelial cells were predominantly involved. This
is consistent with the finding with F1-R infection in vivo (38,
39). With wild-type virus, however, the results were quite
different from infections in vivo, in which viral antigens were
detected exclusively in the respiratory epithelium (36). Viral
antigen was not detected in any organs after infection with
ts-f1 at 38°C (data not shown).
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Synthesis of viral polypeptides and proteolytic cleavage of F
glycoprotein in organ cultures. To verify whether activation
of Sendai viruses in different organs resulted in the proteo-
lytic cleavage of the F glycoprotein, we did Western blot
analyses. Viral polypeptides were initially detected in the
organ cultures 3 h after infection (data not shown). The
results presented in Fig. 3 were obtained from cultures
incubated for 24 h at 38°C. The viral polypeptides were
detected in the organ cultures infected with wild-type and
F1-R viruses. Cleavage of the F glycoprotein of wild-type
virus occurred in the lung and, to a lesser degree, in the
brain, heart, pancreas, and kidney. Proteolytic cleavage of
the F protein did not occur in the other organs. On the other
hand, the F protein of F1-R was cleaved in the organs as
indicated by F, and F,; some uncleaved F protein was
detected. The differences in the migration of F protein bands
F, and F, are consistent with the finding that the F, subunit
of F1-R is lacking in a carbohydrate side chain (38, 39).
Confirmation of the phenotype of the M protein of F1-R,
with a faster-migrating band, is also evident (38). Identical
protein profiles of ts-f1 and F1-R were obtained in organ
cultures incubated at 33°C (data not shown).

Site of budding by Sendai viruses in epithelial cells of mouse
bronchus. The site of budding in infected bronchial epithe-
lium, the primary target of natural infections, was compared
between wild-type and F1-R viruses by immunoelectron
microscopy. Mouse lungs were collected 24 h after intrana-
sal infections. In the bronchial epithelial cells infected with
wild-type virus, viral glycoprotein antigens were detected
predominantly at the apical surface of the plasma membrane,
suggesting that budding occurred at this domain (Fig. 4A).
However, in F1-R-infected cells, viral antigens were ob-
served at both the apical and basolateral domains. Viral
particles of F1-R were also seen beneath the infected epithe-
lial cells and surrounding the lining of the basement mem-
brane (Fig. 4B, C, and D). The different localization of viral
antigens between the viruses is consistent with previous
observations of immunohistology (36, 38).

Site of budding of Sendai viruses in MDCK cell monolayers.
To confirm the bidirectional budding observed in the bron-
chial epithelium infected with F1-R, we infected MDCK cell
monolayers and examined them by electron microscopy.
The electron micrographs presented in Fig. 5 illustrate
budding of F1-R at both the apical and basolateral domains
of the plasma membrane (Fig. 5A, B, and C), whereas
wild-type virus budded exclusively at the apical domain (Fig.
5D). The latter finding was identical to the previous report
(27).

DISCUSSION

Our data show that not only the pantropic variant, F1-R,
but also pneumotropic wild-type Sendai virus was able to
infect and undergo productive infections in various organs of
mice, if the organs were infected with the viruses. Viral
polypeptides were synthesized and progeny viruses were
assembled, in the active or nonactive form, under conditions
corresponding to one cycle of replication (Fig. 1 and 3).
Thus, organs in addition to the lung are potentially suscep-
tible to wild-type virus. These findings may rule out the
possible mechanism of pneumotropism in which organs of
mice other than the respiratory tract are not susceptible to
wild-type virus. Although specific cell types which produced
progeny virus have not been identified in the individual
organs, the distribution of viral antigen-positive cells was
similar in cells infected with wild-type, F1-R, and ts-fl



FIG. 2. Immunohistology of mouse organ cultures infected with Sendai viruses. Block cultures of mouse organs were infected with
wild-type or F1-R virus and incubated in MEM for 24 h at 38°C. The tissue blocks were fixed in 10% Formalin, and thin sections were stained
for Sendai virus antigens by the immunoperoxidase method with anti-Sendai virus rabbit serum (36). The nuclei were counterstained with
methyl green. (A and B) Brain; (C and D) heart; (E and F) pancreas; (G) spleen; (H) testis. (A, C, E, G, and H) Wild-type virus-infected
organs; (B, D, and F) F1-R-infected organs. Magnification, X184 (A, B, E, F, and H), %368 (C, D, and G).
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FIG. 3. Western blot analysis of mouse organ cultures infected with wild-type (WT) and F1-R Sendai viruses. Block cultures of mouse
organs infected with the viruses were incubated for 24 h in MEM at 38°C. Tissues were homogenized, and viral antigens were condensed by
the immunoprecipitation method. Samples (360 pg for each lane) were analyzed by SDS-polyacrylamide gel electrophoresis followed by
Western blotting. Viral polypeptides on the membrane were reacted with the anti-Sendai virus rabbit serum and visualized by the peroxidase
reaction. The F protein of wild-type virus from the lung shows proteolytic cleavage, and that from the brain, heart, pancreas, and kidney is
cleaved slightly. All lanes of F1-R show cleavage of F protein. The phenotype of M protein (abnormal migration) for F1-R has been confirmed.
Lanes 1 to 8, Brain, heart, lung, liver, pancreas, spleen, kidney, and testis, respectively.

viruses (Fig. 2) and infections in vivo with F1-R (38). Since
wild-type virions were produced in the organs tested, muta-
tions found in the NP, P, M, and L genes of the host range
mutants (Y. Middleton, M. Tashiro, T. Thai, J. Oh, J.
Seymour, E. Pritzer, H.-D. Klenk, R. Rott, and J. T. Seto,
Virology, in press) may not be of significance in virus
production in mice. Additionally, the HN gene of F1-R and
ts-f1 was devoid of any mutations (Middleton et al., in
press). Thus, the host range mutants are able to attach to the
receptors for wild-type virus, which are widely distributed in
the organs of mice (11). Additionally, any association be-
tween increased neurovirulence in mice and low neuramin-
idase activity, as reported for bovine parainfluenza virus
type 3, mumps virus, and the WSN strain of influenza virus
(19, 31, 35), may not apply to Sendai virus.

Since ts-fl-infected organs at permissive temperature sup-
ported multiple cycles of replication similar to those of F1-R,
ts-f1 could also cause a generalized infection in mice if the

body temperature was as low as 33°C. Identical mutations
occurred in the F and M genes of the host range mutants (38,
39; Middleton et al., in press).

Since progeny virus of F1-R was produced in the activated
form in the organ cultures (Fig. 1), the mutant must undergo
multiple cycles of replication in the same organs in vivo (38,
39). It should be emphasized that, in contrast to the mutant,
wild-type virus remained nonactive in most organs, particu-
larly in the liver, spleen, and testis. Hence, these organs are
unlikely to support multiple cycles of replication of wild-type
virus in vivo even if they are infected. On the other hand,
virus was readily activated in the lung (Fig. 1 and 3),
supporting multiple steps of replication of the virus as
reported previously (36-38). These findings indicate that the
wild-type F glycoprotein was partially activated by a ubiq-
uitous protease(s), whereas the F protein of F1-R was
completely activated. The activating enzyme for wild-type F
protein must be localized in the respiratory tract. Therefore,
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FIG. 4. Immunoelectron microscopy of mouse bronchial epithelium infected with wild-type and F1-R viruses. Mice were infected
intranasally with the viruses for 24 h, and the lungs were processed for immunoelectron microscopy with antibody against viral glycoproteins.
(A) Wild-type viral antigens are evident at the apical surface of the bronchial epithelial cells. (B, C, and D) F1-R viral antigens are evident
at the apical (C) and basal (D) regions; aggregations of viral particles are found beneath the epithelium. Magnification, x4,500 (A and B),

%x9,600 (C and D).

our data strongly suggest that the different distribution of
activating proteases for F glycoprotein in organs of mice is
the principal determinant for pneumotropism of wild-type
Sendai virus and for pantropism of the protease activation
mutant, F1-R. Information about the specific cell types that
activate the F proteins of wild-type and F1-R viruses is not
available at present. Likewise, the distribution and the
precise nature of the activating protease(s) for Sendai vi-
ruses in organs of mice remain to be determined. Serum
plasmin might be an activator for F1-R because it augments
infectivity of the mutant but not of wild-type virus (38, 39).

Part of the progeny of wild-type virus was produced in the
activated form in the brain, heart, pancreas, and kidneys,
even though the titers were significantly lower than those of

F1-R (Fig. 1 and 3). These organs, therefore, might be able to
support multiple cycles of replication of wild-type virus to
some extent if they were infected. In newborn mice, wild-
type virus has been reported to infect the brain after intrac-
ranial inoculation (17, 20, 32), and intranasal infection has
led to spread of virus to the brain via the olfactory nerve
(16). However, wild-type virus was recovered only from the
respiratory tract in weaning or adult mice after intranasal
infection. These findings suggest that the differential capac-
ity of organs in mice to activate the F glycoprotein, although
essential, may be viewed as requiring an additional factor(s)
for organ tropism.

The observation of the polarized budding by wild-type
virus and bidirectional budding by F1-R in the bronchial
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FIG. 5. Electron micrographs of MDCK cells infected with Sendai viruses. Polarized MDCK cell monolayers on polycarbonate filter
membranes were infected with wild-type and F1-R viruses and incubated for 13 h in MEM at 38°C. (A) Apical plasma membrane with budding
F1-R virus (arrowheads). Magnification, x32,000. (B) Basal domain of the plasma membrane with F1-R budding into the lateral space
(arrowhead); %46,000. (C) Basal plasma membranes with budding F1-R virions; X51,000. Inset, X82,000. (D) Apical plasma membrane with
budding wild-type virus (arrowheads); x32,000.

epithelium of mice (Fig. 4) suggests that the mode of budding
at the primary target of infection is an additional determinant
for organ tropism. Although the question remains to be
answered whether viral particles released from the basal
domain are infectious, it is a likely possibility since infec-
tious progeny of F1-R were recovered from both apical and
basolateral regions of MDCK cell monolayers (M. Tashiro,
M. Yamakawa, K. Tobita, J. T. Seto, H.-D. Klenk, and R.
Rott, submitted for publication). Pneumotropism of wild-
type virus may be determined by its budding at the apical
surface of bronchial epithelium of mice. On the other hand,
infection by F1-R that also buds from the basolateral region
of the cell domain may explain how virus readily invades the
bloodstream through subepithelial tissues and lymphatics to
cause viremia. The target cells in the distant organs could
then become infected and support multiple cycles of repli-
cation of the mutant.

The bidirectional budding of F1-R revealed in the bron-
chial epithelium of mice and in monolayers of MDCK cells,
previously not observed for viruses, is of importance in the
identification of signals responsible for the transport mech-
anisms of viral transmembrane proteins (25). Because iden-
tical mutations in the M gene of the host range mutants have
led to a change in the structure of the M protein (Middleton

et al., in press) and because of the importance of M protein
in the assembly and maturation of the virus, the possible
interaction of M protein with F protein must be considered
as a prime candidate for the altered budding and thus as an
additional determinant for pantropism of F1-R. Studies are
in progress to investigate this possibility.
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