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a radius of 3 pm with the 408-nm laser linc (100% lascr power) and 17-mW
optical fiber vutput and were imaged at interval of 1.0 s.

Minireplicon assay. 293T cclls in 12-well plates were transfected with Pol
I-MG (polymerasc [-driven BDV minigenome [MG] construct). pe-N. pe-P. or its
mutant form pc-PM1.2,3A. and pe-L as previously described (19), together with
the indicated amounts of plasmid pc-XF that expresses a FLAG-tagged X pro-
tein. Forty-cight hours later, the cells were lysed, and cell lysates were prepared
for chloramphenicol acetyliransferase (CAT) assays. CAT activity was guantified
with a CAT enzyme-linked immunosorbent assay (Roche Molecular Diagnostics.
Plcasanton, CA) according to the manufacturer’s recommendations.

RESULTS

Identification of the P region required for the protein X-de-
pendent cytoplasmic localization of P. We have documented
that the intracellular localization of BDV P is influenced by its
interaction with X (10), but the mechanisms underlying the
X-dependent subcellular distribution of P remained unsolved.
To address this question, we constructed a series of plasmids
expressing X and a GFP-tagged Pwt or a GFP-tagged variety of
C-terminal deletion mutants of P (Fig. 1A). Both X and P-GFP
were expressed from the same bicistronic mRNA that re-
created the P transcription unit responsible for X and P ex-
pression in BDV-infected cells. This approach allowed us to
simultaneously examine the subcellular distribution of X and P
by using an anti-X-specific serum and GFP fluorescence, re-
spectively. Both X and P were predominantly found in the
cytoplasm of cells transfected with pgX/Pwt, or pgX/PAl and
pgX/PAZ, which lacked, respectively, the 31 and 36 C-terminal
amino acids of P (Fig. 1B). In contrast, cells transfected with
pgX/PA3 and pgX/PA4, which lacked, respectively, the 57 and
61C-terminal amino acids of P, showed a nuclear accumulation
of X and P (Fig. I1B). We next examined whether the C-
terminal deletion mutants of P retained their ability to interact
with X. We conducted coimmunoprecipitation (ColP) assays
using lysates from OL cells cotransfected with the correspond-
ing FLAG-tagged versions of the P constructs shown in Fig. 1A
and pcXHA that expresses an HA-tagged X protein. Pwt and
all the C-terminal P deletion mutants immunoprecipitated
X-HA with similar efficiency (Fig. 1C). These results suggested
that the formation of an X-P complex does not suffice to
determine the subcellular localization of P and that the region
between aa 145 to 164 of P was required for the cytoplasmic
accumulation of P in the presence of X.

Role of the MetR domain of P in the cytoplasmic accumu-
lation of the X-P complex. The region spanning aa 145 to 164
of P contains a unique methionine-rich sequence, ,,sMKTM
MET-MKLMMEK,, (methionine residues in boldface),
termed the MetR, which has been suggested to stabilize the
tertiary structure of P as well as participate in P interactions
with other viral and cellular proteins (27, 29). To investigate
the role of the MetR domain in the X-dependent subcellular
distribution of P, we generated constructs pgX/PM1,2,3A,
pgX/PM4,5,6A, and pgX/PM1-6A (Fig. 2A). Cells transfected
with plusmids pgX/PM1.2.3A (where the first three M residues
are replaced by A), pgX/PM4,5,6A, and pgX/PM1-6A exhib-
ited a nuclear localization of P (Fig. 2B). The substitution of A
for M residues might have altered the ability of P to interact
with X, which could explain the nuclear, rather than cytoplas-
mic, accumulation of P with substitutions of A for M. To
address this issue, we conducted ColP assays using cell lysates
from cells expressing an HA-tagged X and FLAG-tagged ver-
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FIG. 1. Intracellular localization of deletion mutants of BDV phos-
phoprotein. (A) Schematic of plasmids expressing BDV X and GFP-
tagged P proteins from a single mRNA that mimics the BDV bicis-
tronic X/P mRNA. (B) Subcellular localization of BDV X and P in
transfected cells. Cells were transfected with the indicated expression
plasmids. P expression was monitored by GFP fluorescence. whercas X
expression was examined by indirect immunofluorescence using a se-
rum specific (0 X and a Cy3-labeled secondary antibody. The overlap
in the distribution of X and P is revealed in the merged image.
(C) ColP of BDV P and X. OL cells were cotransfected with a plasmid
expressing an HA-tagged wild-type X (Xwt) and plasmids expressing
FLAG-tagged versions of the P mutant shown in panel A. Cell lysates
were prepared and subjected to immunoprecipitation with an anti-
FLAG antibody. Immunoprecipitated proteins were analyzed by West-
ern blotting using an anti-HA antibody. Prior immunoprecipitation,
the expression of each FLAG-tagged P and the HA-Xwt proteins was
verified by Western blotting.

sions of Pwt or of each of the P mutants with substitutions of
A for M. Our ColP results indicated that the three P mutants
with substitutions of A for M were not impaired in their ability
to bind X (Fig. 2C).

As with the P of other MNV, the oligomerization of BDV P
is likely required for its functions (26). The P oligomerization
domain has been mapped to amino acid residues 141 to 165 of
P (26, 27), a region that contains the MetR domain. We there-
fore assessed whether the MetR mutants we generated (Fig.
2A) were competent for oligomerization. We conducted ColP
assays using cell lysates from -OL cells expressing an HA-
tagged Pwt and FLAG-tagged versions of either Pwt or a series
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FIG. 2. Mutants with substitution in the methionine-rich region fail
to localize in the cytoplasm of BDV P. (A) Schematic diagram of the
MetR mutants of BDV P. Alanine (A) substitutions within the MetR
domain were introduced into the plasmid pgX/Pwt. (B) Subcellular
localization of BDV X and P in transfected cells. Cells were trans-
fected with the indicated plasmids. The expression of P and X was
detected by GFP-fluorescence and indirect immunofluorescence. re-
spectively, as described in the legend of Fig. 1B. The overlap in the
distribution of X and P is revealed in the merged image. (C) ColP of
BDV P and X. OL cells were cotransfected with a plasmid expressing
an HA-tagged wild-type X (Xwt) and FLAG-tagged versions of P-
expressing plasmids shown in panel A. Cell lysates were immunopre-
cipitated with an anti-FLAG antibody, and precipitants were examined
by Western blotting using an anti-HA antibody. Prior to immunopre-
cipitation, the expression level of each recombinant protein was con-
firmed by Western blotting.

of P mutants (Fig. 3A). Proteins immunoprecipitated with the
anti-FLAG antibody were analyzed by immunoblotting using
an antibody to HA. Consistent with previous findings, P-HA
was immunoprecipitated with FLAG-tagged Pwt and P mu-
tants with C-terminal deletions of 31 (A1F) and 36 (A2F) aa,
but not with P mutants lacking the 57 (A3F) or 61 (A4F)
C-terminal amino acids (Fig. 3B). Notably, we found that all
the P mutants within the MetR domain examined (M1,2,3AF,
M4,5,6AF, and MI1-6AF) could immunoprecipitate P-HA.
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FIG. 3. Oligomerization of BDV P mutants. (A) Schematic repre-
sentation of HA- and FLAG (F)-tagged Pwt and FLAG-tagged P
mutants. (B) Oligomerization of BDV P mutants. OL cells were co-
transfected with pcPHA expressing an HA-tagged Pwt and the indi-
cated plasmids expressing FLAG-tagged P mutant proteins. Cell ly-
sates were immunoprecipitated with anti-FLAG antibody, and the
precipitants were detected by Western blotting with anti-HA antibody.

These results indicated that the M residues within the MetR
domain are not necessary for P oligomerization or for the X-P
intermolecular interaction, but rather these M residues appear
to play a key role in the X-dependent subcellular localization
of P.

The MetR of P contains a CRM1-dependent NES. We next
examined whether the MetR region of P may actively contrib-
ute to the nuclear export of P. We fused GFP to aa 145 to 165
(pGFP-PR1) and 145 to 170 (pGFP-PR2) of P (Fig. 4A). As
expected, GFP alone was found in both the nucleus and cyto-
plasm (Fig. 4B, frame a), whereas in cells transfected with
pGFP-PR plasmids, GFP expression was restricted to the cy-
toplasm (Fig. 4B, frames b and c), suggesting that the MetR
region contains the nuclear export activity of P. To assess the
contribution of the M residues within the MetR domain to the
nuclear export activity of the GFP fusion peptides, we gener-
ated several mutants with substitutions of A for M residues
based on plasmid pGFP-PR2 (Fig. 4A). GFP-fusion proteins
were diffusely distributed in both the nucleus and cytoplasm of
the cells transfected with pGFP-m1, -m2, -m3, -m5, -m6, and
-m7, as well as with pGFP alone (Fig. 4B, frames d to f and h
to j). In contrast, GFP expression was mainly restricted to the
cytoplasm in cells transfected with pGFP-m4 (Fig. 4B, frame
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FIG. 4. BDV P nuclear export activity is mediated by its MetR domain. (A) Schematic diagram of the GFP-tagged P MetR region. Methionine
(M) residues at positions 145, 148, 149, 152, 155, and 156 were replaced with alanine (A) (underlined) residues. (B) Subcellular localization of GFP
fusion proteins in OL cells. Frame a, pGFP (control); frame b, pGFP-PR1; frame ¢, pGFP-PR2; frame d, pGFP-m1; frame e, pGFP-m2; frame
f, pGFP-m3; frame g, pGFP-m4; frame h, pGFP-m5; frame i, pGFP-m6; frame j, pGFP-m7.

g). These results suggested that the MetR domain is the NES
of P and that the M residues at positions 145, 148, 149, and 152
but not those at 155 and 156 are essential for the activity of this
novel NES.

The nuclear export of a variety of proteins is mediated by the
interaction of their respective NES and the cellular transporter
receptor CRMI1. The CRM1-dependent nuclear export path-
way 1s specifically inhibited by LMB (11). Treatment with LMB
of OL cells transfected with pGFP-PR1 resulted in nuclear
accumulation of GFP expression (Fig. SA), suggesting that the
MetR domain mediates nuclear export of P in a CRMI-de-
pendent manner. For further confirmation of CRMI-depen-
dent nuclear export of BDV P, we performed RNA interfer-
ence targeting CRMIL (siCRM1) as described in previous
reports (13, 15). At 24 h after transfection of siCRM1 into the
OL cells, the cells were further transfected with pGFP-PR1 or
pgX/Pwt. Forty-eight hours posttransfection, the expression
level of endogenous CRM1 was analyzed by Western blotting.
As shown in Fig. 5B, this treatment specifically reduced the
expression level of CRM1. The effect of the down-regulation of
CRMI on the subcellular localization of the GFP constructs
containing MetR domain or full-length P was analyzed by GFP
fluorescence. As shown in Fig. 5C., GFP-PR! was found to
accumulate in the nucleus of GFP expression, which was con-
sistent with the results obtained by using LMB, whereas the
down-regulation of CRM1 resulted in the predominant nu-
clear localization of P-GFP in the pgX/Pwt-transfected cells

(Fig. 5C). This result strongly confirmed the CRM1-dependent
nuclear export of BDV P.

BDV P shuttles between the nucleus and cytoplasm in the
absence of X. Our finding that BDV P contains both NLS and
NES suggested that P could shuttle between the nucleus and
cytoplasm. To examine this possibility, we performed interspe-
cies heterokaryon assays. Human HelLa cells transfected with a
P-GFP expression plasmid (Fig. 6A, pgP) were fused to mouse
NIH 3T3 cells as described above (see Materials and Meth-
ods). We monitored the nucleocytoplasmic shuttling of P by
examining GFP expression in NIH 3T3 nuclei. Human and
mouse cells were distinguished based on their distinct staining
pattern with Hoechst 33258. As an internal control, we cotrans-
fected HelLa cells, together with pgP, with plasmids expressing
B-Gal containing the simian virus 40 T antigen NLS either
alone (pCFN-BGal) or together with the human immunodefi-
ciency virus type 1 Rev NES (pCFNrev-BGal) (Fig. 6A). P-
GFP was detected in both human and mouse nuclei (Fig. 6B,
frames a, b, d, and e). As predicted, 8-Gal derived from pCFN-
rev-BGal was also detected in both human and mouse nuclei
(Fig. 6B, frames a and c), whereas p-Gal derived from pCFN-
BGal lacking the Rev NES was detected only in human nuclei
(Fig. 6B, frames d and f). To investigate the possible influence
of X on this process, we subjected pgX/PNLS-transfected
HeLa cells (Fig. 6A) to the same heterokaryon assay. GFP
derived from pgX/PNLS was detected in human and mouse
nuclei (Fig. 6B, frames g, h, j, and k). Likewise, as predicted,
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FIG. 5. The nuclear export of BDV P uses a CRMI-dependent
pathway. pGFP-PRI-transfected OL cells untreated (left panel) or
treated with LMB (20 ng/ml for 2 h) (right punel) were examined for
GFP fluorescence after fixation. (B) OL cells were mock transtected or
transfected with negative control siRNA (nc-siRNA) or siRNA for
human CRM1 (siCRMI). At 48 h after the GFP construct transfec-
tion, the cells were harvested, and Western blot analysis was per-
formed using an anti-CRMI1 antibody or an anti-B-actin antibody.
(C) The pGFP-PR1 or pgX/Pwt construct was transfected into the OL
cells expressing negative control siRNA or siCRMI1. At 48 h after
transfection. GFP fusion proteins were visualized by fluoreseence mi-
Croscopy.

B-Gal derived from pCFNrev-BGal, but not from pCFN-BGal,
was also detected in both human and mouse nuclei (Fig. 6B,
frames g, i, j, and 1). These results indicated that P can exhibit
nucleocytoplasmic shuttling activity in the absence of X.

To confirm the nucleocytoplasmic properties of BDV P, we
performed a FLIP experiment using OL cells transfected with
either pgPwt or pgX/PM1-6A (Fig. 2A). We subjected a de-
fined surface (3-um radius) of the cytoplasm of transfected
cells to repeated photobleaching while monitoring the intensity
of nuclear GFP fluorescence (Fig. 7). Cells transfected with
pgPwt, but not with pgX/PMI1-6A lacking a functional P NES,
exhibited a gradual and large (>95%) decrease in nuclear GFP
fluorescence aver the 500-s observation period (Fig. 7). The
modest decrease in GFP nuclear fluorescence observed in
pgX/PM1-6A-transfected cells might be due to nuclear import
of newly synthesized P. These findings further support that P is
endowed with nucleocytoplasmic shuttling properties and that
the M residues within the MetR domain are essential for the
nuclear export of P.

Nuclear export activity of P is not critical for X-mediated
inhibition of BDV MG expression. To investigate a possible
role of the nuclear export of P in the virus polymerase activity,
we examined the activity in the BDV minireplicon system of a
P mutant, pc-PM1,2,3A, which lacked a functional NES. Al-
though slightly lower than Pwt, mutant PM1,2,3A supported
high levels of BDV RNA analogue (MG) expression (Fig. 8A),
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FIG. 6. BDV P shuttles between the nucleus and cytoplasm.
{A) Schematic representation of the plasmids used for heterokaryon
assays. (B) HeLa cells were transiently transfected with pgP and
pCFNrev-BGal (frames a to ¢), pgP and pCEN-BGal (frames d to f).
pgX/PNLS and pCFNrev-BGal (frames g to i), and pgX/PNLS and
pCFN-BGal (frames j to 1). Transfected cells were subjected to the
interspecies heterokaryon assay as described in the text. Fields con-
taining representative interspecies heterokaryons are shown. Frames a,
d, g, and j, Hoechst staining images: frames b, e, h, and k, GFP
lluorescence: frames ¢, {1 i. and 1, B-Gal staining images. Arrows indi-
cate mouse nuclei.

suggesting that the M residues within the MetR domain of P
are not strictly required for the polymerase cofactor activity of
P. BDV X is known to have a powerful inhibitory effect on
BDV MG expression (19, 20). It has been suggested that X-
mediated redistribution of P from the nucleus to the cytoplasm
might contribute to this X inhibitory activity by affecting the
assembly of the functional polymerase complex in the nucleus.
We therefore investigated whether the nuclear export activity
of P influences BDV polymerase activity. We compared the
effect of X on BDV MG expression in cells transfected with
either Pwt or the mutant PM1,2,3A lacking a functional NES.
BDV MG expression was similarly inhibited in both cases (Fig.
8B), suggesting that X-mediated subcellular redistribution of P
is not involved in X-mediated inhibition of the activity of the
BDYV polymerase.

DISCUSSION

The completion of the BDV life cycle requires a bidirec-
tional transport of viral RNP across the nuclear envelope. In
newly BDV-infected cells, the incoming viral RNP needs to be
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FIG. 7. BDV P dynamics in living cells. OL cells were transfected with GFP-tagged either Pwt- or PM1-6A-expressing plasmids and subjected
to FLIP analysis. (A) FLIP imaging. The circled area in the cytoplasm (pre panel) was bleached repeatedly, and cells were imaged at interval of
1.0 s. A neighboring cell nucleus was not affected. Scale bars, 5 pm. (B) Quantification of GFP fluorescence in transfected OL cells. The GFP
intensity was monitored in the cytoplasm in at least three different areas of transfected cells using the ImagelJ program.

imported into the nucleus, where viral RNA synthesis takes
place. At later stages of the infection, newly synthesized RNP
must egress from the nucleus to complete the formation of
infectious particles that can propagate the infection to unin-
fected neighboring cells. The directional control of the BDV
RNP trafficking is likely determined by the ratios and interac-
tions between viral proteins containing appropriate NLS or
NES or both, as well as by host cell factors including dedicated
transporters of cargo molecules carrying appropriate signals.
Bona fide NLS have been identified for BDV N (8), P (28).
X (34), and L (31) proteins. These signals could contribute to
the nuclear import of viral RNP, although the underlying
mechanisms remain to be determined. Likewise, the signals
and mechanisms by which BDV RNP egresses from the nu-
cleus are poorly understood. We have documented that N
contains a bona fide NES that utilizes a CRMI-dependent
pathway for traveling through the nuclear pore complex (9).
We have also shown that the intracellular distribution of BDV
P is influenced by its binding to X, which promotes the cyto-
plasmic accumulation of P (10). Both BDV X and P contain
functional NLS, suggesting that the activity of these signals

must be impaired in the context of the X-P complex. The
P-binding region in X completely overlaps with the NLS of X
(14, 34), whereas the X-binding region in P does not involve
residues contributing to any of the two NLS of P (26, 27). The
apparent availability of two NLS in the X-P complex raises the
question of why it is not retained in the nucleus but, rather,
accumulates in the cytoplasm. An X-induced conformational
change in P could impair the function of the P NLS. Alterna-
tively, but not mutually exclusively, a functionally active NES
might be present in either X or P or both, and this NES could
become dominant upon formation of the X-P complex, thus
leading to its efficient nuclear export. NES usually consist of
four to five hydrophobic residues within a region of around 10
aa (12). The hydrophobic residues in the NES are predomi-
nantly leucine, but isoleucine, valine, methionine, and phenyl-
alanine residues may be also tolerated (12). Several leucine- or
isoleucine-rich motifs are conserved among known BDV P
sequence (residues in boldface): ;,,LTQPVDQLLKDL,,, ,,LI
KKLVTEL,; and 3 IRILGENIKIL, ,. However, our findings
indicate that none of these motifs accounted for the nuclear
export activity of P. Instead, we found that a hydrophobic
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FIG. 8. The MetR mutant of P cannot escape from the inhibitory effect of X on the BDV minireplicon system. (A) NES mutant of P supports
BDV polymerase activity. 293T cells were transfected with Pol I-MG (0.25 pg), pc-N (0.25 pg), pe-L (0.25 pg), and either pc-P (0.025 pg) or
pc-PM1,2,3A (0.025 pug), and 48 h later CAT activity in cell lysates was determined with the CAT enzyme-linked immunosorbent assay system. n.c.,
negative control (mock-transfected cell lysate). (B) BDV X-mediated inhibition of BDV MG expression. 293T cells were transfected with the
plasmids expressing the BDV MG RNA and supporting viral frans-acting factors L, N, and P, together with the indicated amounts of X expression
plasmid (pc-XF). Relative CAT values from at least three independent experiments are expressed as means plus standard deviations.

region within the MetR domain spanning P residues 145 to 165
can operate as a bona fide NES to mediate CRMI-dependent
nuclear export of P. The MetR domain, |, MKTMMETMKL
MMEK-VDLLYAS, s, contains six M and three L residues
(boldface). Substitutions of A for M dramatically affected
MetR-mediated nuclear export, supporting an essential role of
these M residues as part of the P NES. This finding also
indicates that the L residues within domain MetR may con-
tribute to, but are not sufficient for, this NES activity. To our
knowledge. this newly identified P NES represents a unique
CRMI-dependent nuclear export signal. It should be noted
that a leucine-rich NES-like motif is present in the N terminus
of X, but its activity as NES could not be demonstrated (14).
Consistent with this, our data also indicate that this NES-like
motif does not contribute to the cytoplasmic localization of the
X-P complex.

Overexpression of P in infected cells drastically inhibited
viral replication and transcription (6). Moreover, studies using
a BDV minireplicon system have further illustrated the need of
maintaining an exquisitely balanced stoichiometry of N and P
for the intracellular reconstitution of a functional polymerase
complex (19, 25). These results suggest that to prevent inhibi-
tion of the virus polymerase activity, BDV needs to control
tightly the N/P ratio levels in the nucleus, and it is plausible
that the X-dependent cytoplasmic localization of P might con-
tribute to the regulation of the correct nuclear N/P ratio. How-
ever, we found that the BDV MG expression remained sus-
ceptible to X-mediated inhibition when the - polymerase
cofactor P lacked a functional NES (Fig. 8). This result indi-
cates that X-mediated inhibition of the BDV polymerase com-
plex is due not only to the X-dependent cytoplasmic localiza-
tion of P. Because X does not appear to interfere with the
binding of P to N and L (26), it seems plausible that an
X-induced conformational change of P may be responsible for
its polymerase inhibitory activity.

We have reported changes in the N/P ratio during the dif-
ferent stages of BDV infection (32, 33). Intriguingly, in BDV

persistently infected cells, P was found to be present in about
an eightfold molar excess over N (32). Based on data from the
BDV MG rescue system, such increased P levels would be
expected to result in the inhibition of the virus polymerase. A
possible way for BDV to avoid this could be by also increasing
levels of the X protein to help sequester the excess of P into the
cytoplasm compartment or away from the site of formation of
the active polymerase complex. This hypothesis would call for
a regulatory mechanism, yet unknown, by which BDV could
coordinate the synthesis of both P and X proteins from the
same P transcriptional unit. Both BDV X and P are found in
the BDV-specific nuclear speckies characteristically observed
in BDV-infected cells, suggesting that the nuclear export ac-
tivity of the X-P complex could be modulated by other viral or
cellular proteins associated with these structures.

A detailed knowledge of the mechanisms that control the
trafficking of BDV RNP would be important for a better un-
derstanding of the virus life cycle and its ability to readily
establish long-term persistent infections in a variety of cell
types, including postmitotic matured neurons. Studies using
newly developed reverse genetic approaches will facilitate the
task of elucidating the unique life cycle and pathogenesis of
BDV.
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Carbocisteine inhibits rhinovirus infection in
human tracheal epithelial cells

H. Yasuda*, M. Yamaya*, T. Sasaki*, D. Inoue*, K. Nakayama*, M. Yamada*,
M. Asada*, M. Yoshida*, T. Suzuki*, H. Nishimura® and H. Sasaki*

ABSTRACT: The aim of the study was to examine the effects of a mucolytic drug, carbocisteine,
on rhinovirus (RV) infection in the airways.

Human tracheal epithelial cells were infected with a major-group RV, RV14,

RV14 infection increased virus titres and the cytokine content of supernatants. Carbocisteine
reduced supernatant virus titres, the amount of RV14 RNA in cells, cell susceptibility to RV
infection and supernatant cytokine concentrations, including interleukin (IL)-6 and IL-8, after RV14
infection. Carbocisteine reduced the expression of mRNA encoding intercellular adhesion
molecule (ICAM)-1, the receptor for the major group of RVs. It also reduced the supernatant
concentration of a soluble form of ICAM-1, the number and fluorescence intensity of acidic
endosomes in the cells before RV infection, and nuclear factor-xB activation by RV14,
Carbocisteine also reduced the supernatant virus titres of the minor group RV, RV2, although
carbocisteine did not reduce the expression of mRNA encoding a low density lipoprotein

receptor, the receptor for RV2.

These results suggest that carbocisteine inhibits rhinovirus 2 infection by blocking rhinovirus
RNA entry into the endosomes, and inhibits rhinovirus 14 infection by the same mechanism as
well as by reducing intercellular adhesion molecule-1 levels. Carbocisteine may modulate airway
inflammation by reducing the production of cytokines in rhinovirus infection.

KEYWORDS: Common cold, endosome, intercellular adhesion molecule, mucolytic drug,

rhinovirus

hinoviruses (RVs) are the major cause of
the common cold and the most common

acute infectious illnesses in humans [1}.

RVs are also associated with acute exacerbations

of bronchial asthma [2] and chronic obstructive
pulmonary disease (COPD) [3]. Several mechan-
isms of action have been proposed, and the
manifestations of RV-induced pathogenesis are
thought to be the result of virus-induced medi-
ators of inflammation [3-5].

RV infection induces the production of cytokines,
including interleukin (IL)-1, IL-6 and IL-8 [5-7].
These cytokines exert pro-inflammatory effects
{8] and may be related to the pathogenesis of RV
infections. Mucolytic or mucoactive drugs, such
as L-carbocisteine or carbocysteine lysine salt
monohydrate (SCMC-Lys), are used clinically in
patients with COPD and bronchial asthma in
various countries, including Japan and Italy [9].
SCMC-Lys reduces the concentration of IL-6 in
the breath condensate of acute COPD patients
[10], suggesting anti-inflammatory effects of
SCMC-Lys in COPD. SCMC-Lys [11] and S-
carboxymethylcysteine (SCMC) [12] also reduce

EUROPEAN RESPIRATORY JOURNAL

the number of inflammatory cells in airways after
exposure to cigarette smoke or sulphur dioxide in
rats, and inhibit neutrophil activation [13]. These
findings are suggestive of anti-inflammatory effects
of mucolytic drugs, including carbocysteine.
However, the effects of carbocisteine on cytokine
production in airway epithelia] cells with RV
infections have not been studied.

Recent reports have revealed that the major
group of RVs enter the cytoplasm of infected
cells after binding to their receptor intercellular
adhesion molecule (ICAM)-1 (14, 15]. The entry
of the RNA of a major group RV, RV14, into the
cytoplasm of infected cells is thought to be
mediated by destabilisation from receptor bind-
ing and endosomal acidification [15]. Macrolide
antibiotics, such as bafilomycin [16, 17] and
erythromycin [7], inhibit infection by the major
group of RVs via a reduction in ICAM-1 expres-
sion [7, 17] and an increase in endosomal pH {7,
16]. Glucocorticoid also inhibits RV14 infection
via reduction of ICAM-1 expression [18].
Airway inflammation induced by viral infections,
including RV infections, is associated with
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CARBOCISTEINE AND RHINOVIRUS INFECTION

exacerbations of COPD [3, 4]. SCMC-Lys prevents acute
exacerbations of COPD [9]. However, the mechanisms, other
than anti-inflammatory effects in COPD [10], are still uncer-
tain. Conversely, N-acetylcysteine, another mucolytic drug,
reduces the expression of ICAM-1 in the lung [19]. Therefore, it
is conceivable that carbocisteine may modulate the function of
airway epithelial cells, including expression of ICAM-1, and
may inhibit RV infection. However, the effects of carbocisteine
on RV infection have not been studied.

Therefore, the effects of carbocisteine on RV infection in
human airway epithelial cells were studied. The effects of
carbocisteine on the production of ICAM-1 and cytokines, and
on endosomal pH, were also examined in order to clarify the
mechanisms responsible for the inhibition of RV infection.

MATERIALS AND METHODS

Patient characteristics

Tracheae for cell culture were obtained after death from 25
patients (mean age 6412 yrs; 10 female, 15 male) under a
protocol approved by the Ethics Committee of Tokohu
University School of Medicine. The causes of death included
acute myocardial infarction (n=8), malignant tumour other
than lung cancer (n=8), cerebral bleeding (n=3), rupture of an
aortic aneurysm (n=2), renal failure (n=2), congestive heart
failure (n=1) and malignant lymphoma (n=1).

Human tracheal epithelial cell culture
Isolation and culture of the human tracheal surface epithelial
cells were performed as described previously (7, 17].

Viral stocks and detection and titration of viruses

Stocks of a minor group RV, RV2, and a major group RV, RV14,
were prepared from patients with common colds by infecting
human embryonic fibroblast cells as described previously [7,
17]. Detection and titration of RVs were performed by
observing the cytopathic effects of the viruses on the fibroblast
cells using previously described methods [7, 17], and the amount
of specimen required to infect 50% of the fibroblast cells (50%
tissue culture infective dose (TCID50)) was determined.

Detection and quantification of rhinovirus RNA

Detection and quantification of RV14 RNA in human tracheal
epithelial cells were performed by RT-PCR as previously
described (7, 17]. In addition, in order to quantify RV14 RNA
and reduced glyceraldehye-3-phosphate dehydrogenase
mRNA expression in the cells after RV infection, real-time
quantitative RT-PCR, using the Tagman technique (Roche
Molecular Diagnostic Systems, Foster, CA, USA), was per-
formed as previously described [17, 20-22]. The program
PrimerExpress (Applied Biosystems, Foster, CA, USA) was
used to design the probe and primers based on guidelines for
the optimal performance of the PCR [7, 17].

Measurement of lactate dehydrogenase concentration

The amount of lactate dehydrogenase (LDH) in the culture
supernatants was measured using the method described by
AMADOR et al. [23].

Effects of carbocisteine on viral infection

In order to examine the effects of carbocisteine on viral titres
and the cytokine content of supernatants, and the mRNA
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expression of [ICAM-1, the receptor for the major group of RVs
[14], and the low-density lipoprotein (LDL) receptor, the
receptor for the minor group of RVs [24], and RV14 RNA
expression, the cells were treated with 10 pM carbocisteine or
vehicle (PBS) beginning 3 days before RV infection and
continuing until the end of the experiments [17]. This time-
frame was chosen because the maximum concentrations of
SCMC in the serum become >10 uM after oral ingestion of
1,500 mg SCMC [25]. The cells were then exposed to RV2
(1x10° TCID50-mL"), RV14 (1 x 10° TCIDso-mL™) or vehicle
(Eagle’s minimum essential medium) for 60 min and cultured
at 33°C with rolling, as described previously [7, 17].

Study protocol

In order to measure the time course of viral release during the
first 24 h, four separate cultures from the same trachea were
used, and the results calculated from seven different tracheae.
The culture supernatants were collected at either 1, 6, 12 or
24 h after RV14 infection. In order to measure viral titre during
the 2448 h after RV infection, supernatants were also collected
at 48 h after RV infection. The viral content of the supernatant
was expressed in TCID50 units per millilitre.

In order to examine the concentration-dependent effects of
carbocisteine on RV infection, cells were treated with carbo-
cisteine at concentrations ranging 0.01~-30 uM.

The effects of carbocisteine on susceptibility to RV14 infection
were evaluated as previously described [6, 7], using epithelial
cells pre-treated with carbocisteine (10 pM, 3 days) or vehicle
(PBS, 3 days). The cells were then exposed to serial 10-fold
dilutions of RV14 or vehicle (Eagle’s minimum essential
medium) for 1h at 33°C. The presence of RV14 in the
supernatants collected 1-3 days after infection was determined
using the human embryonic fibroblast cell assay, described
above, in order to assess whether infection occurred at each RV
dose used.

Measurement of intercellular adhesion molecule-1 and low-
density lipoprotein receptor expression

The mRNAs of ICAM-1 and LDL receptor were examined
using real-time RT-PCR analysis as previously described {7]. In
addition, concentrations of a soluble form of ICAM-1 (sICAM-
1) were measured in culture supernatants using an enzyme
immunoassay.

Effects of carbocisteine on cytokine production
IL-1B, IL-6, IL-8 and tumour necrosis factor (TNF)-a were
measured in culture supernatants using specific ELISAs [7].

Measurement of changes in acidic endosome distribution
The fluorescence intensity of acidic endosomes in the cells was
measured, as previously described, using a dye, LysoSensor
DND-189 (Molecular Probes, Eugene, OR, USA) [7, 17}, from
100 s before to 300 s after the treatment with carbocisteine
(10 pM) or vehicle (PBS).

Isolation of nuclear extracts and electrophoretic mobility
shift assays

The extraction of nuclei and electrophoretic mobility shift
assays were performed as previously described {7].

EUROPEAN RESPIRATORY JOURNAL
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Statistical analysis

Results are expressed as meanSEM. Statistical analysis was
performed using two-way repeated ANOVA. Subsequent post
hoc analysis was performed using Bonferroni’s method. For all
analyses, values of p<0.05 were assumed to be significant
(n=number of donors (tracheae) whose cultured epithelial
cells were used).

RESULTS

Effects of carbocisteine on rhinovirus infection in human
tracheal epithelial cells

Exposing confluent human tracheal epithelial cell monolayers
to RV2 (1 x 10° TCIDs0-mL™") and RV14 (1 x 10° TCIDso-mL™)
consistently led to infection. No detectable virus was revealed
1 h after infection. RV2 and RV14 were detected in culture
medium at 6 h, and the viral content progressively increased
during the period 6-24 h after infection (fig. 1a and c). Viral
titres of supemnatants collected 1-2 days after infection also
contained significant levels of RV2 and RV14 (fig. 1la and «).
Supernatant viral titres increased significantly with time for
the first 48 h (p<0.05 using ANOVA).

Treatment of the cells with carbocisteine significantly
decreased the titres of RV2 and RV14 in supernatants 24 and
48 h after infection (fig. 1a and ¢). Furthermore, carbocisteine

N
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inhibited RV2 and RV14 infection in a concentration-depen-
dent manner, the maximum effect being obtained at 10 and
30 pM (fig. 1b and d).

In order to determine whether or not RV14 infection or
carbocisteine-induced cytotoxic effects on the cultured cells
caused cell detachment from the tubes after the cells had
formed a confluent sheet, cell numbers were counted after
RV14 infection and after treatment with carbocisteine. Cell
numbers were constant in the confluent epithelial cells in the
control medium, and the coefficient of variation was small
(7.3%; n=15). Neither RV14 infection (1x10° TCIDso-mL;
2 days) nor carbocisteine treatment (10 pM; 5 days) had any
effect on cell number (data not shown). Cell viability, assessed
by trypan blue exclusion [7], was consistently >96% in the
carbocisteine-treated culture. RV14 infection and carbocisteine
treatment (10 pM) did not alter the amount of LDH in the
supernatants. The amount of LDH in the supernatants was
2942 IU-L™" before RV14 infection, 30+2 IU-L" 2 days after
RV14 infection (p>0.50; n=5), and 30+2 IU-L" after carbo-
cisteine treatment (10 pM; 5 days) (p>0.50; n=5). '

Effects of carbocisteine on viral RNA by PCR
No detectable RV14 was revealed before RV14 infection (data
not shown). RV14 was detected 24 h after RV14 infection

b)

I_' 7, -
* -

// T T T T 1
d)

T T T 1
0.01 0.1 1 10 100
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FIGURE 1. viral titres (50% tissue culture infective dose (TCIDso) per millilitre) in supernatants of human tracheal epithelial cells obtained: a, c) at different times after
exposure to 1 x 10° TCIDso-mL™ rhinovirus (RV)14 (a) and RV2 (c) in the presence (O) of carbocisteine (10 uM) or vehicle (PBS; @); and b, d) at different concentrations of
carbocisteine 24-48 h after infection with RV14 (b) and RV2 (d). The cells were treated with carbocisteine or vehicle beginning 3 days before RV14 infection and continuing
the end of the experiments. Data are presented as mean+Sem (n=5 tracheae). *: p<0.05 versus vehicle.
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(fig. 2a), and the amount of RV14 RNA in the cells was greater
at 48 h than at 24 h (fig. 2b). Carbocisteine (10 uM) caused a
decrease in the amount of RV14 RNA in the cells 24 and 48 h
after infection (fig. 2b). The magnitude of the inhibitory effects
of carbocisteine 48 h after infection was greater than that at
24 h (fig. 2b).

Effects of carbocisteine on susceptibility to rhinovirus 14
infection

Treatment of the cells with carbocisteine decreased their
susceptibility to infection by RV14. The minimum dose of
RV14 necessary to cause infection in cells treated with
carbocisteine (10 uM; 3 days) (2.6+0.2 log TCIDs0-mL;
p<0.05; n=5) was significantly higher than that in cells treated
with vehicle (PBS) (1.81+0.2 log TCIDs0-mL!; n=5).
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FIGURE 2. a) Replication of rhinovirus (RV) 14 RNA (381 bp) from human
tracheal epithelial cells 0, 24 and 48 h (lanes 1-3 and 4-6, respectively) after RV14
infection in the presence of 10 pM carbocisteine (lanes 4-6) or vehicle (PBS) alone
(lanes 1-3) as detected by RT-PCR (B-actin RNA 217 bp). Data are representative
of three different experiments. b) Corresponding data obtained by real-time
quantitative RT-PCR (O: carbocisteine; ®: vehicle). A standard curve was
constructed using the fluorescence emission signals and the cycle threshold by
means of 10-fold dilutions of the total RNA, extracted from 1 x 10° of the 50% tissue
culture infective dose (TCID50)-mL™" RV14 in the supernatants of human embryonic
fibroblasts 7 days after RV14 infection (1 x 10 TCIDso-mL™"). Real-time quantitative
RT-PCR for reduced glyceraldehye-3-phosphate dehydrogenase (GAPDH) was
also performed using the same PCR products. RV RNA expression was normalised
to the constitutive expression of GAPDH mRNA and expressed relative to cells
treated with vehicle alone 24 h after infection. Data are presented as mean + Sem
(n=5tracheae). *: p<0.05; **: p<0.01 versus vehicle 24 h after infection; **: p<0.01
versus vehicle 48 h after infection.
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Effects of carbocisteine on expression of intercellular
adhesion molecule-1

Carbocisteine inhibited baseline ICAM-1 mRNA expression in
the cells before RV14 infection (fig. 3a). Carbocisteine reduced
ICAM-1 mRNA expression by >50% compared with that of
cells treated with vehicle (PBS) (fig. 3a). Likewise, carbocis-
teine significantly reduced supernatant sICAM-1 concentra-
tions before RV14 infection (fig. 3b). In contrast, carbocisteine
did not inhibit baseline LDL receptor mRNA expression in the
cells before RV14 infection (fig. 3c).

Effects of carbocisteine on cytokine production
Carbocisteine reduced the baseline secretion of IL-6 and IL-8
for 24 h before RV14 infection compared with that in the cells
treated with vehicle (PBS) (table 1). Furthermore, the secretion
of IL-6 and IL-8 increased 24 h after RV14 infection.
Carbocisteine also reduced the RV14 infection-induced secre-
tion of IL-6 and IL-8 compared to that in the cells treated with
vehicle 24 h after RV14 infection (table 1).

Conversely, carbocisteine inhibited the baseline secretion of IL-
1B for 24 h before RV14 infection compared with that in cells
with no carbocisteine treatment (table 1). In contrast, the
secretion of IL-1f 24 h after RV14 infection did not differ from
that before RV14 infection (table 1). TNF-a was not detectable
in supernatants for 24 h before and after RV14 infection.

Effects of carbocisteine on the acidification of endosomes
Acidic endosomes in human tracheal epithelial cells were
stained green using LysoSensor DND-189. Green fluorescence
from acidic endosomes was observed in a granular pattern in
the cytoplasm (data not shown), as previously described [7].
Carbocisteine decreased the number and fluorescence intensity
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FIGURE 3. a) Expression of interceilular adhesion molecule (ICAM)-1 and low-
density lipoprotein receptor (LDLR) mRNA in human tracheat epithelial cells 3 days
after starting treatment with 10 pM carbocisteine (0) or PBS vehicle () detected
by real-time quantitative RT-PCR. mRNA expression was normalised to the
constitutive expression of reduced glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA. b) Soluble ICAM (sICAM)-1 concentration in cell supernatants
3 days after starting treatment with 10 pM carbocisteine or vehicle (0 uM
carbocisteing). The medium was changed daily, and the supernatants collected
2-3 days after starting treatment. Results are meantsem (n=5 tracheae). Ns:
nonsignificant (versus control); *: p<0.05 versus control.
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7. Y:1N-RW Effects of carbocisteine on supernatant cytokine
contents before and 24 h after rhinovirus (RV) 14
infection

Before infection After infection
Control Treated Control Treated

IL-1§ pg-mL™* 7145 4043* 7245 3943*

IL-6 pg-mL"! 6414 36+3* 219+23*  123+15%7

IL-8 pg-mL"! 542441 517437  826+44* 491458

Data are presented as mean+sem (n=5 for all). Human tracheal cells were
treated with either carbocisteine or PBS vehicle (control). *: p<0.05 versus
control before infection. *: p<0.05 versus control 24 h after infection. IL:
interleukin.

of acidic endosomes with green fluorescence in the cells over
time (fig. 4a). The fluorescence intensity of acidic endosomes in
the epithelial cells treated with carbocisteine for 300 s was
significantly reduced (fig. 4).

Nuclear factor-«B DNA-binding activity in human tracheal
epithelial cells

Baseline nuclear factor (NF)-kB DNA-binding activity was
constant, and increased activation of NF-kB DNA-binding
activity was present in the cells 120 min after RV14 infection
(fig. 5), as previously described [7]. Carbocisteine reduced the
increased activation of NF-kB occurring as a result of RV14
infection (fig. 5).

DISCUSSION

In the present study, it has been shown that a mucolytic drug,
carbocisteine, reduced supernatant viral titres and viral RNA
levels of a major group RV, RV14, in cultured human tracheal
epithelial cells. Pretreatment with carbocisteine inhibited the
expression of mRNA encoding ICAM-1, the receptor for the
major group of RVs [14], as well as the supernatant concentra-
tions of sSICAM-1 before RV14 infection. Since the minimum
dose of RV14 necessary to cause infection in cells treated with
carbocisteine was significantly higher than that in cells treated
with vehicle, carbocisteine may inhibit RV14 infection, at least
partly, by reducing the production of its receptor, ICAM-1, as
observed in human tracheal epithelial cells treated with
dexamethasone [18] and erythromycin [7]. Furthermore,
carbocisteine reduced the fluorescence intensity of acidic
endosomes in the epithelial cells. The magnitude of the
inhibitory effects of carbocisteine on the fluorescence intensity
of acidic endosomes was similar to that of bafilomycin A, [17]
and erythromycin [7]. Conversely, carbocisteine also reduced
supernatant virus titres of a minor group RV, RV2, although it
did not reduce the mRNA expression of the LDL receptor, the
receptor for the minor group of RVs [24]. Carbocisteine may
also inhibit RV2 and RV14 RNA entry across acidic endo-
somes, as demonstrated in HeLa cells and human tracheal
epithelial cells treated with bafilomycin A, [16, 17, 26] and
erythromycin [18].

Various viruses have been reported to be responsible for
exacerbations of disease in patients with COPD and bronchial
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FIGURE 4. a) Time course of changes in the intensity of green fluorescence
from acidic endosomes in hurman tracheal! epithelial cells after treatment with either
10 uM carbocisteine (C) or PBS vehicle (®). inhibitors were administrated at time
0. b) Fluorescence intensity of acidic endosomes 300 s after the addition of 10 uM
carbocisteine or vehicle (control (C)). The fiuorescence intensity of acidic
endosomes was measured in 100 human tracheal epithelial cells, and the mean
expressed as a percentage of the control value (*). Data are presented as
mean +sem (n=>5 tracheae). *: p<0.05 versus control.

asthma, including RVs, influenza virus and respiratory
syncytial virus [2-4]. SEEMUNGAL et al. {3] reported that 64%
of COPD exacerbations were associated with a cold before the
onset of exacerbations; 77 viruses were detected in 39% of
COPD exacerbations, and 39 (58%) of these viruses were RVs.
RVs are also associated with acute exacerbations in bronchial
asthma [2]. These findings suggest that RVs may be a major
pathogen responsible for acute exacerbations of COPD and
bronchial asthma.

Various mechanisms have been attributed to the pathogenesis
of COPD and bronchial asthma exacerbations, including
airway inflammation, airway oedema, bronchoconstriction
and mucus hypersecretion [4]. In addition, neutrophilic and
eosinophilc inflammation in the exacerbations are associated
with a variety of mediators, including IL-6 and IL-8, and the
production and secretion of IL-6 and IL-8 are stimulated by
RV14 in airway epithelial cells, as shown in the present study
as well as previous studies [5-7]. Furthermore, ICAM-1

VOLUME 28 NUMBER 1 55



CARBOCISTEINE AND RHINOVIRUS INFECTION

~ FIGURE 5. Nuclear factor (NF)-kB DNA-binding activity of human tracheal
epithelial cells before (lane 2) and 120 min after (lanes 3 and 4) rhinovirus (RV) 14
infection in the presence of 10 M carbocisteine (lane 4) or PBS vehicle (lane 3)
detected via electrophorélic mobility shift assay (lane 1: positive control (10 ng-mL"
IL-1B plus 10 ng-mL"" tumour necrosis factor-a for 24 h)). The cells were treated
with carbocisteine or vehicle from 3 days before until 120 min after RV14 infection.
Data are representative of three different experiments.

interacts physiologically with leukocyte function-associated
antigen-1, expressed on leukocytes, and thus plays a vital role
in the recruitment and migration of immune effector cells to
sites of local inflammation, as observed in patients with COPD
[27]. Therefore, reduced RV14 infection-induced production of
IL-6 and IL-8 by carbocisteine, observed in the present study,
may be associated with the modulation of airway inflamma-
tion after RV infection, and with the prevention of acute
exacerbations of chronic obstructive bronchitis, as previously
described [9].

In the present study, carbocisteine reduced the baseline
production of cytokines, including IL-18, IL-6 and IL-8, as
well as ICAM-1, before RV14 infection. RV14 infection
increased the production of IL-6 and IL-8, and carbocisteine
also reduced RV14 infection-induced production of IL-6 and
IL-8. The concentration of IL-1B in supernatants had not
changed 24 h after RV14 infection, and TNF-a was not
detectable in supernatants 24 h after RV14 infection, as
previously reported {7, 18]. Since carbocisteine reduced the
RV14 titre in supernatants, the inhibitory effects of carbocisteine
on RV14 infection, and on cytokine production itself, might
be associated with the reduced production of IL-6 and IL-8 in the
cells treated with carbocisteine after RV14 infection.

Increased activation of NF-kB was also apparent in cells
120 min after RV14 infection, as shown in previous studies [5,
71, and carbocisteine inhibited this activation. NF-«kB increases
the expression of genes encoding many cytokines, such as IL-6,
IL-8 and ICAM-1 [5]. Therefore, a reduction in cytokine and
ICAM-1 levels might be mediated via the carbocisteine-
reduced activation of NF-xB.

Endosomal pH is thought to be regulated by vacuolar H'-
ATPases [28] and ion transport across Na*/H" antiporters [28].
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The inhibitors of Na*/H" antiporters, 5-(N-ethyl-N-isopropy-
amiloride and N’’-[5-hydroxymethyl-3-(1H-pyrrol-1-yl)ben-
zoyl]guanidine methanesulphonate (FR168888), as well as a
vacuolar H*-ATPase inhibitor, bafilomycin, increase endoso-
mal pH and inhibit RV14 infection in cultured human tracheal
epithelial cells [7]. Although there are no data to support this,
the increased endosomal pH induced by carbocisteine in the
present study may be associated with an inhibitory effect on
vacuolar H*-ATPases or Na'/H' antiporters in airway
epithelial cells.

Recent reports revealed that the major group of RVs enters the
cytoplasm of infected cells after binding to its receptor, ICAM-
1 {14]. The entry of the RNA of a major group RV, RV14, into
the cytoplasm of infected cells is thought to be mediated by
destabilisation from receptor binding and endosomal acidifica-
tion [15]. The inhibitory effects of carbocisteine on infection by
RV14 and its effects on endosomal pH in the present study are
consistent with those of bafilomycin and erythromycin in
previous studies [7, 16, 17]. In addition, the inhibitory effects of
carbocisteine on ICAM-1 expression in airway epithelial cells
might also be associated with inhibitory effects on RV14
infection, as previously reported for the inhibitory effects of
bafilomycin, erythromycin and dexamethasone [7, 17, 18].

In the present study, the inhibitory effects of carbocisteine
were observed over a small range of concentrations, and there
is no complete inhibition of infection. The precise reason for
this is uncertain. However, the magnitude of the inhibitory
effects of carbocisteine on supernatant RV titres was smaller
than those of dexamethasone and erythromycin {7, 18]. The
weak inhibitory effects of carbocisteine might show a small
range of response and incomplete inhibition of infection. The
magnitude of the inhibitory effects of carbocisteine on super-
natant sICAM-1 concentrations was smaller than those of
dexamethasone and erythromycin on ICAM-1 protein expres-
sion [7, 18], although the magnitude of the inhibitory effects of
carbocisteine on the fluorescence intensity of acidic endosomes
was similar to those of bafilomycin A; [17] and erythromycin
[7]. Therefore, smaller inhibitory effects of carbocisteine on
ICAM-1 expression might be partly associated with lesser
inhibition by carbocisteine of RV infection compared with the
inhibitory effects of dexamethasone and erythromycin.

Carbocysteine exerts an anti-oxidant action by scavenging
reactive oxygen intermediates [29]. Indeed, SCMC-Lys reduces
the concentration of 8-isoprostane, a prostaglandin-like com-
pound, during peroxidation of membrane phospholipids by
reactive oxygen species in the breath condensate of acute
COPD patients [10]. Furthermore, bafilomycin Ay, a blocker of
vacuolar H-ATPase, reduces endosome acidification [17] in
airway epithelial cells and reduces production of reactive
oxygen species in alveolar macrophages [30], suggesting a
relationship between antioxidant effects and the reduced
acidification of endosomes. Reduced production of inflamma-
tory cytokines and ICAM-1 by carbocisteine, in the present
study, also suggests anti-inflammatory effects of carbocisteine,
as shown in previous studies that demonstrated reduced IL-6
concentrations in breath condensate caused by SCMC-Lys in
COPD patients [10] and reduced numbers of inflammatory
cells in airways in rats caused by SCMC-Lys [11] and
SCMC {12].
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In summary, this is the first report that a mucolytic drug,
carbocisteine, inhibits infection by rhinovirus 14 and decreases
the susceptibility of cultured human tracheal epithelial cells to
rhinovirus 14 infection, probably through the inhibition of
intercellular adhesion molecule-1 expression and endosomal
acidification. Carbocisteine also inhibited rhinovirus 2 infec-
tion, probably through the inhibition of endosomal acidifica-
tion. Carbocisteine reduced baseline and rhinovirus infection-
induced release of pro-inflammatory cytokines, such as
interleukin-6 and -8, in supernatants. Carbocisteine may inhibit
infection by the major and minor group of rhinoviruses, and
modulate inflammatory responses in the airway epithelial cells
after rhinovirus infection.
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Comprehensive Analysis of Bacterial Risk Factors
for the Development of Guillain-Barré Syndrome
after Campylobacter jejuni Enteritis
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Background. Guillain-Barré syndrome (GBS), a postinfectious autoimmune-mediated neuropathy, is a serious
complication after Campylobacter jejuni enteritis.

Methods. To investigate the bacterial risk factors for developing GBS, genotypes, serotypes, and ganglioside
mimics on lipo-oligosaccharide (LOS) were analyzed in C. jejuni strains from Japanese patients.

Results.  Strains from patients with GBS had LOS biosynthesis locus class A more frequently (72/106; 68%)
than did strains from patients with enteritis (17/103; 17%). Class A strains predominantly were serotype HS:19
and had the cstll (Thr51) genotype; the latter is responsible for biosynthesis of GM1-like and GD1a-like LOSs.
Both anti-GM1 and anti-GDla monoclonal antibodies regularly bound to class A LOSs, whereas no or either
antibody bound to other LOS locus classes. Mass-spectrometric analysis showed that a class A strain carried GD1a-
like LOS as well as GM1-like LOS. Logistic regression analysis showed that serotype HS:19 and the class A locus
were predictive of the development of GBS. .

Conclusions. The high frequency of the class A locus in GBS-associated strains, which was recently reported
in Europe, provides the first GBS-related C. jejuni characteristic that is common to strains from Asia and Europe.
The class A locus and serotype HS:19 seem to be linked to cstll polymorphism, resulting in promotion of both
GMI-like and GDla-like structure synthesis on LOS and, consequently, an increase in the risk of producing

antiganglioside autoantibodies and developing GBS.

The gram-negative spiral bacterium Campylobacter je-
juni, which is a major bacterial agent in diarrheal ill-
nesses, has been recognized as the bacterium that most
frequently triggers the postinfectious autoimmune-
mediated neuropathy called Guillain-Barré syndrome
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(GBS) [1]. An epidemiological study showed that 1 of
3285 patients with C. jejuni enteritis developed GBS
[2}. Why such a small number of patients with C. jejuni
enteritis develop GBS is not clear. Penner serotyping
showed that, in Japan and South Africa, GBS-associated
strains were more commonly serotypes HS:19 and HS:
41 than were enteritis-associated strains [3-5]. Fur-
thermore, HS:2 and the HS:4-complex were the dom-
inant serotypes of strains from patients with Fisher
syndrome (FS) [5], a GBS variant presenting the triad
of ophthalmoplegia, ataxia, and areflexia {6]. The clus-
tering of strains into particular serotypes is a strong
indication that the clonality of C. jejuni strains is spe-
cifically related to the development of GBS and FS. The
actual serodeterminants, however, are still unknown
[7]; therefore, use of Penner serotyping schema alone
to clarify the critical factors for the development of
neurological syndromes would be difficult. It is note-
worthy that the clustering of GBS-associated and FS-
associated strains into specific serotypes has not been

C. jejuni and Guillain-Barré Syndrome
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seen worldwide and, in particular, has not been seen in Western
countries (8, 9].

Most patients who develop GBS after C. jejuni enteritis have
IgG autoantibodies in their blood that react with gangliosides
(such as GM1, GDl1a, and GQ1b) [10]. Many patients with FS
have anti-GQIb IgG autoantibodies that cross-react with GT1a
(11, 12]. The C. jejuni lipo-oligosaccharide (LOS) is a major
candidate for the producer of such autoantibodies [13-15],
because its terminal sugar regions mimic the gangliosides GM1,
GDla, and GQ1b [16-18]. The frequency of the GM1 and
GD1la epitopes on the LOS of GBS-associated strains is hy-
pothesized to be a risk factor for the development of GBS [19,
20]. Acute motor axonal neuropathy and anti-GM1 antibod-
ies developed in rabbits after inoculation with GM1-like LOS,
which indicates that GM1 mimicry of C. jejuni LOS is a cause
of GBS [14].

Most studies have failed to find a specific C. jejuni genotype
that was associated with GBS and FS [9, 21-24]. Gilbert et al.
[25] reported that C. jejuni has 7 classes (A-G) of LOS locus
that are based on the organization of the 37 distinct genes found
in the LOS biosynthesis loci of 20 strains. This LOS locus typing
scheme should help in the identification of the gene content that
is responsible for the development of GBS and FS. Godschalk et
al. {15], who used clinical isolates from The Netherlands and
Belgium, recently reported that the class A locus was overrep-
resented in GBS-associated strains, compared with enteritis-as-
sociated strains (9/17 [53%)] vs. 3/21 [14%]), whereas all FS-as-
sociated strains had the class B locus (FS-associated strains, 4/4
[100%]; enteritis-associated strains, 7/21 [33%]). The high fre-
quency of the class A locus in GBS-associated strains has been
confirmed by Parker ct al. [26], who used 16 GBS-associated
strains from various countries, although the frequency of this
locus in GBS-associated strains could not be compared with that
in enteritis-associated strains from each country. Godschalk et
al. [15] suspected that the frequent expression of a GM1-like
LOS in class A strains and a GQ1b-like LOS in class B strains is
responsible for the development of GBS and FS, respectively.
Their findings, however, do not clarify which genetic difference
leads to the presence of diverse ganglioside mimics (GM1 and
GQIb) in spite of the almost identical gene profiles in class A
and B loci [27] or why class C is relatively rare (2/17 [12%]) in
GBS-associated strains in spite of the expression of GM1-like
LOSs in all 5 strains with the class C locus.

The sialyltransferase gene cst{l has an Asn/Thr polymorphism
at codon 51, which determines substrate specificity; cstil
(Thr51) has only «-2,3-sialyltransferase activity and is termed
“monofunctional” ¢stll, whereas cstll (Asn51) has both a-2,3-
and «-2,8-sialyltransferase activities and is termed “bifunc-
tional” cstll [27]. Both sialyltransferase activities are required
for the biosynthesis of the GQ1b and GT1a epitopes on LOS,
whereas only o-2,3-sialyltransferase activity is needed for the

biosynthesis of the GM1 and GD1a epitopes (figure 1). These
findings recently led to our discovery that cstll polymorphism
is important for the development of GBS and FS after C. jejuni
enteritis [29). ¢stll (Thr51) is closely associated with GBS and
anti-GM1 and anti-GDla autoantibodies, and cstll (Asn51) is
closely associated with FS and anti-GQ1b autoantibodies.

Some of the identified bacterial risk factors for the devel-
opment of GBS are closely related 1o each other, especially
ganglioside mimics and serotype [19], cstll gene content [19,
29}, and LOS locus class {15]. Therefore, it is necessary to
analyze the risk factors comprehensively in a larger number of
clinical isolates. We first examined whether the clustering of
GBS-associated and FS-associated strains into a specific LOS
locus class would also occur with a large number of Japanese
strains; we then analyzed LOS locus classes comprehensively in
connection with Penner serotype, cstII polymorphism, and gan-
glioside-like LOSs, to identify risk factors for the development
of GBS.

MATERIALS AND METHODS

Strains. From December 1990 to February 2004, 138 C. jejuni
strains were isolated from patients with GBS (n = 106) or FS
(n = 32), and these strains were used in the present study. Most
of the strains were included in our previous study [5]. Two
strains, OH4384 and OH4382, were obtained from patients
with GBS who were siblings [17, 30], and the others were
obtained from patients with GBS who were evenly distributed
geographically [5]. Diagnosis of GBS or FS was based on pub-
lished clinical criteria {31, 32]. A total of 103 strains were
isolated from patients throughout Japan who had uncompli-
cated enteritis, and these strains served as controls. Penner
serotypes were determined using the passive hemagglutination
technique with a Campylobacter antisera “Seiken” Set (Denka
Seiken) [5].

LOS locus classification and cstll polymorphism. We used
a method similar to that of Godschalk et al. [15] to classify the
LOS locus (A-F). The presence of cach class-specific gene was
investigated by polymerase chain reaction (PCR) (table 1). The
primer pair used for orf19d amplification was the same as that
used in the study by Godschalk et al. [15], whereas the other
primer pairs were newly designed for the present study. Class
G was not examined, because it is considered to be very rare.
Strains were judged to be class A when orf7a/b (cstll) was pres-
ent and orf51Ib (cgtAllb) was absent. Similarly, strains were
judged to be class F when orf19d/f was present and orfl7d was
absent. A single bacterial colony was suspended in 300 uL of
sterile distilled water and boiled for 10 min. After centrifugation
at 10,000 g for 1 min, the supernatant was used as the template
in the PCR amplification. Amplification reactions were per-
formed with a total volume of 20 uL, which contained 8 pmol
of each primer, 0.4 uL of DNA lysate, 0.5 U of Tag DNA
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Proposed biosynthesis pathway of Campylobacter jejuni lipo-oligosaccharides (LOSs) mimicking gangliosides with a single sialic acid on

the inner galactosyl residue [27, 28). Gal, galactose; GalNAc, N-acetylgalactosamine; NeuAc, N-acetylneuraminic acid.

polymerase (TaKaRa Ex Taq; Takara Bio), 4 nmol of dNTPs,
and buffer (2 mmol/L Mg’*). After the first denaturation step
of 5 min at 95°C, the amplification mixture was subjected to
30 cycles of amplification (table 1). Variation at codon 51 of
cstll was investigated by direct sequencing of the PCR fragment
[29].

Ganglioside-like LOS. Crude LOS fractions were prepared
from the strains as described elsewhere [33]. The presence of
ganglioside epitopes (GM1, GD1a, and GQ1b) on the C. jejuni
LOS was determined using an ELISA [34]. The reagents used
were monoclonal antibodies (mAbs; GB2 [anti-GM1], GB1
[anti-GD1al, and FS3 [anti-GQ1b/GT1a}) [14, 34).

Analysis of O-deacylated LOS. C. jejuni was grown over-
night on a single agar plate, and the cells were treated as de-
scribed elsewhere [35], with minor modification [34]. The
O-deacylated LOS sample was analyzed by capillary electro-

phoresis-electrospray ionization mass spectrometry (CE-ESI-
MS) [36].

Sequencing of LOS biosynthesis genes. Isolation of genomic
DNA from C. jejuni strain CF90-26 was performed with a DNeasy
Tissue kit (Qiagen). A 6.1-kb PCR product bearing genes en-
coding the LOS outer core glycosyltransferases was amplified with
an Advantage 2 PCR kit (Clontech Laboratories) and the primers
CJ-99 (5-ATTAAAAAAAGACCTTGGGAATAC-3') and CJ-147
(5-AAGGTGTGCTAAGATAAACAAGAC-3'). The 6.1-kb PCR

Table 1. Polymerase chain reactions for the
lipo-oligosaccharide gene loci of Campylobac-
ter jejuni strains.

The table is available in its entirety in the online
edition of the Journal of Infectious Diseases.
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Table 2. Lipo-oligosaccharide (LOS) locus classes of Campylobacter jejuni strains.

Guillain-Barré Fisher
syndrome-~associated syndrome—-associated
strains (n = 106) strains (n = 32) Enteritis-associated

LOS locus class No. (%) 2-tailed P? No. (%) 2-tailed P°  strains, no. (%) (n = 103)
A 72 (68) <.001 12 (38) .02 17 017)

B 18 (17) .02 15 (47) 14 33 (32)

(o 12(171) 13 1(3) .03 20 19)

D 0 A2 0 1.0 31(3)

E 2(2) .001 2 (6) .36 14 (14)

F 0 .01 0 .34 6 (6)

AC® 0 49 0 1.0 1

B/C® 0 49 0 1.0 1(1)
Unclassified 21(2) .08 2 {6) 1.0 8 (8)

A B, orC 102 (96) <.001 28 (88) .06 72 (70)

? Compared with enteritis-associated strains (Fisher's exact test).

b Overlapping class A and C loci.
¢ Overlapping class B and C loci.

product was sequenced by means of custom-made primers that
were used previously to sequence this locus in multiple C. jeju-
ni strains [27]. DNA sequencing was performed with a BigDye
Terminator mix (Applied Biosystems). Products were analyzed
in an ABI 3100 Genetic Analyzer (Applied Biosystems).

Antiganglioside autoantibodies.
during acute phases of GBS and FS were available from 126
patients (95 patients with GBS and 31 patients with FS). IgG
autoantibodies to GM1, GD1a, and GQ1b were measured by
ELISA [37]. Serum was considered to be positive for antibody
when the titer was =500.

Statistical analysis.

Serum samples obtained

Frequency differences between groups
were compared using Fisher’s exact test. Differences in medians
were examined using the Mann-Whitney U test, and Scheffé’s
test was used in the case of multiple comparisons. The asso-
ciation between the LOS locus class and either GBS or FS was
first investigated by univariate analysis, without adjustment for
confounding variables. A multiple logistic regression model was
then used to determine the relative weighting of each variable.
Statistical calculations were made with SPSS (version 12.0J;
SPSS). A difference was considered to be statistically significant
when P<.05.

RESULTS

LOS locus classification. Preliminary analysis of control
strains of each LOS locus class confirmed that PCR-based LOS
locus classification works well (data not shown). The class A
locus was predominant in the GBS-associated strains, and its
frequency was significantly higher in GBS-associated strains
than in enteritis-associated strains (table 2). The other LOS
locus classes were rarer in GBS-associated strains than in en-
teritis-associated strains. These findings agree with those of
Godschalk et al. [15). In contrast, FS-associated strains most

frequently had the class B locus, but, compared with the en-
teritis-associated strains, the difference did not reach statistical
significance, because it also was the most common class found
in enteritis-associated strains. In the study by Godschalk et al.
[15], all 4 FS-associated strains had the class B locus, where-
as, in the present study, a significant number of FS-associated
strains had the class A locus. In 12 strains (2 GBS associated,
2 FS associated, and 8 enteritis associated), there was no am-
plification of any class-specific genes. Two enteritis-associated
strains were grouped as having overlapping class A and C or
B and C loci.

Sialyltransferase-encoding genes (cstll or cstlll) are present
in class A, B, and C loci {27], and this enables strains with
these LOS locus classes to be characterized as a single group.
Our data showed that 96% of GBS-associated strains had si-
alyltransferase-carrying LOS locus classes (A, B, or C), and this
percentage was significantly higher than that of enteritis-as-
sociated strains (70%) (table 2). FS-associated strains also reg-
ularly had these LOS locus classes (88%).

Serotype. Table 3 shows the associations between the LOS
locus class and the Penner serotype in GBS-associated, FS-
associated, and enteritis-associated strains. LOS locus classes
were closely—but not absolutely—associated with the Penner
serotype, because strains with each LOS locus class were
grouped into several serotypes, as was reported by Parker et
al. [26]. Most class A strains were serotype HS:19, whereas the
serotypes of class B strains varied. Conversely, most of the HS:
19 strains had the class A locus, whereas most of the HS:2 and
HS:4-complex strains had the class B or A locus.

cstll polymorphism. Class A and B loci are reported to
carry the cstll gene [27]. Therefore, the association between
cstll polymorphism and the class A or B locus was examined.
Most of the class A strains had the ¢stll (Thr51) genotype (78/
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Table 3. Associations between lipo-oligosaccharide (LOS) locus class and Penner serogroup in Campylobacter jejuni strains.

Serogroup (serotype)

Strains, A B D G (0] Y

LOS locus class no. (HS:1/44) (HS:2) {HS:4/13/16/43/50)  (HS:8) (HS:19) (HS:37) Other
A2 101 0 70 15 (15) 0 73 (72) 101 6 (6)
B 66 142 21 (32) 21 (32) 6(9) 6 (9) 0 17 (26)
c® 33 14 (42) 7 (21 0 5 (15) 0 0 8 (24)
D 3 0 0 0 0 0 0 3 (100)
E 18 0 0 0 0 0 8 (44) 10 (56)
F 6 0 1017 0 0 0 0 5 (83)
A/C 1 0 1 {100) 0 0 0 0 0

B8/C 1 0 0 0 0 0 0 1 (100}
Unclassified 12 207 217 0 0 2(17) 0 6 (50)

NOTE. Data are no. (%) of strains, unless otherwise indicated.

® One strain was serotyped as the O/Y serogroup.
® One strain was serotyped as the A/G serogroup.

101; 77%), whereas most of the class B strains had the cstll
(Asn51) genotype (49/66; 74%). FS-associated strains, how-
ever, were closely associated with the cstll (Asn51) genotype,
irrespective of whether the LOS locus class was A or B; 8 (80%)
of 10 class A strains and all 12 (100%) class B strains had the
cstll (Asn51) genotype. This suggests that cstll polymorphism,
and not LOS locus class, is critical for the development of FS.

Ganglioside-like LOS and antiganglioside autoantibodies.
On the whole, reactivity to anti-GM1 mAb was increased in
class A and C strains, and that of anti-GD1a mAb was increased
only in class A strains (figure 2); this is indicative of a difference
in sialyltransferase substrate specificity between classes A (cstll)
and C (cstlll) [25]. Some class B strains had high reactivity to
anti-GM1 and anti-GD1a mAbs, but the median optical density
was low. Reactivity to anti-GQ1b/GT1a mAb was high overall
in class B strains and in some class A strains, but it was not
high in strains with loci of other classes.

We defined ganglioside epitopes as being present on LOSs
when the OD of mAb in the ELISA was =0.2. There was an
obvious difference in ganglioside epitopes between strains with
the class A, B, or C locus and strains with the class D, E, or F
locus, with epitopes being frequent in the former group and
absent in the latter group. For example, the GM1 epitope was
judged to be present in 80% of class A strains, 26% of class B
strains, and 64% of class C strains but in none of the strains
with the class D, E, or F locus. Furthermore, class A strains
regularly expressed both the GM1 and has the GD1a epitope,
whereas class C strains expressed only the GM1 epitope; the
GD1a epitope was detected in 76% of class A strains but in
only 3% of class C strains. The GQ1b/GT1a epitope was pres-
ent in 37% and 50% of class A or B strains, respectively; no
strain with the class C, D, E, or F locus had this epitope.
Notably, several unclassified strains also had ganglioside-mim-
icking LOS (figure 2), and this is indicative of an unknown
sialyltransferase gene being present at an unclassified locus.

Patients with class A or C strains often were positive for IgG
autoantibodies against GM1 (72% and 75%, respectively). In-
terestingly, the frequency of anti-GD1a IgG autoantibodies was
higher in patients with class A strains (51%) than in patients
with class C strains (33%). These data agree with the finding
that anti-GD1a mAb bound to class A LOS but not to class C
LOS. In contrast, patients with class B strains more common-
ly had anti-GQ1b IgG autoantibodies (44%) than anti-GM1
IgG autoantibodies (25%) or anti-GDla IgG autoantibodies
(25%). Anti-GQ1b IgG autoantibodies were rarely detected in
patients with class A (14%) or class C (0%} strains. These data
agrec with the finding that anti-GQ1b/GT1a mAb regularly
bound to class B LOS. v

LOS structure and glycosyltransferase genes of strain CF90-
26. Because the above data suggested the importance of the
GM1 and GD1a epitopes on class A strains, we investigated in
detail the LOS structure and gene sequences of the cstll, cgtA,
and cgtB glycosyltransferase genes. Elsewhere, we showed that
C. jejuni strain CF90-26 (a serotype HS:19 class A strain from
a patient with GBS who had high anti-GM1 IgG autoantibody
titers), which was used in the present study, has a GM1-like
structure, on the basis of nuclear magnetic resonance analysis
[16], and has the GD1la epitope, on the basis of thin-layer
chromatography with immunostaining [38)]. CE-ESI-MS anal-
ysis of an O-deacylated LOS sample from C. jejuni strain CF90-
26 yielded various masses, and the predominant species was
[M-4H}*" (3645 Da). The differences in observed masses (table
4) were due to lipid A variation, as well as to the presence or
absence of a terminal sialic acid (in addition to the sialic acid
that is present on the inner galactosyl residue). CE-ESI-MS
analysis showed that the absence of the terminal sialic acid
resulted in a GM1 mimic, and its presence in a GDla mimic
(figure 3) provided evidence that CF90-26 has both GMI-like
and GDla-like LOSs. The LOS biosynthesis gene sequence in
strain CF90-26 (GenBank accession number AY661458) was
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