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Living fossil or evolving

virus?
Keizo Tomonaga

Ithough virus-like organisms are

thought to have appeared together

with the earliest forms of cellular
life, their origin remains a mystery and we
have little idea of the features of ancient
viruses. Conversely, we know a lot about
modern viruses, which show great diversity
in genome organization and replication
machinery, probably due to their antagon-
istic co-evolution with host defence mecha-
nisms. However, not only is it extremely
difficult to follow the details of these evolu-
tionary processes, it is also hard to predict
what ancient viruses might have been like,
because only retroviruses have left a fossil
record of their infection in hosts.

Against this background, the study of
bornaviruses is shedding light on the murky
past of viral origins and evolution. Borna-
viruses are non-segmented, negative-strand
RNA viruses that are characterized by their
ability to infect nervous system cells without
causing cell damage. A mammalian borna-
virus, Borna disease virus (BDV), is infectious
to a wide variety of host species and causes
central nervous system disorders (Ikuta et al,
2002). Records dating to the seventeenth
century in Germany, for example, detail
neurological disorders in horses that we now
know are caused by BDV infection.

The most striking feature of borna-
viruses is that they establish a persistent
infection in host cell nuclei, making them
the only animal RNA virus capable of this
type of intranuclear parasitism. Another
important property of bornaviruses was
uncovered recently by an international
team of researchers (Horie et al, 2010):
BDV was shown to integrate a DNA copy
of its mRNA into the genetic material of the
host in persistently infected cells. Although
other non-retroviral RNA viruses are known
to produce DNA versions of their genomes
during replication (Klenerman et al, 1997;
Geuking et al, 2009), bornaviruses are so far
unique in having left endogenous fragments
of themselves in the genomes of many
mammalian species, including humans
(Horie et al, 2010). At least four copies of
these elements—homologous to the BDV

nucleoprotein and thus named endogenous
Borna-like nucleoprotein (EBLN)—have
been found in the human genome, and
their orthologues in the genomes of other
primates. A phylogenetic analysis of these
fragments has revealed that humans prob-
ably first acquired an EBLN fragment at
least 40 million years ago. EBLN is there-
fore regarded as the first endogenous, non-
retroviral viral element to be found in a
mammalian genome, and it might preserve
the features of ancestral bornaviruses.

Given this tantalizing possibility, the dis-
covery of EBLN fragments has given rise to
a host of new questions. The first surprise is
the extremely long coexistence of borna-
viruses and humans over 40 million years,
in spite of which, we have not yet overcome
their infection. More strangely, despite tens
of millions of years spent replicating as
exogenous viruses, the sequences of current
bornaviruses are similar to those of EBLNS.

A main form of modern bornavirus infec-
tion is a chronic, life-long persistence in the
host. Such a harmonious coexistence with
the host might have enabled the virus to limit
the accumulation of genetic variation dur-
ing evolution. Of course, it is also possible
that other events and processes—natural
selection, recombination and switching to
alternative host species—might also have
been crucial in the conservation of borna-
virus sequences. Is the modern bornavirus a
living fossil that has retained the features of
the ancient virus? Solving this puzzle of high
sequence conservation is key to exploring
the evolution and origin of RNA viruses.

The integration of BDV DNA into host
genomes could represent a novel mode
of pathogenesis in RNA virus infection.
Persistent infection with BDV causes neuro-
logical disorders in animals in the absence
of inflammation in the brain, which sug-
gests that BDV directly induces the func-
tional disturbance of infected neurons
(Gonzalez-Dunia et al, 2005). Although the
frequency of BDV integration into the host
genome appears to be low, the functional
disturbance caused by BDV might be a
consequence of gene disruption due to the
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insertion of its DNA. This intriguing hypo-
thesis is under investigation. Notably, some
primate EBLNs are known to be expressed
and to interact with several cellular proteins
(Ewing et al, 2007); it will be interesting to
determine their cellular function. It is also
enticing to consider whether RNA viruses in
general have had a role as drivers of genetic
innovation or mutation during the evolution
of their hosts.

The specific sequence characteristics of
EBLNs and integrated BDV DNAs suggests
that retrotransposons, such as the long inter-
spersed nucleotide element 1. (L1) family,
are involved in the integration of bornavirus
sequences. This, in turn, suggests that EBLNs
are processed pseudogenes derived from
ancient bornaviruses. Yet, if L1s are respon-
sible for bornavirus integration into the host
genome, what ensures the specificity of L1s
for bornavirus nucleoprotein mRNA with-
out targeting other viral RNAs? This is one
of many intriguing topics that remains to
be explored; the unknown mechanism that
enables bornavirus intranuclear residence
could perhaps explain this specificity. The
template switching of Ll-encoded pro-
teins was proposed recently as a mecha-
nism of chimeric pseudogene formation
from non-L1 cellular RNAs (Garcia-Perez
et al, 2007). On the one hand, it is tempt-
ing to speculate that the bornavirus mRNA
could be a target of this template-switching
mechanism in the nucleus. On the other
hand, a better control of bornavirus DNA
integration into host genomes will also be
necessary to make wide use of a recently
established BDV-based vector system.

The study of such an ancient RNA virus
will hopefully reinvigorate interest in this
broad research area. A better understanding
of the evolution of bornaviruses might pro-
vide clues as to the origin and/or evolution
of RNA viruses in general.
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Endogenous non-retroviral RNA virus elements in

mammalian genomes

Masayuki Horie'*, Tomoyuki Honda'**, Yoshiyuki Suzuki®, Yuki Kobayashi®, Takuji Daito', Tatsuo Oshida®,
Kazuyoshi Ikuta', Patric Jern®, Takashi Gojobori®, John M. Coffin® & Keizo Tomonaga*

Retroviruses are the only group of viruses known to have left a
fossil record, in the form of endogenous proviruses, and approxi-
mately 8% of the human genome is made up of these elements">.
Although many other viruses, including non-retroviral RNA
viruses, are known to generate DNA forms of their own genomes
during replication®=, none has been found as DNA in the germline
of animals. Bornaviruses, a genus of non-segmented, negative-
sense RNA virus, are unique among RNA viruses in that they
establish persistent infection in the cell nucleus®*. Here we show
that elements homologous to the nucleoprotein (N) gene of
bornavirus exist in the genomes of several mammalian species,
including humans, non-human primates, rodents and elephants.
These sequences have been designated endogenous Borna-like N
(EBLN) elements. Some of the primate EBLNs contain an intact
open reading frame (ORF) and are expressed as mRNA.
Phylogenetic analyses showed that EBLNs seem to have been
generated by different insertional events in each specific animal
family. Furthermore, the EBLN of a ground squirrel was formed by
a recent integration event, whereas those in primates must have
been formed more than 40 million years ago. We also show that the
N mRNA of a current mammalian bornavirus, Borna disease virus
(BDV), can form EBLN-like elements in the genomes of per-
sistently infected cultured cells. Our results provide the first
evidence for endogenization of non-retroviral virus-derived ele-
ments in mammalian genomes and give novel insights not only
into generation of endogenous elements, but also into a role of
bornavirus as a source of genetic novelty in its host.

Bornaviruses are the only animal RNA viruses that achieve a highly
cell-associated life cycle within the nuclear envelope®”, and can
therefore provide not only new models of RNA virus replication,
but also insight into dynamics of RNA molecules in eukaryote cells.
In an effort to understand whether bornaviruses mimic host factors
to maintain persistent infection in the nucleus, we searched human
protein databases for sequences with similarity to BDV proteins. This
search identified two hypothetical human proteins (GenelD
LOC340900 and LOC55096), each of which has significant sequence
similarity to BDV N (Fig. laand Supplementary Table 1). BDV N is a
major structural protein, which tightly encapsidates the viral RNA to
form the nucleocapsid. The LOC340900 sequence encodes a protein
of comparable length (366 residues) to BDV N (370 residues),
whereas LOC55096 seems to contain several frameshift mutations
relative to BDV N, resulting in a shorter ORF length (Fig. 1a). Both
LOC340900 and LOC55096 showed an overall 41% sequence identity
and 58% similarity to BDV N and 72% identity to each other. The
close relationship between BDV N and the homologous genes was

further demonstrated by the alignment of transcription regulatory
sequences on either side of BDV N (Fig. 1b). The S and T motifs in
flanking sequences of both putative human proteins were well con-
served with those of BDV (Fig. 1b). In addition, a poly-A sequence
appears after the T1-like motifin the 3’ flanking region of LOC55096
(Fig. 1b). The homology of the human genes to BDV N was also
confirmed by a permutation test (Supplementary Fig. 1). These find-
ings indicated that both human genes may be endogenous elements
related to BDV N gene, and therefore we designated them EBLNs
(LOC340900, EBLN-1 and LOC55096, EBLN-2).

To investigate the presence of EBLN sequences in other animal
species, we conducted tblastn searches using BDV N as a query in
eukaryote and whole-genome shotgun databases at NCBI. Sequences
with blast E-values of 107'" or lower were identified as EBLNs. We
found two additional human elements (EBLN-3 and -4) as well as a
number of related sequences in various mammalian species, includ-
ing marsupials (Supplementary Table 2). Orthologous genes to
human EBLNs were identified in the genomes of non-human
anthropoid primates, including chimpanzee, gorilla, orang-utan,
and macaque (Supplementary Table 2). We also detected primate
EBLNs in the genomes of the suborder Strepsirrhini, including the
mouse lemur and Garnett’s galago. Furthermore, two species of the
Afrotheria, African elephant and cape hyrax, and four rodents were
found to have EBLNs with E-values of less than 1072® (Sup-
plementary Table 2). An EBLN locus with a high level of similarity
to BDV N was also identified in the thirteen-lined ground squirrel
(TLS) genome (Supplementary Fig. 2a). Like the human EBLNs, the
TLS EBLN contained a 3" poly-A sequence, as well as S and T signal
motifs, in its 3’ flanking region (Supplementary Fig. 2b). Almost all
EBLN fragments, except for EBLN-1 and the TLS gene, contained
several stop codons in the predicted coding sequences, or lacked the
identifiable flanking sequences. In addition, we found that all
anthropoid EBLNS, except for EBLN-4, are expressed as mRNAs in
some human and monkey-derived cell lines (Supplementary Fig. 3).
A previous study reported the interaction of human EBLN-2 with
other cellular proteins, such as AP1S1, TUSC2/FUS1 and FANCC
(ref. 10) (Supplementary Table 1), indicating that anthropoid EBLNs
may encode functional proteins.

To investigate whether other mammalian species contain EBLN-
related sequences in their genomes further, we conducted Southern
blot hybridization under low-stringency conditions using human,
murine and TLS EBLN as probes (Fig. 1c and d). Along with the clear
signals in primate genomes, we detected reproducible faint positive
bands in murine and shrew genomes when using a human EBLN
probe (Fig. 1c, dots). The signals were also observed using a mouse
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Figure 1| Bornavirus N-like elements in mammalian genomes.

a, Alignment between predicted amino acid sequences of BDV N and two
human bornavirus N-like elements. Black arrowheads indicate predicted
frameshift sitesin LOC55096. b, Sequence alignments of transcription signal
sites (S1/S2 and T1) at both the 5" and 3’ ends of the bornavirus N ORF.
A schematic representation of bornavirus genome structure is shown.

EBLN probe (Fig. 1¢, arrowheads), indicating that the faint bands are
most likely to be EBLN-related sequences. In fact, EBLN-like
sequences, albeit with E-values greater than 10~ ', were found in the
Eurasian shrew genome in our tblastn searches. On the other hand,
except for TLS, no positive band was detected by the TLS probe in the
genomes of several different squirrel species, such as woodchuck
(Marmota spp.), the closest species to the TLS (Spermophilus spp.)
(Fig. 1d)", indicating that the ground squirrels are likely to be the only
host species of EBLN within the squirrel family. The BDV N probe
detected many faint and smear bands that include the signals detected
by EBLN-specific probes in both selected mammalian species and the
squirrel families (Supplementary Fig. 4), indicating that EBLN-related
fragments are more widely distributed in the mammalian genome.
We next performed a comprehensive phylogenetic analysis using
nucleotide sequences of all EBLNs with E-values less than 10™*° (Fig, 2
and Supplementary Fig. 5). In addition to EBLNS, we included avian
bornaviruses (ABVs)'"? and an exogenous reptile bornavirus (RBV)
sequence, which was detected in a cDNA library from a Bitis gabonica
(Gaboon viper) venom gland" (Supplementary Fig. 6). As shown in
Fig. 2, the anthropoid and murine EBLNs are clustered phylogenetically
within each host order. By contrast, EBLNs from other species, includ-
ing African elephant, cape hyrax and guinea pig, form branches inde-
pendent from the evolutionary lineage of their hosts, indicating that
these EBLNs had most likely invaded each species via independent
integration events. Interestingly, the TLS EBLNSs form a tight cluster
more closely related to modern exogenous bornaviruses than to those
of other animals. Considering that a closely related species does not
contain EBLNS, the integration of squirrel EBLN could have been a very

¢, d, Low-stringency Southern blot hybridizations of DNA from various
mammalian species using human EBLN-1 and mouse EBLN chr.11 (c) and
TLS EBLN (d) as probes. Dots and arrowheads on the right side of the
murine and shrew lanes in panel ¢ indicate the positions of reproducible
positive signals. Mr, Molecular marker.

recent event. A phylogenetic analysis using all primate EBLNG, including
marmoset (Supplementary Fig. 7), showed that the integration events
leading to the primate EBLNs occurred in the Haplorrhini at least before
the split between rhesus macaque and marmoset.

To investigate whether current bornaviruses are able to be copied
into DNA to produce EBLN-like elements, we first performed PCR
analyses using DNA of persistently BDV-infected cells. As shown in
Fig. 3a and Supplementary Table 3, BDV DNA was clearly detected in
some cell lines by a primer set targeted to the BDV N region. To
understand which viral RNA species serve as template for the DNA
form of BDV, we used several primers within the BDV genome for
amplification. The results showed that primer sets straddling the
boundaries of BDV transcription units could not amplify BDV-
specific DNA (Fig. 3b and c), indicating that the DNA is transcribed
from mRNAs of BDV. We detected BDV-specific DNA in the brains
of persistently BDV-infected mice (Supplementary Fig. 8), indicating
that BDV can produce DNA forms in vitro and in vivo. We next
performed Alu-PCR to investigate whether BDV DNA detected in
the infected cells exists as integrated or extrachromosomal DNA. As
shown in Fig. 3d and Supplementary Fig. 9, an Alu-specific PCR
product was detected in BDV-infected cells only when using an
N-specific forward primer about 30 days post-infection. This obser-
vation indicated that although BDV DNA in infected cells may be
mainly extrachromosomal, the N gene is integrated into the host
genome during persistent infection.

We further characterized the BDV DNA insertions and flanking
cellular sequences by using Alu-PCR and inverse PCR (Supplementary
Fig. 10)™. Integration sites were present on various chromosomes
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Figure 2 | Phylogenetic tree of exogenous bornaviruses and mammalian
EBLNs. The bootstrap probability is indicated for each interior branch. The
scale bar indicates the number of amino acid substitutions per site. Animals
belonging to the same order are indicated by the same colour. Strain and
sequence accession numbers are given for each sequence.

(Fig. 4). Similar to some mammalian EBLNs, many BDV DNA inser-
tions contained a 3’ poly-A sequence (Fig. 4b and c). In addition, inte-
grations of truncated BDV N DNA were also found in some clones. No
apparent consensus sequences were found at the sites, although target
site duplications (TSDs) were detected in some clones from the inverse
PCR (Fig. 4c). We also found deletions, as well as sequence rearrange-
ment, of host genome adjacent to BDV DNA insertions (Fig. 4c). These
results indicate that modern BDV is able to produce DNA forms leading
to insertion of EBLN-like elements into its host’s genome.

This report is the first to provide evidence of endogenous
sequences derived from a non-retroviral RNA virus in mammalian
species. Phylogenetic analyses demonstrate that the oldest primate
EBLN observed must have appeared in an ancestor of primates after
the separation between Strepsirrhini and Haplorrhini, implying that
bornaviruses have coexisted with primates for an evolutionary
history stretching at least 40 million years. Thus, bornaviruses are
the first non-retroviral RNA virus whose existence in prehistoric
times has been confirmed. To date, the evolution/origin of RNA
viruses is a major puzzle in the relationship between viruses and
mammalian hosts, because simple molecular clock calculations using
an average rate of nucleotide substitutions estimate the origin of RNA
viruses to be a very recent event'>"”. Despite replication during tens
of millions of years as exogenous viruses, the amino acid sequences of
current BDV N seem surprisingly conserved relative to EBLNs. This
conservation demonstrates the inapplicability of simple molecular
clocks to RNA virus evolution. Discovery of EBLNs in several
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Figure 3 | Reverse transcription and integration of BDV RNA in
mammalian cells. a, PCR amplification of BDV N-specific cDNA in BDV-
infected cells. OL and 293T, human; Vero, monkey; C6, rat; MDCK, dog.
b, Schematic representation of the bornavirus genome and mRNAs. Regions
for the PCR amplification are indicated by red bars. ¢, Region-dependent
amplification of BDV ¢DNA in infected OL cells. The numbers on the left
side of the panels correspond to the amplification regions in panel b. Ctrl
indicates the results of RT-PCR using RNA from BDV-infected OL cells.
d, Integration of BDV DNA. Genomic DNA was isolated from BDV-infected
OL cells at the indicated days after infection, and Alu-PCR was performed
with (+) or without (-) the Alu primer. UI, genomic DNA from uninfected
cells; d.p.i., days post-infection.
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predicted TSDs. The blue box indicates the position and length of the poly-A
sequence. The pre-integration form of chromosome 7 is shown in panel c.
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mammalian species will help shed light on the evolutional history of
RNA viruses and their hosts.

The sequence characteristics of both EBLNs and BDV DNA inser-
tions in host genomes indicate that the reverse transcriptase activity
encoded by retrotransposons, such as long interspersed nucleotide
elements (LINEs), is likely to be involved in the reverse transcription
and integration of bornavirus mRNAs, although some clones showed
no apparent TSDs (ref. 18). LINE-1s (L1) are abundant retrotranspo-
sons, whose enzymes are able to sometimes target cellular mRNAs and
produce processed pseudogenes in mammalian genomes'*'. The
organization of sequences flanking EBLN-2 is consistent with the
action of L1. The sequence shows the presence of an AluSx element
immediately downstream of the 3’ poly-A tail of EBLN-2 (Supplemen-
tary Fig. 11). The key observation is that the EBLN-2/AluSx element is
flanked by a perfect 9-bp TSD. Because the AluSx itselfis not flanked by
TSDs and the 3" end of Alu is known to be recognized by L1 during
target-primed reverse transcription, the presumed EBLN-2/AluSx
chimaera element was most likely created and integrated by the LI
machinery. Thus, it is likely that EBLNs are processed pseudogenes
derived from ancient bornavirus infections. At present, the reasons
why bornaviruses but not other non-retroviral RNA viruses, and
why only N and not other genes, have been preserved in mammalian
genomes as endogenous elements are not clear. There are several
possibilities. First, bornaviruses may have greater access to the germline.
Second, the BDV N mRNA, like some cellular RN As, may have features
that, by chance, make it a favourable template for L1-mediated reverse
transcription®®. Third, the predominant transcription of BDV N
mRNA in infected cells may also favour its association with the L1
replication machinery. The selectivity for BDV N mRNA implies a role
for specific structural features, perhaps in conjunction with one or more
of the other possibilities. Our data also raise the possibility that, like
some endogenous retroviruses, EBLNs may have some function in their
host species. An analysis of the non-synonymous to synonymous sub-
stitution ratios among anthropoid EBLNs indicates functional, albeit
weak, evolutionary conservation. This finding implicates bornaviruses
as a new source of genetic innovation in their hosts. Further studies will
be needed to explore this possibility.

METHODS SUMMARY

Homology searches (blastp, tblastn) were conducted using the amino acid
sequence of BDV N H1499 (International Nucleotide Sequence Database acces-
sion number AY374520) as a query and the genomic sequences of 234 eukaryotes
as a database at the genomic blast server at the National Center for Biotechnology
and Information, NCBI. Sequence hits with E-values less than 107 '% were col-
lected together with neighbouring hits, if any, with higher E-values and combined
according to their alignment pattern with BDV N. The resulting amino acid
sequence was examined for the presence of a BDV_P40 domain (Pfam accession
number PF06407.3) using HMMPFAM. The sequence was identified as a putative
EBLN when the domain was detected with the E-value of less than 107'%.

The putative EBLN amino acid sequences that were identified with E-value of less
than 107" in both tblastn and HMMPEAM were used for the phylogenetic analysis
with N sequences of various exogenous bornaviruses. The multiple alignments of
EBLN and BDV N amino acid sequences were made according to the alignment
pattern of EBLN sequences to BDV N in the tblastn results. The phylogenetic tree
was constructed using the neighbour-joining method** and the evolutionary dis-
tance measured as the proportion of difference (p distance) with the pairwise
deletion option in MEGA (version 4.0). The reliability of interior branches in
the phylogenetic tree was assessed by the bootstrap method with 1,000 resamplings.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Permutation test. A permutation test was conducted to examine the homology of
human EBLNS to the N gene of BDV, taking into account their base composition.
The nucleotide sequence of each EBLN was aligned with that of the BDV N gene
(strain CRP3A: accession number AY114161) using CLUSTAL W. Gaps were
eliminated from the alignment, and the proportion of identical sites (g) was
computed. Nucleotide sequences of both the EBLN and the BDV N gene were
randomly permuted using pseudorandom numbers, and the g value was computed
as indicated above. The permutation process was repeated 10,000 times, and the
distribution of the q value between two unrelated sequences of the same base
composition as the original EBLN and the N gene was obtained. The probability
(p) of observing the g value equal to or greater than the original value in the
comparison of unrelated sequences was obtained from the distribution.

Tissue samples. Tissues from three weanling thirteen-lined ground squirrel
(Spermophilus tridecemlineatus) born in May 2008 (four generations from wild
stock) were provided from the Ground Squirrel Captive Breeding Colony at the
University of Wisconsin Oshkosh, USA. Immediately after decapitation, brain and
liver were rapidly dissected, cut into 5mm cubes, immersed in chilled methanol,
and stored frozen in liquid nitrogen until use. Shrew tissues (brain and liver) were
isolated from wild-captured long-clawed shrews (Sorex unguiculatus) in
Hokkaido, Japan. The shrews were captured under sampling permission of the
government of Hokkaido. Immediately after capture, tissue samples were fixed in
RNAlater (Ambion) and stored frozen until use. Gaboon viper (Bitis gabonica)
venom gland tissue was obtained as frozen samples from the Laboratory of Malaria
and Vector Research at National Institute of Allergy and Infectious Diseases,
National Institutes of Health, USA. Ethanol-fixed tissues from Siberian flying
squirrels (Pteromysvolans orii) and Eurasian red squirrels ( Sciurus vulgaris orientis)
were obtained from the Department of Life Science and Agriculture, Obihiro
University of Agriculture and Veterinary Medicine, Obihiro, Hokkaido, Japan.
DNA isolation. Total DNA from cultured cells was isolated using QlAamp DNA
Blood Mini kit (Qiagen). Two monkey cell lines, Vero and COS7, used in this
study are derived from African green monkey. High molecular mass DNA was
extracted by using a Blood and Cell Culture DNA Mini kit (Qiagen). Genomic
DNAs of shrews, ground squirrels and the Gaboon viper were prepared from
tissue samples using a phenol/chloroform extraction method or the Blood and
Cell Culture DNA Mini kit. To minimize the risks of contamination, DNA
extraction was performed in UV-irradiated safety cabinet with UV-irradiated
pipettes, tubes and filter tips.

DNA samples. Genomic DNAs from chipmunks (Tamias sibiricus), Japanese
giant flying squirrels (Petaurista leucogenys) and red and white giant flying
squirrels (Petaurista alborufus lena) were obtained from the Department of
Life Science and Agriculture, Obihiro University of Agriculture and Veterinary
Medicine, Obihiro, Hokkaido, Japan.

Southern blot hybridization. Genomic DNA (5 pg) was digested with appropriate
restriction endonucleases (TaKaRa). After electrophoresis in a 0.9% agarose gel,
DNA was transferred onto positively charged Nylon membranes (Roche) and baked
at 120 °C for 30 min. The membrane was prehybridized in DIG Easy Hyb (Roche) at
32°Cfor 30 min. Human and TLS EBLN and BDV N probes were labelled by DIG-
High Prime (Roche). Hybridization was performed in DIG Easy Hyb containing
25ngml™" probe at 32°C overnight. The membrane was washed twice with 2X
SSC, 0.1% SDS at room temperature for 5min, and then washed twice with 0.5X
SSC, 0.1% SDS at 50 °C for 15 min. For chemiluminescence detection, Anti-DIG-
alkaline phosphatase, Fab (Roche) and CDP-Star (Roche) were used according to
the manufacturer’s instructions. The low-stringency condition can theoretically
detect sequences having at least 75% identity with each probe.

F-PERT assay. F-PERT (fluorescent product-enhanced reverse transcriptase) assay
was performed as described previously™. Briefly, cells were lysed in disruption
buffer (40 mM Tris-HCl, pH 8.1; 50 mM KCl; 20mM dithiothreitol; 0.2% NP-
40) and the protein concentration was measured. For the reverse transcription
reaction, 1 pg of the cellular protein in 10 pl disruption buffer and an equal volume
of 2X RT mix (100 mM KCI; 20 mM Tris-HCl pH 8.3; 11 mM MgCl,; 1 mM dATP,
dCTP, dGTP and dTTP; 0.4 uM reverse primer: 5'-CACAGGTCAAACCTCCTAG
GAATG-3', 0.2% NP-40; 20mM dithiothreitol; 0.8U pl™' RNasin (Promega);
314ng ™" calf thymus DNA (Sigma) and 1.5ng MS2 RNA (Roche)) were mixed
and incubated at 48°C for 30min. cDNA was mixed with forward primer:
5'-TCCTGCTCAACTTCCTGTCGAG-3', reverse primer, probe: 5'-(FAM)-TC
TTTAGCGAGACGCTACCATGGCTA-(TAMRA)-3" and 2X TagMan Universal
PCR Master Mix (Applied Biosystems). Real-time PCR was carried out in an ABI
7900HT Fast Real-Time PCR System using the following parameters: 95 °C 10 min,
then 50 cycles consisting of 94 °C for 30 sand 64 °C for 1 min. SuperScript I1l reverse
transcriptase (Invitrogen) was used as standard control.

Virus infection. The BDV strains, huP2br, He/80 and recombinant BDV expres-
sing GFP (rBDV-5' GFP), were used in this study. Virus stock was prepared from

nature

the supernatants of BDV-infected cells. Confluent BDV-infected cells were
washed with 20mM HEPES, pH7.5 and incubated with 5ml of 20mM
HEPES (pH7.5) containing 250mM MgCl, and 1% FCS for 1.5h at 37 °C.
Supernatants were harvested and centrifuged at 2,500¢ for 5 min. The resulting
supernatants were used for virus stock. The infectious titre was determined by
focus forming assay as described previously?”. The cell lines used in this study
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)-containing
10% fetal bovine serum (FBS). Newborn Balb/c mice (Oriental kobo) were
inoculated intracranially with 200 focus forming units of BDV stock per animal
within 24 h after birth. Infected animals were sacrificed at 21 days post-infection.
The brains were collected for further analyses. All animal experiments con-
formed to the guide for the care and use of laboratory animals in the Research
Institute for Microbial Diseases, Osaka University, Japan.

.Alu-PCR analysis. Integration of BDV sequences into host genomes was detected

by using primers specific to human Alu repeats and to BDV N region. First round
amplification was performed in a final volume of 25 pl containing 0.5 U Ex Taq
(TAKARA), 1X Ex Taq buffer, 0.2 mM dNTP, BDV N-specific primer, Alu primer
and 100 ng of high molecular mass genome DNA. As control, PCR without the Alu
primer was also performed. The condition of first PCR was as follows: denature for
5 min, 20 cycles of 94 °C for 305, 53 °C for 305, 72 °C for 4 min, followed by an
extended elongation at 72 °C for 10 min. The second round PCR reaction was
carried out with 1l of the first reaction using BDV N-specific nested primers.
The reaction was run as follows: denature for 5 min, 40 cycles of 94 °C for 30s,
60°C for 305, 72°C for 20s with the final extension at 72 °C for 3 min. The
sequence information for primers used in Alu-PCR is available on request.
Amplification of virus-host junction. Virus-host junctions were amplified by
using Alu-PCR and inverse PCR methods. Alu-PCR analysis was performed as
described previously™. Briefly, the first round PCR reaction was carried out with
100 ng of high molecular mass genome DNA in a final volume of 25 il containing
0.5U Ex Taq, 0.2mM dNTP, 2 uM BDV-specific primer and 0.2 uM Alu primer
under the following conditions: denaturing at 94 °C for 1 min, 10 cycles of 94 °C for
305,59 *Cfor 305,70 °C for 3 min, followed by an extended elongation at 70 °C for
10min. After amplification, 0.5U of uracil DNA glycosylase (New England
Biolabs) was added into the tubes and incubated at 37 °C for 30 min. After heating
at 94 °C for 10min to break DNA strands at apurinic dUTP sites, the next amp-
lification primers, Tag- and BDV-specific primers, were added. Second round PCR
was performed as follows: after denaturing at 94 °C for 2 min, 20 cycles of touch-
down PCR in which the annealing temperature was decreased one degree every
other cycle from 65 °C to 56 “C. The remaining 20 cycles were run with the anneal-
ing temperature at 55 °C, followed by an extended elongation at 72 °C for 3 min.
One microlitre of the second round PCR products was further amplified with Tag-
and BDV-specific primers as follows: after denaturing for 2 min, 25 cycles of 94 °C
for 305, 60 °C for 30s, 72 °C for 3 min with the final extension at 72 °C for 3 min.
Amplified DNA was electrophoresed, extracted and then sequenced.

Inverse PCR was described elsewhere®. Briefly, 1 g genomic DNA was
digested with an appropriate restriction enzyme, including Apal, BamHI,
EcoRI, Nspl, Pstl or Xspl, for 3 h. Digested DNA was purified with QlAquick
PCR Purification kit (Qiagen) and diluted with T4 DNA ligase buffer to a final
DNA concentration of 1 ng pl ™', and then T4 DNA ligase (New England Biolabs)
was added to a final concentration of 4 U pl™". After ligation at 16 °C for 16 h,
ligated DNA was isolated using a QIAquick PCR Purification kit. Five microlitres
of the eluate were used for nested PCR. First round PCR was conducted in a 50 pl
final volume containing 1 U TaKaRa Ex Taq, 0.2 mM dNTP and 0.2 uM BDV-
specific primer set with the following program: after denaturing at 94 °C for
2min, 20 cycles of 94 °C for 305, 70°C for 30s (temperature was decreased
one degree every other cycle), 72 °C for 4min and 20 cycles of 94 °C for 30,
60 °C for 30, 72 °C for 4 min with the final extension at 72 °C for 3 min. Second
round PCR was performed with 1 pl of the first reaction. The reaction condition
was 94 “C for 2 min, 25 cycles of 94 °Cfor 30's, 58 °C for 30s, 72 °C for 4 min with
the final extension at 72 °C for 3 min. PCR products were electrophoresed and
DNA was extracted from the desired bands and sequenced. Sequence informa-
tion for primers used in this study is available on request.
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Yamaya M, Nishimura H, Shinya K, Hatachi Y, Sasaki T,
Yasuda H, Yoshida M, Asada M, Fujino N, Suzuki T, Deng X,
Kubo H, Nagatomi R. Inhibitory effects of carbocisteine on type A
seasonal influenza virus infection in human airway epithelial cells. Am
J Physiol Lung Cell Mol Physiol 299: L160-1168, 2010. First
published June 11, 2010; doi:10.1152/ajplung.00376.2009.—Type A
human seasonal influenza (FluA) virus infection causes exacerbations
of bronchial asthma and chronic obstructive pulmonary discase
(COPD). 1-carbocisteine, a mucolytic agent, reduces the frequency of
common colds and exacerbations in COPD. However, the inhibitory
effects of L-carbocisteine on FluA virus infection are uncertain. We
studied the effects of L-carbocisteine on FluA virus infection in airway
epithelial cells. Human tracheal epithelial cells were pretreated with
L-carbocisteine and infected with FluA virus (H3N»). Viral titers in
supernatant fluids, RNA of FluA virus in the cells, and concentrations
of proinflammatory cytokines in supernatant fluids, including TL-6,
increased with time after infection. L-carbocisteine reduced viral titers
in supernatant fluids, RNA of FluA virus in the cells, the susceptibility
to FluA virus infection, and concentrations of cytokines induced by
virus infection. The epithelial cells expressed sialic acid with an
a2,6-linkage (SAa2,6Gal), a receptor for human influenza virus on
the cells, and L-carbocisteine reduced the expression of SAa2,6Gal.
1.-carbocisteine reduced the number of acidic endosomes from which
FluA viral RNA enters into the cytoplasm and reduced the fluores-
cence intensity from acidic endosomes. Furthermore, 1.-carbocisteine
reduced NF-kB proteins including p50 and p65 in the nuclear extracts
of the cells. These findings suggest that 1-carbocisteine may inhibit
FluA virus infection, partly through the reduced expression of the
receptor for human influenza virus in the human airway epithelial
cells via the inhibition of NF-xB and through increasing pH in
endosomes. I-carbocisteine may reduce airway inflammation in influ-
enza virus infection.

SAa?2,6Gal; bronchial asthma; chronic obstructive pulmonary disease

MUCOLYTIC AGENTS INCLUDING N-acetylcysteine, L-carbocisteine,
and ambroxol have various physiological functions such as
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antioxidant effects (39), reduction of mucin 5AC protein pro-
duction (27), and improvement of airway mucociliary transport
(20). Mucolytic agents are also suggested to have clinical
benefits in reducing the frequency of exacerbations and im-
provement of quality of life in patients with chronic obstructive
pulmonary disease (COPD) (40).

Exacerbations of COPD have been reported to be caused by
viral and bacterial infection (22) as well as by exposure (o
oxidants in airways. Of the viruses, type A seasonal influenza
(FluA) is one of the pathogens that cause COPD exacerbations
especially in the winter season (19). Influenza vaccine reduces
the mortality rate in COPD patients in the winter season (14)
and is recommended in the management of COPD patients in
stable conditions. The clinically used anti-influenza drugs,
which include neuraminidase inhibitors such as oseltamivir and
zanamivir, and M, ion channel blockers such as amantadine,
are beneficial for human influenza infection (1). On the other
hand, a mucolytic agent, L-carbocisteine, reduces the frequency
of common colds as well as the frequency of exacerbations in
COPD patients (36, 40). Yang et al. (35) demonstrated that a
mucolytic agent, ambroxol, inhibits influenza-virus prolifera-
tion in the mouse airway. Likewise, L-carbocisteine inhibits the
infection of rhinovirus (37), a major cause of COPD exacer-
bations. However, the effects of L-carbocisteine on influenza
virus infection have not been studied.

In an infection of FluA virus, the viruses are attached to
sialic acid (SA«2,6Gal), a receptor for human influenza virus,
on airway epithelial cells (18). The viruses are then delivered
into the cytoplasm, and the RNA of the viruses is released from
acidic endosomes into the cytoplasm of the cells (17). As we
demonstrated, r-carbocisteine reduces the number of acidic
endosomes in human tracheal epithelial cells (37). However,
the effects of L-carbocisteine on FluA virus infection are still
uncertain.

Influenza virus infection induces airway inflammation
through the production of proinflammatory cytokines and che-
mokines such as TL-6, TL-8, and IFN-y-inducible protein
(IP)-10 (7, 30) and through the epithelial cell damage, both of
which are associated with exacerbations of COPD (12). L-
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Fig. 1. The time course of viral release in supernatant fluids of human tracheal
epithelial cells obtained at different times after exposure to 0.5 X 1073 tissue
culture infective dose (TCIDso) U/cell type A human seasonal influenza (FluA)
virus in the presence of L-carbocisteine (10 pM; @) or vehicle of 1L-carbo-
cisteine (0.1% double-distilled waler: ©). The rates of change in FluA virus
concentration in the supernatant fluids are expressed as TCIDso U/ml/24 h.
Results are means = SE from 5 different tracheae. Significant differences from
viral infection alone are indicated by *P < 0.05 and **P < 0.01.

carbocisteine reduces the production of proinflammatory cyto-
kines after rhinovirus infection (37), whereas the inhibitory
effects of L-carbocisteine on the production of proinflammatory
cytokines by FluA virus infection are uncertain.

In the present study, we studied the effects of L-carbocisteine
on FluA virus infection in cultured human tracheal epithelial
cells that are targets of the viruses. We also examined the
effects of L-carbocisteine on the expression of SAa2,6Gal, a
receptor for human influenza virus, and on acidic endosomes to
examine the inhibitory mechanisms.

MATERIALS AND METHODS

Media components. Reagents for cell culture media were obtained
as follows: DMEM, Ham’s F-12 medium, and FCS were from GIBCO
BRL Life Technologies (Palo Alto, CA); PBS, MEM, and trypsin
were from Sigma (St. Louis, MO); and Ultroser G (USG) was from
Pall BioSepra (Cergy-Saint-Christophe, France).

Human tracheal epithelial cell culture. Isolation and culture of the
human tracheal surface epithelial cells were performed as described
previously (29, 34). The human tracheal surface epithelial cells were
plated at 5 X 10° viable cells/ml in plastic tubes with round bottoms
(16-mm diameter and 125-mm length; Becton Dickinson) coated with
human placental collagen because attachment of the cells in plastic
tubes was much better than that in glass tubes (data not shown) (34).
Cells were cultured in 1 ml of a mixture of DMEM/Ham’s F-12
(DF-12) medium (50:50 vol/vol) containing 2% USG and antibiotics
(29, 34). The tubes were laid with a slant of ~5° and kept stationary,
and cells were immersed in 1 ml of medium and cultured at 37°C in
5% C0O2-95% air in a humid incubator (29, 34). Because of this laid
position of the plastic tubes, the cells attached and proliferated on the
inner surface of the lateral wall of the tubes and the round shape of the
bottom of the tubes. The surface area of culture vessels of the plastic
tubes covered by the cells became 11.7 + 0.2 cm? (n = 3). Cells in
the tubes were cultured at 37°C in 5% C0»-95% air. We confirmed the
presence of a dome formation when the cells made confluent cell
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sheets on days 5-7 of culture using an inverted microscope (MIT-2;
Olympus, Tokyo, Japan) (29) as described by Widdicombe et al. (32).

Tracheas for cell cultures were obtained after death from 36
patients (age, 71 * 4 yr; 12 female, 24 male) without complications
with bronchial asthma. Five patients were complicated with COPD.
The causes of death included malignant tumor other than lung cancer
(n = 17), acute myocardial infarction (n = 5), renal failure (n = 3),
congestive heart failure (n = 3), cerebral bleeding (n = 2), rupture of
an aortic aneurysm (n = 2), cerebral infarction (n = 1), sepsis (n =
1), mitral stenosis (n = 1), and malignant lymphoma (n = 1). Of 36
patients, 15 were exsmokers, and 21 had never smoked. This study
was approved by the Tohoku University Ethics Committee.

Culture of Madin-Darby canine kidney cells. Madin-Darby canine
kidney (MDCK) cells were cultured in T-25 flasks (Becton Dickin-
son) in MEM containing 10% FCS supplemented with 5 X 10* U/l
penicillin and 50 mg/l streptomycein (15). The cells were then plated
in plastic dishes (96-well plate; Becton Dickinson) or in plastic tubes
with round bottoms (16-mm diameter and 125-mm length; Becton
Dickinson). Cells in the plastic dishes or tubes were cultured at 37°C
in 5% C0O>-95% air.

Viral stocks. FluA virus (H3N») was prepared in our laboratory
from a patient complaining of fever and rhinorrhea (15). FluA virus
was identified by the hemadsorption inhibition (HI) test using an
antiserum (New York/55/2004) as described previously (15). To
generate stocks of FluA virus, MDCK cells in plastic tubes were
cultured in the medium (1.1 ml) containing 100 Wl of FluA virus stock
solution [1.0 X 10* 50% tissue culture infective dose (TCIDs) units
in 100 pl} and 1 ml of MEM supplemented with 5 X 10* U/l
penicillin, 50 mg/l streptomycin, and 3.5 pg/ml trypsin. Cells in the
plastic tubes were cultured at 33°C in 5% C0,-95% air (15). To obtain
the FluA virus solution, 7 days after infection with FluA virus, cells
and medium were frozen by immersing the tubes in ethanol at —80°C,
thawed, and sonicated. The virus-containing fluid was frozen in
aliquots at —80°C.

Detection and titration of influenza viruses. Detection and titration
of influenza viruses in supernatant fluids was performed with the
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Fig. 2. Concentration-response effects of L-carbocisteine on the viral release in
supernatant fluids collected during 3 days (72 h) to 5 days (120 h) after
infection. The cells were treated with 1.-carbocisteine or vehicle (Control; 0.1%
double-distilled water) from 3 days before FluA virus infection until the end of
the experiments after FluA virus infection. The rates of change in FluA virus
concentration in the supernatant fluids are expressed as TCIDso U/ml/24 h.
Results are means * SE from 7 different tracheae. Significant differences from
vehicle alone (Control) are indicated by *P < 0.05 and **P < 0.01.
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Fig. 3. Replication of FluA viral RNA in human tracheal epithelial cells 3 days
(72 h) and 5 days (120 h) after infections of FluA virus in the presence of
_~carbocisteine (10 uM; FluA + Carbocisteine) or double-distilled water
(0.1%) as a vehicle (control: FluA) as detected by real-time quantitative
RT-PCR. Results are expressed as relative amount of RNA expression (%)
compared with those of maximal FluA viral RNA at day 5 (120 h) in the cells
treated with vehicle and reported as means * SE from 3 samples. Significant
differences Irom treatment with a vehicle (FluA) al each lime are indicated by
*P < Q.05.

endpoint method (5) by infecting replicate confluent MDCK cells in
plastic 96-well dishes with serial 10-fold dilutions of virus-conlaining
supernatant fluids as previously described (15, 34). In brief, virus-
containing supernatant fluids were 10-fold diluted in MEM supple-
mented with 5 X 10* U/l penicillin, 50 mg/l streptomycin, and 3.5
pg/ml trypsin (15) and added into the replicate MDCK cells in the
wells (200 pl/well) of 96-well dishes. MDCK cells in the wells were
then cultured at 33°C in 5% CO2-95% air for 7 days, and the presence
of the typical cytopathic effects (CPE) of influenza virus was exam-
ined in all replicate cells as described previously (5, 15). The number
of wells that showed CPE of influenza was counted in each dilution of
supernatant fluids. Then, the dilution of virus-containing supernatant
fluids, which showed CPE in >30% of replicate wells, and the
ditution of the flnids, which showed CPE in <50% of replicate wells,
were estimated. Based on these data, TCIDs was calculated with the
method as previously described (5). Because the human tracheal
epithelial cells were cultured in 1 ml of DF-12 medium containing 2%
USG in the tubes, viral titers in supernatant fluids are expressed as
TCIDso U/ml (5, 15, 34). Furthermore, the rates were obtained by
dividing the value of influenza titer (TCIDs, U/ml) in supernatant
fluids by incubation time and are expressed as TCIDs, U/ml/24 h (34).

Viral infection of the cells. Infection of FluA virus to human
tracheal epithelial cells was performed with methods previously
described (29, 34) with some modification. A stock solution of
influenza virus (HaN», New York/55/2004, 100 .l in each tube, 1.0 X
10* TCIDsy U/ml) was added to the cells in the tubes. Because the
number of the epithelial cells in the tubes was 2.0 = 0.3 X 10°
cells/tube (n = 7), the multiplicity of infection (MOI) was 0.5 X 1073
TCIDsy U/cell. We found in preliminary experiments that the human
tracheal epithelial cells detached from culture vessels of the tubes
after FluA virus infection when the cells were infected with at least
0.5 X 1072 TCIDs, U/cell FluA virus, and thus the cells were infected
with 0.5 X 1073 TCIDsy Ufcell viruses. After a 1-h incubation at
33°C in 5% CO0»2-95% air (15, 29, 34), the FluA viral solution was
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removed, and the cells were rinsed one time with 1 ml of PBS. The
cells were then fed with 1 ml of fresh DF-12 medium containing 2%
USG supplemented with antibiotics. The tubes were laid with a slant
of ~5° and kept stationary in a humid incubator, and cells were
cultured at 33°C in 5% C0--95% air as described previously (29, 34).
The supernatant fluids were stored at —80°C for the determination of
viral titers and cytokine concentrations.

Treatment with L-carbocisteine. The cultured human tracheal epi-
thelial cells were treated with 1-carbocisteine (10 M) from 3 days
before FluA virus infection until the end of the experiments after FluA
virus infection (34, 37) unless we describe other concentrations or
treatment periods. The concentrations of L-carbocisteine (10 wM)
were chosen because the maximum concentrations of L-carbocisteine
in the serum became >10 pM after oral ingestion of 1,500 mg of
L-carbocisteine (9).

To examine the concentration-dependent effects of t-carbocisteine
on FluA virus infection, cells were treated with t-carbocisteine at
concentrations ranging from 10 nM to 100 wM.

Collection of supernatant fluids for measurements. We measured
the time course of the release of FluA virus and proinflammatory
cytokines with methods previously described (29, 34) with some
modifications. In brief, to measore the release of FluA virus and
proinflammatory cytokines during the first hour after virus infection,
we collected the supernatant fluids at 1 h after FluA virus infection.
After collecting supernatant fluids at 1 h after infection, the cells were
rinsed with PBS, and 1 ml of DF-12 medium containing 2% USG was
replaced. Furthermore, to measure the release of FluA virus and
proinflammatory cytokines from 1 h to 1 day after FluA virus
infection, we collected supernatant fluids at 1 day (24 h) after virus
infection. To measure the release of FluA virus and proinflammatory
cytokines during 1-3 days after virus infection, supernatant fluids
were collected at 1 day after infection, the cells were rinsed with PBS,
and | ml of DF-12 medium containing 2% USG was replaced.
Supernatant fluids were also collected at 3 days after infection.
Likewise, o measure the release of FluA virus and proinflammatory
cytokines during 3-5 days after FluA virus infection, after collecting
supernatant fluids at 3 days after infection, the cells were rinsed with

4

Log TCIDg, (units/mL)
n rd

-t
i

04

Control Carbocisteine

Fig. 4. The minimum dose of FluA virus necessary (o cause infection in human
tracheal epithelial cells treated with either 1-carbocisteine (10 pM, 3 days:
Carbocisteine) or vehicle (Control; 0.1% double-distilled water). The mini-
mum dose of FluA virus necessary to cause infection is expressed as TCIDso
U/ml. Results are means = SE from 7 different tracheae. Significant differ-
ences from vehicle alone (Control) are indicaled by *P < 0.05.
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PBS, and 1 ml of fresh medium was replaced. Supernatant fluids were
also collected at 5 days after virus infection. The cells were then
rinsed with PBS, and 1 ml of fresh medium was replaced. Supernatant
fluids were also collected at 7 days after infection to measure the
release of FluA virus and proinflammatory cytokines during 5-7 days
after FluA virus infection.

To measure the concentrations of proinflammatory cytokines be-
fore FluA infection, supernatant fluids were also collected just before
FluA infection.

Effects of L-carbocisteine on susceptibility to influenza virus
infection. The effects of L-carbocisteine on the susceptibility to influ-
enza virus infection were evaluated as previously described (26, 29,
34) using epithelial cells pretreated with r-carbocisteine (10 M) or
vehicle (0.1% double-distilled water) from 3 days before infection
with FluA virus until just finishing the virus infection. The epithelial
cells were then exposed to serial 10-fold dilutions of FluA virus
(HaN>) or vehicle of influenza virus (MEM containing 3.5 pg/ml
trypsin) for 1 h at 33°C in 5% C0O»-95% air. Because we found in the
preliminary experiments that the maximum virus titers were observed

in the supernatant fluids collected for 3-5 days, the presence of FluA )

virus was determined in the supernatant fluids collected for 3-5 days
after infection with methods described above to assess whether
infection occurred at each dose of influenza virus used.
Quantification of influenza virus RNA. To quantify FluA (HaN,)
virus RNA and ribosomal RNA (rRNA) expression in the human
tracheal epithelial cells after virus infection, real-time quantitative
RT-PCR using the TagMan technique (Roche Molecular Diagnostics)
was performed as previously described (34) with some modification.

A Control

B Carbocisteine
A
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Each RNA sample (100 ng/10 .l water) was mixed in 40 .l of buffer
containing 100 nM forward primer (5'-AGATGAGTCTTCTAAC-
CGAGGTCG-3"), 100 nM reverse primer (5'-TGCAAAAACATCT-
TCAAGTCTCTG-3"), and other reagents as previously described
(25). The TagMan probe influenza virus [5'-(FAM) TCAGGC-
CCCCTCAAAGCCGA (TAMRA)-3'] was designed for FluA virus
(25). The fragment of RNA extracted from the human tracheal
epithelial cells at 3 days (72 h) or at 5 days (120 h) after infection by
FluA virus was reverse-transcribed into cDNA (30 min at 48°C) and
amplified by PCR for 40 cycles (15 s at 95°C and 1 min at 60°C). The
standard curve was obtained between the fluorescence emission sig-
nals and cycle threshold (Cr) by means of 10-fold dilutions of the total
RNA, extracted from 1.0 X 10* TCIDso U/ml FluA virus in the
supernatant fluids of the MDCK cells 7 days after infection with FluA
virus (0.5 X 107* TCIDsq U/cell). Real-time quantitative RT-PCR for
TRNA was also performed using the same PCR products. The standard
curve was obtained between the fluorescence emission signals and Cr-
by means of 10-fold dilutions of the RNA extracted from the cells.
The expression of FluA virus RNA was normalized to the constitutive
expression of rRNA.

Detection of SAa2,6Gal in human tracheal epithelial cells.
SAa2,6Gal in human tracheal epithelial cells was detected using
lectins as previously described (23). Tn brief, human tracheal epithelial
cells were cultured for 7 days on a filter membrane (0.45-pum pore size
and 0.6-cm? area; Millicell-CM inserts; Millipore Products Division)
coated with collagen gel (PureCol; Inamed) as described previously
(33). Because cells were cultured with air-interface methods (33),
culture medium was supplied from the basolateral side of the cell
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Fig. 5. A and B: the expression of SAa2,6Gal (arrows), a receptor for human influenza virus, on the cultured human tracheal epithelial cells treated with
L-carbocisteine (10 wM, 72 h; Carbocisteine) or vehicle of 1-carbocisteine (0.1% double-distilled water, 72 h; Control). Data are representative of 8 different
experiments. Bar = 100 um. C: the fluorescence intensity of SAa2,6Gal on the mucosal surface of the human tracheal epithelial cells treated with 1-carbocisteine
(10 pM, 72 h; Carbocisteine) or vehicle of 1-carbocisteine (0.1% double-distilled water, 72 h; Control). Results are expressed as relative fluorescence intensity
(%) compared with that treated with vehicle and reported as means * SE from 8 samples. Significant differences from control values are indicated by ***P <
0.001. D: concentrations of SA«2,6Gal measured with enzyme-linked lectin assay (FLLLLA) in the cells treated with L-carbocisteine (10 1M, 72 h; Carbocisteine)
or vehicle of 1~carbocisteine (0.1% double-distilled water, 72 h: Control). Results are expressed as optical density (OD) and are means = SE from 5 different
tracheae. Significant differences from vehicle alone (Control) are indicated by *P < 0.05.
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sheets through the filter membrane. Then, the cells were treated with
L-carbocisteine (10 pM) for 3 days and fixed in 10% paraformalde-
hyde.

To study the expression of SAa2.6Gal in human tracheal epithelial
cells, paraffin-embedded cell sheets were cut into 5-pm thick sections

Control
(before treatment)

Carbocisteine
(72 h after treatment)

O
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Carbocisteine

Control
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with a microtome and mounted on 3-aminopropyltriethoxysilane-
coated slides (Matsunami Glass Tndustries, Tokyo, Japan). Sections
were incubated with 250 pl of FITC-labeled Sambucus nigra (SNA)
lectin (1:100; Vector Laboratories, Burlingame, CA) overnight at 4°C.
Sections were incubated with Alexa Fluor 594-conjugated streptavi-
din (1:250; Molecular Probes, Eugene, OR) for 2 h at room temper-
ature and counterstained with 4',6’-diamidino-2-phenylindole (DAPI;
Dojindo Molecular Technologies, Kumamoto, Japan). The cover
glasses were mounted on the sections and observed with a fluores-
cence microscope (BZ-8000; Keyence, Osaka, Japan). The excitation
wavelengths were 470 nm (FITC), 560 nm (Alexa Fluor 594), and 360
nm (DAPI), and the emitted light from the cells was detected through
495-, 595-, and 400-nm filters, respectively. The fluorescence inten-
sity was calculated using a fluorescence image analyzer system
(Lumina Vision; Mitani, Fukui, Japan) equipped with a fluorescence
microscope.

We also measured the amounts of SAa2,6Gal in the cells with
enzyme-linked lectin assay (ELLA) (11, 21) with some modification.
SAa2,6Gal in the cells was extracted using Glycoprotein Isolation
Kits (Thermo Scientific). The extracted samples were diluted to
concentrations of 15 pg/ml with Coating Solution Concentrate (KPL),
and diluted samples were coated on Costar ELISA plates in triplicate
overnight at 4°C. The plate was washed four times with TBS and then
blocked for 1 h with freshly made TBS-Tween 20. Plates were then
incubated for 2 h with biotinylated SNA (diluted 1:200), washed four
times with TBS-Tween 20, and then incubated at room temperature
with alkaline phosphatase-conjugated streptavidin at 1:1,000 dilution
for 1 h. Plates were developed with alkaline phosphatase substrate for
15 min. Absorption readings were taken at 405 nm, and results are
expressed as optical density (OD).

Measurement of changes in acidic endosomes. The distribution and
the fluorescence intensity of acidic endosomes in the cells were
measured as previously described with a dye, LysoSensor DND-189
(Molecular Probes) (29, 34). Because the cells were pretreated with
L-carbocisteine for 3 days before FluA virus infection, we studied the
effects of a 3-day treatment of rL-carbocisteine (10 wM) on the
distribution and the fluorescence intensity of acidic endosomes. Be-
cause each cell contains many acidic endosomes, we measured the
average fluorescence intensity from many acidic endosomes in each
cell. We measured the average fluorescence intensity for each cell in
100 human tracheal epithelial cells and calculated the mean value of
fluorescence intensity of the cell sheets observed. The mean value of
fluorescence intensity of the cell sheets treated with 1-carbocisteine
(10 M) was expressed as percentage of control value compared with
the fluorescence intensity of the cell sheets treated with vehicle of
L-carbocisteine (0.1% double-distilled water).

Measurement of cytokine production. We measured 1L-1B, TL-6,
and TL-8 of supernatant fluids by specific ELISAs (29, 34). To
demonstrate the time course of cytokines release, we expressed the
rates of change in cytokine concentration in the supernatant fluids.
The rates were obtained by dividing the value of cytokine concentra-
tion in supernatant fluids by incubation time and are expressed as

a/ml/24 h.

NF-kB assay. Nuclear extracts from human tracheal epithelial cells
were prepared by using a TransAM NF-kB p50, p52, p65, and Family
Kit (Activ Motif) according to the manufacturer’s instructions. After

Fig. 6. A and B: changes in the distribution of acidic endosomes with green
{luorescence in the human tracheal epithelial cells 3 days (72 h) afler treatment
with 1-carbocisteine (10 pM; B) or vehicle of 1-carbocisteine (0.1% double-
distilled water; A). Data are representative of 5 different experiments. C: the
fluorescence intensity of acidic endosomes 3 days (72 h) after treatment with
1~carbocisteine (Carbocisteine; 10 pM) or vehicle of 1-carbocisteine (Control;
0.1% double-distilled water). Results are means = SE from 3 different tracheae.
Significant differences from control values are indicated by **P < 0.01.
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centrifugation at 20,000 g for 5 min at 4°C, nuclear extracts were
assayed for p50, p65, c-Rel, p52, and RelB content. An equal amount
of nuclear lysates was added to incubation wells precoated with the
DNA-binding consensus scquence. The presence of subunits includ-
ing translocated p50, p63, c-Rel, p52, and RelB was assayed by using
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a TransFactor Family Colorimetric Kit-NF-kB (BD Biosciences/
Clontech) according to the manufacturer’s instructions (10). Plates
were read at 655 nm, and results are expressed as OD.

Statistical analysis. Results are cxpressed as means + SE. Statis-
tical analysis was performed using one-way measures of ANOVA.
Subsequent post hoc analysis was made using Bonferroni method. For
all analyses, values of P <<0.05 were assumed to be significant. In the
experiments using culture of human tracheal epithelial cells, n refers
to the number of donors (tracheae) from which cultured epithelial
cells were used.

RESULTS

Effects of L-carbocisteine on influenza virus infection. Ex-
posing confluent human tracheal epithelial cell monolayers to
FluA virus (HsN2, 0.5 X 1073 TCIDs, Ulcell) consistently led
to infection. No detectable virus was revealed at | h after
infection, whereas FluA virus was detected in culture medium
at 24 h, and the viral content progressively increased between
1 and 24 h after infection (Fig. 1). Evidence of continuous viral
production was obtained by demonstrating that each of the
supernatant fluids collected during 1-3, 3-5, and 5-7 days after
infection contained significant levels of influenza virus (Fig. 1).
The viral titer levels in supernatant fluids increased signifi-
cantly with time for the first 5 days (P < 0.05 by ANOVA).
Treatment of the cells with L-carbocisteine (10 pwM) signifi-
cantly decreased the viral titers of FluA virus in supernatant
fluids from 24 h after infection (Fig. 1). FluA virus titer levels
in supernatant fluids of the cells from 15 exsmokers did not
differ from those from 21 patients who had never smoked (data
not shown). Likewise, FIuA virus titer levels in supernatant
fluids of the cells from 5 patients complicated with COPD (5.5 =
1.1 log TCIDs, U/ml/24 h, means = SE; P > 0.20) did not
differ from those from 31 patients without COPD (5.2 = 0.9
log TCIDso U/ml/24 h). No virus was detected in supernatant
fluids after infection of UV-inactivated influenza virus (data
not shown).

L-carbocisteine inhibited influenza virus infection concentra-
tion-dependently, and the maximum effect was obtained at 100
pM (Fig. 2).

Effects of L-carbocisteine on viral RNA by PCR. Further
evidence of the inhibitory effects of L-carbocisteine on FluA
viral RNA replication in human tracheal epithelial cells was
provided by real-time quantitative RT-PCR analysis. The RNA
extraction was performed at 3 days (72 h) and 5 days (120 h)
after virus infection. FluA viral RNA replication in the cells
was consistently observed at 3 days after infection and in-
creased between 3 and 5 days after infection (Fig. 3). r-
carbocisteine (10 M) decreased the FluA viral RNA at 3 and
5 days after infection (Fig. 3).

Effects of L-carbocisteine on susceptibility to influenza virus
infection. Treatment of the cells with L-carbocisteine (10 uM)
decreased the susceptibility of the cells to infection by FluA

Fig. 7. A-C: the release of cytokines into supematant fluids of human tracheal
epithelial cells before and 5 days after FluA virus infection in the presence of
1~carbocisteine (FluA + L-CC: 10 wM) or vehicle of 1~arbocisteine (0.1% double-
distilled water; FluA) and after UV-inactivated influenza virus infection (UV + FluA).
The rates of change in cytokine concentration in the supernatant fluids are expressed as
pg/ml/24 h. Results are means * SE from 5 different tracheae. Significant differences
from values before FluA virus infection (time 0) in the presence of vehicle are indicated
by *P < 0.05 and **P < 0.01. Significant differences from FluA virus infection alone
(FluA) 5 days after infection are indicated by +P < 0.05.
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virus (H3Nz). The minimum dose of influenza virus necessary
to cause infection in the cells treated with L-carbocisteine (10
pM, 3 days; 3.2 = 0.3 log TCIDsg U/ml, 2 = 5; P < 0.05) was
significantly higher than that in the cells treated with vehicle of
1-carbocisteine (0.1% double-distilled water; 1.4 * 0.2 log
TCIDsg U/ml, n = 5; Fig. 4).

Effects of L-carbocisteine on SAa2,6Gal expression.
SAa2,6Gal, a receptor for human influcnza virus, was ob-
served as green lines or spots on the mucosal surface of
cultured human tracheal epithelial cell sheets (Fig. 54). L-
carbocisteine (10 wM, 72 h) reduced the number of green lines
or spots on the cell sheets (Fig. 5B) and the fluorescence
intensity from the receptor (by 54 = 8% compared with that in
vehicle of L-carbocisteine; P < 0.001, n = 8, Student’s #-test;
Fig. 50).

ELLA on extracted samples from human tracheal epithelial
cells showed the significant amounts of SNA binding (Fig.
5D). Treatment with r-carbocisteine (10 wM, 72 h) reduced the
levels of binding of this lectin (Fig. 5D).

Effects of 1-carbocisteine on pH in the acidic endosomes.
Acidic endosomes in human trachcal epithelial cells were
stained green with LysoSensor DND-189 (Fig. 6, A and B).
Treatment of the cells with L-carbocisteine (10 puM, 3 days)
reduced the number of acidic endosomes with green fluores-
cence in the cells (Fig. 6B) and the fluorescence intensity from
acidic endosomes in the epithelial cells (Fig. 6C) compared
with that in cells treated with vehicle of L-carbocisteine (0.1%
double-distilled water).

Effects of L-carbocisteine on cytokine production. The se-
cretions of IL-13, IL-6, and TL-8 all increased after FluA virus
infection (Fig. 7), and maximum secretion was observed at 5
days after the infection (data at 1, 3, and 7 days not shown).
Treatment with L-carbocisteine (10 wM) reduced the concen-
trations of IL-18, IL-6, and IL-8 5 days after FluA virus
infection as well as baseline concentrations of these cytokines
before FluA virus infection (Fig. 7). In contrast, UV-irradiated
influenza virus did not increase IL-1B, 1L-6, and IL-8 (Fig. 7).
Likewise, the secretion of IL-1B, IL-6, and IL-8 in supernatant
fluids of the cells from 5 patients complicated with COPD did
not differ from those from 31 patients without COPD (data not
shown). The magnitude of inhibitory effects of L-carbocisteine
in the cells from COPD patients was also similar to that in the
cells from patients without COPD (data not shown).
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Effects of i-carbocisteine on NF-kB. In the human tracheal
epithelial cells before FluA virus infection, a significant
amount of p50, p63, c-Rel, p52, and RelB of NF-kB was
detected in the nuclear extracts. L-carbocisteine (10 uM, 3
days) significantly reduced the amount of p50, p65, c-Rel, p52,
and RelB of NF-kB in the nuclear extracts in the cells (Fig. 8).

DISCUSSION

In the present study, we have shown that viral titers in
supernatant fluids and RNA of FluA virus in the human
tracheal epithelial cells increased with time, and L-carbo-
cisteine reduced viral titers of FluA virus in supernatant fluids
concentration-dependently, RNA of FluA virus replication in
the cells, and the susceptibility to FluA virus infection. Immu-
nocytochemical staining with FITC-labeled SNA lectin (23)
and an ELLA (11, 21) showed that the cultured human tracheal
epithelial cells expressed SAa2,6Gal, a receptor for human
influenza virus (18). Treatment of human tracheal epithelial
cells with L-carbocisteine reduced the expression of the recep-
tor on the epithelial cells. These findings suggest that L-
carbocisteine might inhibit FluA virus infection, partly through
the reduced expression of the receptor for human influenza
virus in the human tracheal epithelial cells. L-carbocisteine also
reduced the number ol acidic endosomes [rom which RNA of
FluA enters into the cytoplasm and reduced the fluorescence
intensity from acidic endosomes in the cells. These findings
suggest that the reduction of acidic endosomes might also
relate to the inhibition of FluA virus infection by r1-carbo-
cisteine. Furthermore, L-carbocisteine reduced concentrations
of proinflammatory cytokines and a monokine, including IL-
1B, IL-6, and IL-8 in supernatant fluids. L-carbocistcine may
also modulate airway inflammation induced by FluA virus
infection.

MDCK cells did not show any morphological change that
shows the presence of FluA virus when supernatant fluids
collected 1 h after FluA virus infection were added to the
MDCK cells. In contrast, supernatant fluids 24 h after infection
produced a morphological change on the cells showing the
presence of FluA virus (15). These findings suggest that
supernatant fluids 24 h after infection contained significant
amounts of FluA virions, which were newly produced after
infection.

c-Rel p52 Rel B
0.04 0.08-
0.034 0.034
0.02 ekl 0.024 *x
*
0.01 0.01
0+ 04
L-CC Cc L-CC Cc L-CC

Fig. 8. Amount of pS0. p65, c-Rel, p52, and RelB in nuclear extracts in human tracheal epithelial cells treated with L-carbocisteine (L.-CC; 10 pM) or vehicle
(C; 0.1% double-distilled water) for 3 days before FluA virus infection. Results are expressed as OD and are means * SE from 5 different tracheae. Significant
differences from control values (C) before FluA virus infection are indicated by *P < 0.05 and **P < 0.01.
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Human seasonal influenza viruses and classical H|N; swine
influenza viruses bind to SAa2,6Gal, and most avian and
equine viruses bind to SAa2,3Gal (18). An expression of
SAa2,6Gal was observed in epithelial cells in the nasal mu-
cosa, pharynx, tracheae, and bronchi (6, 23). In contrast,
SAa2,3Gal was reported not to express on the tracheal epithe-
lial cells (6), whereas Matrosovich et al. (13) demonstrated its
expression on ciliated cells in the human tracheae. SAa2,3Gal
is also expressed in nonciliated cuboidal bronchiolar cells and
type T cells lining the alveolar wall (23). In this study, human trac-
heal epithelial cells expressed SAa2,6Gal but not SAx2,3Gal (data
not shown). These findings are consistent with those in previ-
ous reports (6, 13, 23). In the present study, immunocytochem-
istry and ELLA demonstrated the reduced expression of
SAa2.6Gal in human tracheal epithelial cells after treatment
with L-carbocisteine, Furthermore, the minimum dose of FluA
virus necessary to cause infection in the cells treated with
L-carbocisteine was significantly higher than that in the cells
treated with vehicle of L-carbocisteine, showing the reduced
susceptibility to FluA virus infection. These findings suggest
that r-carbocisteine might reduce the amount of FluA virus
virions attached on the epithelial cells through the reduced
expression of SAa2,6Gal in the cells.

The mechanisms for the reduction of SAa2,6Gal expression
by r-carbocisteine are uncertain. However, TNF-a, one of the
inflammatory mediators in airways, increases the expression
glycosyltransferase and sulfotransferase responsible for hio-
synthesis of sialylated epitopes in the bronchial mucosa (8)
through the activation of NF-«B (4). SAa2,6Gal glycotopes on
serum glycoproteins also increase in inflamed mice in response
to turpentine oil (38). On the other hand, as we (37) previously
demonstrated, L-carbocisteine reduces the production of proin-
flammatory cytokines such as IL-1 through the inhibition of
NF-«B activation. We also demonstrated the inhibitory effects
of L-carbocisteine on NF-kB activation in this study. These
findings suggest that reduced NF-kB might be partly associated
with the reduced expression of SAa2,6Gal by L-carbocisteine
in the human tracheal epithelial cells.

After attachment of influenza virus to the receptor, viruses
enter the airway epithelial cells and are internalized by endo-
cytic compartments via four internalization mechanisms, in-
cluding: clarthrin-coated pits; caveolae: nonclathrin, noncaveo-
lae pathway; and macropinocytosis (17). Of these mechanisms,
a nonclathrin, noncaveolae~-mediated internalization pathway
depends on low pH (24). Furthermore, after binding on the cell
surface, the virus is internalized by receptor-mediated endocy-
tosis, and the low pH in the endosome triggers fusion of the
viral and endosomal membranes. The viruses then release their
ribonucleoproteins (RNPs), including viral RNA, into the cy-
toplasm, resulting in the next processes of viral replication (17,
31). As shown previously (37) and in this study, 1-carbo-
cisteine reduced the number of acidic endosomes and the
fluorescence intensity from acidic endosomes in the cells.
Furthermore, L-carbocisteine reduced FluA viral RNA in hu-
man tracheal epithelial cells and viral titers of influenza in
supernatant fluids. These findings are consistent with the re-
ports that bafilomycin A; reduces the number of acidic endo-
somes (16, 28) in the epithelial cells and reduces the growth of
influenza virus in MDCK cells (16). Increased pH in acidic
endosomes might relate to the inhibition of virus entry and

 Lie7

releasing the viral RNPs into the cytoplasm and might inhibit
the next processes of viral replication in this study.

In this study, we demonstrated that L-carbocisteine reduces
the expression of the receptor for FluA virus on the human
tracheal epithelial cells and reduces the number of acidic
endosomes from which influenza virus RNA enters into the
cytoplasm. However, Yang et al. (35) demonstrated that a
mucolytic agent, ambroxol, inhibits influenza virus multiplica-
tion and improves the survival rate of mice. They suggested
that the inhibitory effects of ambroxol on influenza virus
infection may be associated with upregulation on the produc-
tion of pulmonary surfactant (2), mucus protease inhibitor (3),
and immunoglobulin. Further studies are needed to examine
the effects of L-carbocisteine on these mechanisms.

The inhibitory effects of L-carbocisteine on the production of
proinflammatory cytokines and a monokine observed in this
study are consistent with those of a previous report that
L-carbocisteine reduces them in airway epithelial cells after
rhinovirus infection (37). These findings are also similar to that
of an in vivo study by Yang et al. (35) that ambroxol reduces
these proinflammatory factors including TNF-a in mice after
influenza virus infection. Influenza virus infection induces
airway inflammation through the production of proinflamma-
tory cytokines and chemokines such as IL-6, IL-8, and IP-10
(7, 30) and through epithelial cell damage, both of which are
associated with exacerbations of COPD (12). Therefore, the
inhibitory effects of L-carbocisteine on the production of the
cytokines and chemokines may also relate to reduced fre-
quency of exacerbations in COPD patients (36, 40).

In summary, we demonstrated that 1.-carbocisteine, a muco-
lytic agent, inhibits FluA virus infection in human tracheal
cpithelial cclls at least by the reduced expression of the
receptor on the cells and the reduction of acidic endosomes
where the viral RNPs are released into the cytoplasm. L-
carbocisteine may also modulate airway inflammation after
influenza virus infection.
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SUMMARY: It is important to conserve the effectiveness of antifungal agents because the options for currently
available agents are limited. Although echinocandins, which have been developed in recent decades, are highly
active against a broad spectrum of fungi, one concern is their reduced activity against Candida albicans at high
drug concentrations, which is known as the paradoxical effect. To date, resistance related to the paradoxical
effect has not been reported in clinical situations, but some in vivo data suggest that the paradoxical effect
potentiates the emergence of resistance. It is valuable to investigate the underlying mechanisms of as well as
strategies against this paradoxical resistance. Previous reports imply that the paradoxical effect might be related
to stress responses. In this study, we report that radicicol, a heat shock protein 90 (Hsp90) inhibitor, reduces the
paradoxical effect of micafungin. We also confirm that radicicol reduces the tolerance to voriconazole, one of the
new azoles, which is consistent with a previous report. Qur results may therefore imply that common stress
responses might exist in the paradoxical resistance to micafungin and also the tolerance to voriconazole, and

may suggest that inhibiting Hsp90-related stress responses could help to avoid potential resistances.

The emergence of resistance is one of the problems in in-
tractable infections such as fungal infections. Because the
options for currently available antifungal agents are still
limited, it is important to maintain the effectiveness of these
agents against fungi as long as possible (1,2). Though
echinocandins have been developed in recent decades and
are highly active against a broad spectrum of fungi, including
Candida and Aspergillus spp., there are concerns regarding
their reduced activity at high drug concentrations, which is
known as the paradoxical effect (PE) (3). To date, the PE has
been linked to upregulation of homeostatic cell wall stress
responses such as calcineurin (4,5). Since heat shock protein
90 (Hsp90) is one of the key stress response components, we
investigated whether an inhibitor of Hsp90 could reduce the
PE of Candida albicans.

SCS5314, a standard C. albicans strains from our collec-
tion, was used in this study (6). Micafungin (MFG), one of
the echinocandins, and voriconazole (VRC), one of the new
azoles, were kindly provided from Astellas Pharma Inc. (To-
kyo, Japan) and Pfizer Japan Inc. (Tokyo, Japan), respectively.
Radicicol (Rad, Hsp90 inhibitor; MIC = 8 yM) was pur-
chased from Sigma-Aldrich (St. Louis, Mo., USA), MFG was
dissolved in distilled water, and VRC and Rad were dissolved
in dimethylsulfoxide (DMSO) for stock solutions, and they
were stored at —20°C before use. We used yeast nitrogen
base medium (YNB) (Difco Laboratories, Detroit, Mich.,
USA) instead of RPMI medium, which is recommended as a
standard medium by the Clinical and Laboratory Standards
Institute (CLST) because growth is slow in RPMI, making it
difficult to detect paradoxical growth.

After overnight preculture in YNB supplemented with 2%
glucose, approximately 2 X 10° cells were inoculated in each
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well of 96-well plates. Each well contained 200 /¢1 of YNB
with the indicated concentrations of MFG or VRC; without
Rad or with 1 #M Rad. The maximum final DMSO con-
centration {0.1%) was included in assays performed in the
absence of Rad to control for any solvent effects. After a 24-
h incubation period, the cell growth was compared using an
XTT assay. Though the XTT assay is not usually used fpr
examining planktonic cell growth, this assay is useful for
detecting small amounts of cell growth such as that occyr-
ring with paradoxical growth because it is more sensitive than
simple optical density measurements. The method was sligh
modified from that previously described (7). In brief, the plates
were centrifuged to spin down the organisms, the medi
was removed, and 200 /1 of PBS containing 50 zeg/ml pf
XTT (Sigma-Aldrich) and 4 1+M menadione (Sigma-Aldrich)
was added to each well. After a 1-h incubation period, the
absorbance at 490 nm/630 nm was measured by plate reader
and values were normalized to the control (neither an anfi-
fungal agent nor Rad) as the relative cell growth. Each condi-
tion was quadruplicated. P values were calculated using the
Student’s unpaired ¢ test.

As previously described for the PE, MFG severely inhip-
ited cell growth to less than 1% at 0.031 and 0.063 seg/ml,
and higher concentrations of MFG were less effective (Fig.
1A). The addition of 1 #M Rad, which alone did not alter
growth, reduced the paradoxical cell growth at high concep-
trations of MFG. We confirmed that cyclosporin A, whichlis
a calcineurin inhibitor, also attenuated the PE, as previous]ly
described (4) (data not shown). These results are consistent
with the results from previous studies showing the relatiop-
ship between the PE and stress-related cell integrity path-
ways (3-5,8,9). Rad also reduced the tolerance to VRC,
previously noted (Fig. 1B) (10). These results may sugge
that the paradoxical resistance to MFG depends on the sanpe
stress responses as the tolerance to VRC.

Cowen et al. first reported that an Hsp90 inhibitor did npt
alter the sensitivity to caspofungin, an echinocandin, but they
also recently reported that an Hsp90 inhibitor enhanced the
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Fig. 1. Relative cell growth at various concentrations of MFG (A) or
VRC (B); when used without Rad (w/o Rad) or with 1 M Rad
(+Rad). All values are as a percentage of cell growth (XTT activity)
in a control with neither antifungal agent nor Rad.

*P <0.01 compared to corresponding value without Rad.
MFG, micafungin; VRC, voriconazole; Rad, radicicol.

fungicidal effects of MFG (10,11). Their latter finding might
be related to our results.

It remains controversial whether the PE phenotype is clini-
cally important. Only a mutation of fks/, which is a target of
echinocandins, has been proven to cause clinical failure with
echinocandins to date, and it has been reported that the PE
is not due to the fks/ mutation (9,12,13). However, some
studies have found the PE in vivo as well as in vitro, and
accordingly it is not deniable that the PE potentiates the threat
of clinically relevant resistance (14-17). Therefore, inhibit-
ing the PE may be important for avoiding the emergence of
resistance, and regulating stress responses could be useful
for inhibiting the PE.

In conclusion, the present findings regarding the PE and
the development of resistance in antifungal agents could be
valuable. It has never before been reported that an Hsp90
inhibitor reduces the PE, and this finding may suggest that
inhibiting Hsp90-related stress responses could help to avoid
potential resistances.
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Merkel cell carcinoma is a rare malignancy that
sometimes occurs in the skin of elderly people.
Recently, a new human polyomavirus, Merkel
cell polyomavirus {MCPyV) was identified in
Merkel cell carcinoma. In the present study,
MCPyV-DNA was detected in 6 of 11 (55%) cases
of Merkel cell carcinoma by nested PCR and real-
time PCR. Histologically, MCPyV-positive cases
showed round and vesicular nuclei with a fine
granular chromatin and small nucleoli, whereas
MCPyV-negative cases showed polygonal nuclei
with diffusely distributed chromatin. Real-time
PCR analysis to detect the MCPyV gene revealed
that viral copy numbers ranged 0.04-0.43 per cell
in cases of Merkel cell carcinoma. MCPyV was
also detected in 3 of 49 {6.1%) cases of Kaposi's
sarcoma (KS}, but not in 192 DNA samples of
other diseases including 142 autopsy samples
from 20 immunodeficient patients. The MCPyV
copy number in KS was lower than that in
Merkel cell carcinoma. PCR successfully ampli-
fied a full-length MCPyV genome from a case
of KS. Sequence analysis revealed that the
MCPyV isolated from KS had 98% homology to
the previously reported MCPyV genomes. These
data suggest that the prevalence of MCPyV is low
in Japan, and is at least partly associated with
the pathogenesis of Merkel cell carcinoma.
J. Med. Virol. 81:1951-1958, 20089.
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KEY WORDS: Merkel cell polyomavirus; Mer-
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INTRODUCTION

Merkel cell carcinoma is a rare skin malignancy that
originates in the Merkel cell, a neuroendocrine cell in
the skin [Skelton et al., 1997; Pectasides et al., 2006;
Lemos and Nghiem, 2007]. Merkel cell carcinoma is an

© 2009 WILEY-LISS, INC.

aggressive skin cancer that commonly occurs on sun-
exposed areas of elderly people. The incidence of Merkel
cell carcinoma is high in Caucasians, but lower in
other races [Agelli and Clegg, 2003]. Typical histology of
Merkel cell carcinoma shows that the tumor consists of
small, round cells with vesicular nuclei, fine chromatin,
and minimal cytoplasm. Because these morphological
features are similar to other small cell tumors such as
small cell lung cancer and lymphoma, immuno-
histochemistry for cytokeratin 20 is often useful for
differential diagnosis. Recurrence and metastasis in the
regional lymph nodes are observed in up to 30% of cases
[Agelli and Clegg, 2003]. Merkel cell carcinoma com-
prises two subtypes, “classic” and “variant,” based on
clinical manifestations and gene expression profiles
{Van Gele et al., 2004; Fernandez-Figueras et al., 2007].
Gene expression profiling studies have also demon-
strated that metastasis of Merkel cell carcinoma is
correlated with the over-expression of some metastasis-
associated proteins such as matrix metalloproteinases
[Fernandez-Figueras et al., 2007].

A new human polyomavirus, Merkel cell polyo-
mavirus (MCPyV), was identified recently in samples
of Merkel cell carcinoma by digital transcriptome
subtraction [Feng et al., 2008]. MCPyV is a 5.4-kbp
long, double-stranded DNA virus and has high
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homology to murine, African green monkey, and
hamster polyomaviruses. The MCPyV genome encodes
a large T antigen, which contains some conserved
domains that were shown previously to play roles in
cell transformation. In an earlier report, MCPyV was
detected in 8 out of 10 cases of Merkel cell carcinoma
(80%) by PCR, and clonal integration into the human
genome was observed in 6 of the 8 cases with Merkel cell
carcinoma [Feng et al., 2008]. Several recent reports
have demonstrated the presence of MCPyV in Merkel
cell carcinoma cases in the United States, Europe,
and Australia, but is rare in other samples such as
melanoma, skin cancer, other cancers, and controls
[Foulongne et al., 2008; Giraud et al., 2008; Kassem
et al.,, 2008; Becker et al., 2009; Bialasiewicz et al.,
2009; Bluemn et al., 2009; Duncavage et al., 2009;
Garneski et al., 2009; Goh et al,, 2009; Ridd et al,
2009; Sharp et al., 2009]. A study using frozen samples
of Merkel cell carcinoma demonstrated that all
Merkel cell carcinoma samples were positive for
MCPyV-DNA [Sastre-Garau et al., 2009]. These data
strongly suggest that MCPyV infection is associated
with the pathogenesis of Merkel cell carcinoma [zur
Hausen, 2008]. On the other hand, studies using
paraffin-embedded tissues suggest the presence of
some MCPyV-negative cases of Merkel cell carcinoma
[Foulongne et al., 2008; Kassem et al., 2008; Becker
et al., 2009; Duncavage et al., 2009; Garneski et al.,
2009]. In addition, MCPyV is less frequently present
in Merkel cell carcinoma in Australian cases than
in North American cases, suggesting geographic dif-
ferences of MCPyV distribution [Garneski et al.,
2009]. Although there are no accurate statistical data,
Merkel cell carcinoma seems to be rare in Japan. In this
study, the presence of MCPyV was investigated in
Japanese cases of Merkel cell carcinoma and other
diseases.
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MATERIALS AND METHODS

Specimens

TABLE I. MCPyV Infection in Merkel Cell Carcinoma Cases

LT (1017-1170)

Studies using human tissue were performed with the
approval of the Institutional Review Board of the
National Institute of Infectious Diseases (Approval
No. 149). Thirteen formalin-fixed paraffin-embedded
tissue samples of Merkel cell carcinoma were collected
from 11 patients (Table I). All of the samples were
taken by biopsy or from tumor resection, and were
enriched in tumor cells. The diagnosis of Merkel
cell carcinoma was based on morphology and immuno-
histochemistry of cytokeratin 20. In addition to the
Merkel cell carcinoma samples, 49 DNA samples of
Kaposi’s sarcoma (KS) and 50 DNA samples from
tissues with various diseases were collected. A further
142 DNA samples were extracted from various organs of
20 autopsy cases with AIDS, All these human samples
were archived as anonymous specimens held at the
Department of Pathology, National Institute of Infec-
tious Diseases. DN A extracted from 15 cell lines was also
investigated.
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Samplés 8* and 9* are recurrent tumors of cases 8 and 9, respectively.
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