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Chlamydia (Chlamydophila) pneumoniae infects T lymphocytes and multiplies within them. Our previous
studies have indicated that C. pneumoniae infection suppresses proliferation of peripheral blood mononu-
clear cells stimulated with Staphylococcus-enterotoxin B; however, the mechanism of suppression was

Accepted 20 June 2012 unclear. In this study, we explored the molecular mechanism involved in C. pneumoniae infection by
using human acute T cell leukemia cell line, Jurkat E6-1. Proliferation of Jurkat cells was suppressed in an
Keywords: m.o.i.-dependent manner by C. pneumoniae infection. The suppression by the infection was particularl
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Infection evident during the initial 24 h of the infection, and down modulation of cyclin D3 protein levels were
p70S6 kinase observed at the same time period by immunoblot analysis. The suppression of the Jurkat cell proliferation
Phosphorylation and the down modulation of cyclin D3 protein level were only induced by viable C. pneumoniae infection,

Proliferation not by exposure to UV-Kkilled or heat-killed C. pneumoniae. Phosphorylations at Thr308 and Ser473 of
Tcell AKT were induced by C. pneumoniae infection; however, phosphorylation at Thr389 of the downstream
kinase, p70S6K was inhibited by unidentified mechanism associated with C. pneumoniae infection. Taking
into account that G1 arrest of the C. pneumoniae infected Jurkat cells were not observed and that p70S6K
is one of the most important regulators of protein synthesis, it was suggested that the suppression of
Jurkat cell proliferation by C. pneumoniae was at least in part mediated by down modulation of protein
synthesis through attenuation of Thr389 phosphorylation of p70S6K.
© 2012 Elsevier GmbH. All rights reserved.

Introduction

Chlamydia (Chlamydophila) pneumoniae is an obligate intracel-
lular bacterium. Respiratory tract C. pneumoniae infection is one
of the major causes of community-acquired pneumonia, bronchi-
tis, and sinusitis. Seroepidemiological and histopathological studies
have detected C. pneumoniae antigens or the bacteria itself within
atherosclerotic lesions, suggesting that C. pneumoniae infection
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solution; PI3K, mammualian target of rapamycin; mTOR, phosphoinositide 3-kinase;
mTORC1, multi-component mTOR complex 1; AMPK, 5 AMP-activated protein
kinase; gadd34, growth arrest and DNA damage protein 34.
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may be related to the pathogenesis of atherosclerosis and car-
diovascular diseases (Grayston 2000; Mussa et al. 2006; Watson
and Alp 2008). Interaction between host cells and C. pneumo-
niae is thought to play a prominent role in the pathogenesis
of these inflammatory diseases. However, the pathogenic mech-
anisms involved in the diseases associated with C. pneumonia
infection are still unclear.

Many studies have reported the preferred host cell types for
C. pneumoniae. C. pneumoniae can infect and multiply in endothe-
lial cells, aortic smooth muscle cells, monocytes/macrophages
(Gaydos et al. 1996; Godzik et al. 1995; Kalayoglu et al. 2001;
Quinn and Gaydos 1999; Airenne et al. 1999), and lymphocytes
(Haranaga et al. 2001a,b; Yamaguchi et al. 2002a,b). It has been
hypothesized that circulating monocytes or lymphocytes infected
with C. pneumoniae may act as carriers of the bacteria from the
respiratory tract to the peripheral endothelial or smooth muscle
cells, or as a reservoir of infected C. pneumoniae near and at the
lesion in the development and progression of atherosclerosis. In



528 I Hirai et al. / Immunobiology 218 (2013) 527-532

the pathogenesis of these inflammatory diseases, lymphocytes are
regarded as key contributors to acute and chronic inflammation.
Therefore, investigation into how C. pneumoniae infection modu-
lates the functions of lymphocytes is important for understanding
the development of the inflammatory diseases associated with C.
pneumoniae infection. We have previously reported the effects of
C. pneumoniae infection on human peripheral blood mononuclear
cells (PBMCs) (Haranaga et al. 2001a,b; Yamaguchi et al. 2008,
2004; Hirai et al. 2010) and established human T lymphocytes
(Yamaguchi et al. 2002a,b; Takano et al. 2005). Recently, we
reported that C. pneumoniae infection suppresses proliferation of
Staphylococcus-enterotoxin B stimulated PBMCs (Hirai et al. 2010).
However, the mechanism by which this occurs has not been well
explained. In this study, we aimed to elucidate the effect of C. pneu-
moniae on the proliferation of T lymphocytes using Jurkat, clone
E6-1 cells as an infection model. The results obtained in this study
suggest that C. pneumoniae might exert a suppressive effect on T
lymphocytes via suppression of Thr389 phosphorylation of p70S6K,
which is indispensable to protein synthesis and cell proliferation.

Materials and methods
Cell lines

The human acute T cell leukemia cell line, Jurkat, clone E6-1
(Jurkat; ATCC TIB-152), and the human epithelial cell line HEp-
2 (ATCC CCL-23) were obtained from the American Type Culture
Collection (ATCC, Manassas, VA). Jurkat cells were maintained in
RPMI 1640 medium supplemented with 10% fetal calf serum (FCS)
and antibiotics (10 p.g/ml gentamicin, 10 p.g/ml vancomycin, and
1 pg/ml amphotericin B). HEp-2 cells were cultured in Dulbecco’s
modified Eagle medium supplemented with 10% FCS and the same
antibiotics.

Bacteria

C. pneumoniae strain TW183 was obtained from the ATCC
and propagated in HEp-2 cells according to previously described
methods (Yamaguchi et al. 2002a,b). Heat-killed and UV-killed
C. pneumoniae were prepared as described in previous reports
(Hirai et al. 2010; Geng et al. 2000). The number of infec-
tious C. pneumoniae cells was determined as inclusion forming
units, by counting the inclusion bodies formed in C. pneumoniae
infected HEp-2 cells after staining with fluorescein isothiocyanate
(FITC)-conjugated monoclonal anti-Chlamydia antibody specific to
Chlamydia lipopolysaccharide (LPS) (Denka seiken, Tokyo, Japan)
(Hirai et al. 2010).

C. pneumoniae infection

Jurkat cells were seeded at 0.5 or 1.0 x 107 cells/well in a 24-
well plate on the day of C. pneumoniae infection. C. pneumoniae
cells were added to Jurkat cells at an m.o.i. of 0, 1, 10, 30, or 100.
The plate was then centrifuged at 700 x g for 60 min at room temn-
perature. After centrifugation, the cells were washed twice with
Hank’s balanced salt solution (HBSS), and cultured in RPMI 1640
medium supplemented with 10% FCS and the previously itemized
antibiotics. The Jurkat cells were collected at 0, 1, 2, 3, 4, 5, 8, 24,
48, and 72 h after infection and subjected to experiments. In some
experiments, Jurkat cells were treated with 10 pM of cytochalasin
D (Wako Pure Chemical Industries, Ltd., Osaka, Japan) since 30 min
before and during the centrifugation. In some experiments, heat-
killed and UV-killed C. pneumoniae were used. The treated Jurkat
cells were collected after 0, 24, 48, and 72 h of exposure, for further
analysis.
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Fig. 1. Suppression of Jurkat cell proliferation by C. pneumoniae infection. Jurkat
cells and HEp-2 cells were infected with C. pneumonige at an m.o.i. of 0, 1, 10, 30
or 100 and of 1, 1, 3, 10 or 30, respectively. At 0, 24, 48, and 72 h after infection,
cells were collected. The relative viable cell ratios of the infected Jurkat cells (a), and
the relative viabilities of the infected Jurkat cells (b) and the infected HEp-2 cells (c)
were measured. Representative results from 3 independent experiments are shown.
The numbers indicate the value relative to the control group at time point 0, and are
represented as means + standard deviations (n=3). *P<0.05, significantly different
from the control group at the same time point.

Cell proliferation assay

After C. pneumoniae infection, the cells were seeded at
5.0 x 104 cells/well in a 96-well plate. The proliferation of infected
cells was examined at 0, 24, 48, and 72 h after infection, using the
Cell Counting Kit-8 (WST-8, Dojindo, Kumamoto, Japan) accord-
ing to the manufacturer’s instructions. Cell numbers and viabilities
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Fig. 2. Less activation of apoptosis machinery of the Jurkat cells infected by C. pneumoniae. (a) Jurkat cells were infected with C. pneumoniae at an m.o.i. of 0, 1, 10, 30, or
100. At 0, 24, 48, and 72 h after infection, cells were collected, and the dead cell ratios of the infected cells were measured. The ratios are represented as means + standard
deviations (n=3). (b) Jurkat cells infected with C. pneumoniae at an m.o.i. of 0 or 30 were collected at 0, 24, 48 and 72 h after infection, protein extracts from the infected
cells were subjected to immunoblotting with anti-a~tubulin, anti-cleaved caspase-3, anti-cleaved caspase-7 and anti-cleaved PARP antibodies. Representative results from

3 independent experiments are shown.

of the infected cells at these time-points were determined by the
trypan-blue dye exclusion method.

Immunoblot analysis

Cell lysates were prepared in lysis buffer (50 mM Tris, HCI, pH
8.0, 150mM Na(l, 10% glycerol, and 1% Triton X-100) contain-
ing protease inhibitor cocktail (Sigma) and phosphatase inhibitor
cocktail (Sigma) (Hirai and Wang 2002). Equal protein amounts
of the lysates were analyzed by SDS-PAGE and blotting using per-
oxidase conjugated secondary antibody and the SuperSignal West
Dura Extended Duration Substrate (Thermo, Rockford, IL). Anti-o-
tubulin monoclonal antibody was obtained from Sigma. Anti-cyclin
D3 monoclonal antibody was purchased from BD. Anti-cleaved
PARP polyclonal antibody, anti-cleaved caspase-3 polyclonal anti-
body, anti-cleaved caspase-7 polyclonal antibody, anti-p70S6K
monoclonal antibody, anti-phospho-p70S6K monoclonal antibody,
anti-AKT monoclonal antibody and anti-phospho-AKT monoclonal
antibody were purchased from CST Japan (Tokyo, Japan).

Statistical analysis

Statistical analyses were performed using the unpaired Stu-
dent’s t test.

Results

The effect of C. pneumoniae infection on the proliferation of Jurkat
cell proliferation

The number of Jurkat cells and their cell viability were examined
at0, 24,48, and 72 h after infection (Fig. 1), to evaluate the effect of C.
pneumoniae infection on the proliferation of Jurkat cells. The results
showed that the proliferation of Jurkat cells was significantly sup-
pressed by C. pneumoniae infection in an m.o.i.-dependent manner,
and this suppression was most evident at the earlier time-points,
within 24 h of infection. Similar results were obtained from the
trypan blue dye exclusion assay (Fig. 1a) and the WST-8 cell prolif-
eration assay (Fig. 1b).

In order to confirm whether the suppression of Jurkat cell prolif-
eration by C. pneumoniae was cell type specific event, we performed
similar WST-8 cell proliferation assay using human epithelial cell
line HEp-2 cells (Fig. 1c). The results indicated that the infected
HEp-2 cell proliferation was also suppressed by C. pneumoniae
infection as same manner as the infected Jurkat cells. This result
suggested that suppression of cell proliferation by C. pneumoniae
was not cell type specific event.

The trypan blue dye exclusion assay showed that cell death
caused by C. pneumoniae infection was minimal in Jurkat cells
(Fig. 2a). To confirm this, cleaved caspase-3, cleaved caspase-7 and
cleaved PARP were detected in the Jurkat cells infected with C.
pneumoniae at an m.o.i. of 0 or 30 by immunoblotting (Fig. 2b).
Any obvious signals corresponding to cleaved caspase-3, cleaved-
caspase-7 and cleaved PARP were not observed from the Jurkat cells
infected with C. pneumoniae at an m.o.i. of 30. Taken together, these
results suggested that apoptosis was not induced in the Jurkat cells
infected with C. pneumoniae at least up to an m.o.i. of 30.

The suppression of Jurkat cell proliferation is dependent on viable
C. pneumoniae infection

To prove that C. pneumoniae infection was essential to the sup-
pression of Jurkat cell proliferation, the cell proliferation assay
using WST-8 after treatment of actin polymerization inhibitor,
cytochalasin D were performed. Repeatedly, the proliferation of the
Jurkat cells was suppressed by C. pneumoniae infection at an m.o.i.
of 30. Cytochalasin D treatment itself did not effect on the Jurkat
cell proliferation. Moreover, cytochalasin D restored the Jurkat cell
proliferation even under presence of C. pneumoniae probably by
blocking C. pneumoniae invasion into the host Jurkat cells (Fig. 3).
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Fig. 3. C. pneumoniae infection-dependent suppression of the infected Jurkat cell
proliferation. Jurkat cells were treated with or without 10 wM of cytochalasin D
for 30 min and infected with or without C. pneumonige at an m.o.i. of 30. At 0, 24,
48, and 72 h after infection, the relative viabilities of the infected Jurkat cells were
measured. Representative results from 3 independent experiments are shown. The
numbers indicate the value relative to the control group at time point 0, and are
represented as means + standard deviations (n=3). *P<0.05, significantly different
from the control group at the same time point.
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Fig. 4. Viable C. pneumoniae-dependent suppression of the infected Jurkat cell
proliferation. Infection was performed with viable, heat-killed, or UV-killed C. pneu-
moniae at an m.o.i, of 10. At 0, 24, 48, and 72 h after exposure to the bacteria, aliquots
of the Jurkat cells were harvested and subjected to the trypan-blue dye exclusion
assay. Representative results from 3 independent experiments are shown. The val-
ues indicate the numbers relative to the control group at time point 0, and represent
means =+ standard deviations (n=3). *P < 0.05, significantly different from the control
group at the same time point.

This result suggested that the suppression of Jurkat cell prolifera-
tion required the establishment of C. pneumoniae infection.

To evaluate whether the suppressive effect of C. pneumoniae
on proliferation required viable C. pneumoniae, heat-killed and
UV-killed C. pneumoniae were substituted for live bacteria in the
proliferation assay (Fig. 4). Viable C. pneumoniae infection at an
m.o.i. of 10 consistently suppressed the proliferation of infected
Jurkat cells. In contrast, neither heat-killed nor UV-killed C. pneu-
moniae showed any suppressive effects on the proliferation of the
host Jurkat cells. These data suggest that viable C. pneumoniae infec-
tion is essential to the suppression of proliferation observed in
infected Jurkat cells.

The suppression of Jurkat cell proliferation by C. pneumoniae
infection is accompanied by a reduction in phosphorylation level
at Thr389 of p70S6K

Cyclin D3 is reported as key regulator in Jurkat cell prolifera-
tion (Boonen et al. 1999). Therefore, cyclin D3 protein level was
evaluated by immunoblot analysis in order to determine whether
suppression of Jurkat cell proliferation by C. pneumoniae infection
involved cyclin D3 down modulation. As shown in Fig. 5a, cyclin
D3 protein levels were diminished by C. pneumoniae infection.
The reduction in cyclin D3 was an m.o.i. dependent (Fig. 5b) and
required infection with viable C. pneumoniae (Fig. 5¢). In spite of
decreased cyclin D3 protein level, we could not observe an accu-
mulation of infected Jurkat cells at Go/G1 phase (data not shown).
This suggested that the suppression of Jurkat cell proliferation asso-
ciated with C. pneumoniae infection did not involve the induction
of cell cycle arrest at the G1 phase.

We performed preliminary experiments with chemical com-
pounds including MEK inhibitor U0126, protein kinase A (PKA)
activator CPT-cAMP, PKA inhibitor H-89, mammalian target
of rapamycin (mTOR) inhibitor rapamycin. U0126, CPT-cAMP
and rapamycin suppressed Jurkat cell proliferations; however,
we could not obtain any evidence that MEK and PKA path-
ways were related to the suppression of cyclin D3 expression
level. Therefore, we further analyzed phosphoinositide 3-kinase
(PI3K)/AKT/mTOR/p70S6K pathway. This pathway is prominent
signal transduction pathway in cell proliferation and growth
(Asnaghi et al. 2004; Manning 2004; Peter et al. 2010), and
Chlamydia infection stimulates phosphorylation of AKT by PI3K
dependent manner (Coombes and Mahony 2002; Verbeke et al.
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Fig. 5. Viable C. pneumoniae infection decreases cyclin D3 expression levels. (a) At
0, 1, 2, 4, 8, and 24h after C. pneumoniae infection at an m.o.i. of 10, aliquots of
infected jurkat cells were harvested and lysed in an appropriate volume of lysis
buffer. Equal protein amounts of the cell lysates were analyzed via immunoblotting,
using anti-cyclin D3 antibody and anti-a-tubulin antibody. (b) Infected Jurkat cells
were collected 2 h after C. pneumoniae infection at an m.o.. of 0, 1, or 10. Equal
protein amounts of the cell lysates were analyzed via immunoblotting using anti-
cyclin D3 antibody and anti-a-tubulin antibody. (¢) Jurkat cells were harvested 2h
after infection with viable C. pneumoniae at an m.o.i. of 10, or exposure to the same
amount of heat-killed or UV-killed C. pneumoniae. Equal protein amounts of the
cell lysates were subjected to immunoblotting analysis using anti-cyclin D3 and
anti-oa-tubulin antibodies.

2006). Therefore, alteration of the phosphorylation status of AKT
and p70S6K was investigated in the context of C. pneumoniae
infection (Fig. 6). Even in the absence of C. pneumoniae infection,
AKT was somewhat phosphorylated by stimulation with additional
FCS after the procedure of C. pneumoniae infection. Consistent with
previous report, phosphorylation on Thr308 and Ser473 of AKT
was induced by C. pneumoniae infection. In case of p70S6K, Thr389
phosphorylation was induced by additional FCS as same manner
as AKT; however, C. pneumoniae infection dramatically suppressed
Thr389 phosphorylation of p70S6K in contrast to activation of AKT.
Concurrently, cyclin D3 expression level was also suppressed as
phosphorylation at Thr389 of p70S6K (Fig. 6). These data suggested
that down modulation of the p70S6K phosphorylation by uniden-
tified mechanism associated with C. pneumoniae infection could be
the main mechanism for suppression of jurkat cell proliferation.

Discussion

Previously, we have reported that C. pneumoniae derived anti-
gens and DNA can be detected in PBMCs (Haranaga et al. 2001a,b),
and that C. pneumoniae infects and multiplies in T lymphocytes
(Haranaga et al. 2001a,b; Yamaguchi et al. 2002a,b, 2008). It has
also been reported that C. pneumoniae infection affects host-cell
function by reducing CD3 and CD25 expression levels (Yamaguchi
etal. 2008; Hirai et al. 2010). However, how C. pneumoniae infection
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modulates host-cell functions, and the effect these modulations
have on the onset and progression of disease, is not well under-
stood. In this study, we investigated the mechanism by which C.
pneumoniae infection suppresses T lymphocyte proliferation using
the human acute T cell lymphoma cell line, Jurkat E6-1 as a model.

Data obtained in this study indicate that Jurkat cell prolifera-
tion is suppressed by C. pneumoniae infection, which is consistent
with our previous report (Hirai et al. 2010). A recent report sug-
gests that C. pneumoniae inhibits proliferation of activated human T
lymphocytes by inducing apoptosis (Olivares-Zavaleta et al. 2011).
In this study, the lower live-to-dead cell ratios and the less acti-
vation of apoptosis machinery, such as cleaved caspase-3, were
observed in the infected Jurkat cell cultures. Considering the same
results obtained in the infected PBMCs in our previous study (Hirai
et al. 2010), we hypothesized that the suppression of proliferation
induced by C. pneumoniae infection might not be solely due to cell
death (infection-induced apoptosis).

It has been reported that various agents can induce cell cycle
arrest in T lymphocytes at the GO/G1 phase (Fei et al. 2009;
Sharif et al. 2010; Koyanagi et al. 2007; Wilson et al. 2005;
Dohda et al. 2007; Gutzkow et al. 2003). In addition, cyclin D3 is
reportedly the critical G1 cyclin in a leukemic T cell line (Boonen
et al. 1999; Casanovas et al. 2004). Reduction of cyclin D3 pro-
tein levels in Jurkat cells results in G1 arrest of the cells (Boonen
et al. 1999; van Oirschot et al. 2001). Therefore, we investigated
expression levels of cyclin D3 in Jurkat cells infected with C
pneumoniae. In the infected Jurkat cells, cyclin D3 protein level
was down regulated in an m.o.i.-dependent manner, and it was
reliant on exposure to viable C. pneumoniae bacteria (Fig. 4). How-
ever, contrary to our expectations, we did not observe marked
G1 arrest in C. pneumoniae infected Jurkat cells (data not shown).
These observations suggested that cyclin D3 was not the main
target utilized by C. pneumoniae to suppress host cells prolifera-
tion, and that alternative suppression mechanisms were yet to be
unveiled.

Despite the protein: half-life of cyclin D3 protein being rela-
tively short (De Santa et al. 2007), protein levels of cyclin D3, unlike
cyclins B1, A, and E, are relatively stable throughout the entire cell
cycle (Gong et al. 1995). This suggests that the down regulation
of cyclin D3 protein levels observed in this study was proba-
bly due to transcriptional and/or translational retardation. By our
preliminary investigation using semi-quantitative RT-PCR, it was
indicated that mRNA levels of cyclin D3 were not being altered by

C. pneumoniae infection. Furthermore, proteasome inhibitor, MG-
132 treatment maintained protein level of cyclin D3 in the Jurkat
cells infected with C. pneumoniae (data not shown). Therefore, we
focused our investigations on probing essential signal transduc-
tion pathways for the translational regulation of cyclin D3 as an
index of translation level in the Jurkat cells infected with C. pneu-
moniae.

Various reports have suggested that the signal transduction
pathways responsible for Jurkat cell proliferation and cyclin D
expression include the mitogen-activated protein (MAP) kinase
pathway (Terada et al. 1999), the PKA pathway (Gutzkow et al.
2003; van Oirschot et al. 2001), and the mTOR pathway (Hleb
et al. 2004). Among these pathways, our preliminary considera-
tion with certain chemical compounds suggested mTOR pathway
might be responsible for the suppression of Jurkat cell proliferation
and cyclin D3 protein level by C. pneumoniae infection.

Various molecules are involved in protein translation, includ-
ing the cascade consisting of PI3K, AKT, mTOR, p70S6K and
translational control machineries (Ma and Blenis 2009; Tee and
Blenis 2005). Downstream serine/threonine kinase, p70S6K, is a
direct substrate of multi-component mTOR complex 1 (mTORC1),
and activation of p70S6K is initiated by phosphorylation at
Thr389 which is most correlated phosphorylation site with
p70S6K activation (Weng et al. 1998). Activated p70S6K modulates
translation-initiation-factor functions, to facilitate protein synthe-
sis (Ma and Blenis 2009). Once activity of p70S6K is weakened by
de-phosphorylation at Thr389, protein synthesis is also attenuated
(Ma and Blenis 2009). Consistent with this, data obtained in this
study showed that the lower phosphorylation status of p70S6K
induced by C. pneumoniae infection was accompanied by lower
expression levels of cyclin D3 (Fig. 6). However, phosphorylations
at Thr308 and Ser473 of upstream AKT were still induced by C.
pneumoniae infection as the previous report (Coombes and Mahony
2002). This discrepancy between phosphorylation status, i.e. acti-
vation status of AKT and p70S6K suggested suppression of Jurkat
cell by C. pneumoniae might be mediated by regulatory mechanism
surrounding mTORC1.

At present, many factors involved in the modulation of mTORC1
activity by C. pneumoniae remain to be explained. AMPK which is
one of upstream kinases of mTOR is an important molecule for
sensing intracellular energy and nutrition (Hardie 2011; Canto and
Auwerx 2010). AMPK is activated when the concentration of intra-
cellular ATP is lowered, and activated AMPK phosphorylates Raptor
to inhibit association between Raptor and mTOR (Gwinn et al.
2008). Consequently, inactivation of mTORC1, dephosphorylation
of p70S6K, retardation of protein synthesis, and cell cycle arrest
occurs. Consistently, inhibition of AMPK by a chemical inhibitor
restored phosphorylation level at Thr389 of p70S6K and cyclin D3
expression level even under C. pneumonia infection in our prelimi-
nary experiment. During the Chlamydial life cycle, host-cell ATP is
consumed by the intracellular pathogen, and therefore, activation
of AMPK associated with C. pneumoniae infection is highly plausi-
ble. Growth arrest and DNA damage protein 34 (Gadd34) was also
reported as an inhibitor of mTOR molecule under host cellular ener-
getic stress such as energy depletion, and virus infection (Watanabe
et al. 2007; Minami et al. 2007). Additionally, it is well known that
C. pneumoniae secretes effector proteins through the type 3 secre-
tion system (Bailey et al. 2007; Subtil et al. 2001). In this regard,
forced expression of Chlamydial effector protein, CopN, arrests the
cell cycle at the G2/M phase (Huang et al. 2008). Therefore, the
contribution of these Chlamydial secretion proteins should also be
considered.

In conclusion, C. pneumoniae infection weakened p70S6K phos-
phorylation at Thr389 in the infected Jurkat cells. Consequently,
the infected Jurkat cell proliferation was suppressed via attenua-
tion of protein synthesis in earlier period after the infection. Further
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details of the mechanisms of suppression induced by C. pneumoniae
infection remain to be elucidated.
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Abstract Cyclophilin A has attracted attention recently as a
new target of anti-human immunodeficiency virus type 1
(HIV-1) drugs. However, so far no drug against HIV-1
infection exhibiting this mechanism of action has been
approved. To identify new potent candidates for inhibitors,
we performed in silico screening of a commercial database
of more than 1,300 drug-like compounds by using receptor-
based docking studies. The candidates selected from dock-
ing studies were subsequently tested using biological assays
to assess anti-HIV activities. As a result, two compounds
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were identified as the most active. Specifically, both
exhibited anti-HIV activity against viral replication at a
low concentration and relatively low cytotoxicity at the
effective concentration inhibiting viral growth by 50 %.
Further modification of these molecules may lead to the
elucidation of potent inhibitors of HIV-1.

Keywords Drug design - Insilico screening - Anti-HIV -
Cyclophilin A - Inhibitor

Introduction

Cyclophilin A (CypA) was discovered originally as the recep-
tor of the immunosuppressive drug cyclosporin A (CsA)—a
molecule exhibiting multiple biological functions. The forma-
tion of complexes between CypA and CsA, which is an 11-
mer cyclic peptide isolated from the fungus Tolypocladium
inflatum, allows CypA to interact with calcineurin, reduce the
production of interferon vy and interleukin-2, and exert immu-
nosuppressive effects [1]. CypA is one of 15 known human
cyclophilins, and can catalyze cis—trans isomerization in pep-
tide bonds containing proline via its peptidyl prolyl isomerase
(PPlase) activity. Recently, it was reported that CypA interacts
with the NS5A and NS5B parts of hepatitis C virus polymer-
ase {2, 3], the nucleocapsid protein of the SARS coronavirus
[4], and the capsid (CA) protein of human immunodeficiency
virus type 1 (HIV-1) [5]. These multiple functions make CypA
an attractive target for drug development.

In addition to CsA, the natural product sanglifehrin A [6]
and several peptide analogs [7] were reported to be active
inhibitors of CypA. Recently, to decrease HIV-1 infectivity
by disrupting the interaction of CypA with CA, several
small molecules have been developed [§8, 9]. However,
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new drugs against HIV-1 infection exhibiting this mecha-
nism of action have not yet been approved.

Nevertheless, there are several published reports of
structural information regarding to the binding modes of
CypA and CA fragments [10], CsA [11], or small
peptides [12], and the available information suggests
the potential applicability of in silico inhibitor screening
and design for elucidating potential inhibitors. Here, we
screened a small database of 1,377 small-molecular-
weight compounds. A total of 29 compounds was se-
lected according to docking scores. Together with two
commercial positive control compounds, these 29 select-
ed compounds were tested using biological assays. Fi-
nally, two compounds were identified as potent anti-
HIV candidates, displaying acceptable cellular toxicity.

Materials and methods
Small molecular database for virtual screening

The structures of 1,377 low-molecular-weight compounds
in a chemical structure data (SD) file format were obtained
from ChemGenesis (http://www.all-chemy.com/), who sup-
plied all the compound samples in the file. This SD file was
converted into Molecular Operating Environment (MOE,;
Chemical Computing Group, Montreal, Canada) database
format, and energy optimization of each molecule was per-
formed under the MMFF94x forcefield using the MOE

a

Fig. 1a,b The structure of receptor cyclophilin A (CypA) and its binding
sites. a Representation of the dipeptide alanine-proline (AP, red) inside
the CypA active site cavity. CypA adopts an eight-stranded antiparallel
beta barrel structure, and AP is buried deeply in one of the cavities on the
surface of CypA. The structure was obtained from 2CYH.pdb, and the
figure was created by Molecular Operating Environment (MOE; Chem-
ical Computing Group, Montreal, Canada) software. b Three docking
sites on the surface of CypA. Site 4 is also known as the CypA MVA11-
binding pocket, and AP also binds here. Site B is a hydrophobic pocket
that is also known as the CypA Abu2-binding pocket. Above these two
sites, there is some space, which we call Site C in this paper

@ Springer

Fig. 2 Comparison of the re-docked conformation of AP with the
crystallographic conformation in the CypA/AP complex. Blue Re-
docked conformation, red crystallographic conformation. The root
mean squared deviation (RMSD) between the two conformations was
as low as 0.261 A. The surface of the receptor is colored according to
lipophilicity. Green Hydrophobic areas, pink hydrophilic areas

software package. The descriptors of molecular weight,
lip_violation, lip druglike [13], and diameter were calculat-
ed and typed into the fields of the database to confirm the
basic properties of the compounds in the database.

Preparation of ligands and protein

The 1.64-A resolution crystallographic data of CypA in
complex with the dipeptide alanine-proline (AP; PDB
entry 2CYH) [12] was obtained from the Brookhaven
Protein Data Bank (http://www.pdb.org/pdb). This co-
crystallized structure was used in preliminary studies
to determine whether the docking parameters used were
appropriate, and the structure of CypA within the struc-
ture was used as a receptor for screening the Allchemy
database. In the present study, the “MOE dock” pro-
gram was used to perform all the screening procedures.
The Protonate3D module in MOE was used to assign
ionization states, and to position hydrogen atoms into

Fig. 3a,b Control compounds D4 and FD8 and 29 selected com-
pounds docked into the surface sites of CypA. a Mode 1: lowest scored
pose of each compound covered the region of Site A and Site B. b
Mode 2: lowest scored pose of each compound docked into Site B and
Site C, but not Site A
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the receptor molecule. Subsequently, after adding partial  backbone atoms, energy minimization of the receptor
charges under the MMFF94x forcefield and fixing the  was performed.
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Fig. 4 Structures of compounds selected from the docking studies and the control compounds (D4 and FD8). The identifiers of compounds
docking in Mode 1 poses are in black, and those of compounds docking in Mode 2 poses are in blue
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Fig. 4 (continued)

An active site covering the entire area of the two pockets in
the CypA molecule was found using the SiteFinder module in
MOE, and dummy atoms with hydrophobic or hydrophilic
properties were placed into the two pockets to define the site.

Molecular docking

We docked AP back into the receptor (self-docking or re-
docking) and screened the prepared database. For simplicity,
flexibility of all of ligand atoms was allowed, in contrast to
the receptor atoms during docking studies. We used five
stages of the MOE Dock module to determine the potential
docking poses of each ligand: (1) Dock was used to generate
conformations from a single 3D conformer by applying a
collection of preferred torsion angles to the rotatable bonds.
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Here, a systematic search was conducted covering all com-
binations of angles on a grid if this resulted in fewer than
5,000 conformers. Otherwise, a stochastic sampling of con-
formations was conducted. (2) The collection of poses was
generated from the pool of ligand conformations using the
Triangle Matcher method, which can align ligand triplets of
atoms on triplets of alpha spheres in a relatively systematic
way. (3) Poses generated by the placement methodology
were rescored using the London dG scoring function, and
low scores were assigned to good poses. The top 30 poses
were kept. (4) These 30 poses were refined using the explicit
molecular mechanics forcefield method; at this time, the
forcefield was set to MMFF94x. (5) Poses resulting from
the refinement stage were rescored using the London dG
scoring function. The top 30 poses of each compound were
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retained for manual examination. Finally, candidates used
for examination were selected according to the best docking
score of each compound.

Inhibition of HIV-1 replication
Compounds were obtained from ChemGenesis, and positive

control compounds were purchased from Namiki Shoji (http://
www.namiki-s.co.jp/). Biological assays were performed to

determine whether the compounds exert inhibitory effects ona
single replication cycle of HIV-1. Briefly, 293 T cells (1.5x 10°
cells in a 100-mm dish) were transfected with 8.9 ug of the
pNL4-3-based [14], envelope glycoprotein-deficient HIV-1
proviral construct carrying a luciferase reporter gene, pNL-
Luc-ER" [15], together with 1.1 ug of a vesicular stomatitis
virus G protein (VSVG) expression plasmid, pHit/G [16],
using FuGENE HD transfection reagent (Roche, Basel, Swit-
zerland) to generate VSVG-pseudotyped HIV-1. Eighteen

Table 1 The screening results of 29 test compounds and two positive controls

Compound Concentration [puM] Inhibitory effect on HIV-1 replication® Cytotoxicity® Solubility® Docking score?
1 40 - - - -10.75
2 11 - + - -10.69
3 30 - + - -10.62
4 9 ++ - + -10.61
5 12.5 - + - —10.58
6 10 + + - -10.58
7 40 - - - -10.48
8 40 - - + -10.41
9 40 - + + -10.39
10 10 - + + -10.35
11 40 - + - —10.31
12 10 ++ + - -10.29
13 - + - -10.27
14 - + — -10.26
15 10 - + + -10.23
16 5 - + - -10.22
17 10 - + - -10.21
18 12.5 - + -~ -10.20
19 40 - + - -10.14
20 40 - + + -10.11
21 40 - + - -10.10
22 20 - - + -10.10
23 9 ++ + - -10.09
24 40 - - + —10.09
25 40 - - - -10.05
26 40 - - - —10.03
27 40 - + - -10.01
28 10 - + + —-10.00
29 10 - + - —10.00
D4 ° 40 + - - NCf
FDS8 ¢ 40 ++ - - NCf

?Viral replication was more than 30 % inhibited judging by the reduction of luciferase activity, which was not obviously due to the cytotoxicity of
the compound, in both U87.CD4.CXCR4 and MT4 cell lines (++), in either cell line (+) or in neither cell line (—)

® The viability of 293T, U87.CD4.CXCR4, and/or MT4 cells was more () or less than 70 % (+) in the presence of the compound at 40 pM
°Presence (+) or absence (—) of crystals in DMEM medium containing 0.2 % DMSO

9The score was calculated by MOE
¢ Control compounds
fNot calculated
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hours later, the transfected 293T cells were trypsinized and
split into 200-pl subcultures in a 96-well plate in the presence
of the indicated concentrations of a test compound. After 30 h
of incubation, the cell culture supernatant was used to infect
subconfluent U87.CD4.CXCR4 [17] or MT-4 cells treated
with the corresponding compound. Twenty-four hours after
infection, the luciferase activity in infected cells was measured
using the Steady Glo Luciferase assay kit (Promega, Madison,
WI) with a microplate luminometer (LB960, Berthold, Bad
Wildbad, Germany) according to the manufacturer’s protocol.
The inhibitory effect of the compounds on viral replication
was evaluated as the reduction in luciferase activity in infected
cells. In addition, a cell toxicity test was performed using the
WST-1 cell proliferation assay system (Roche) according to
the manufacturer’s protocol. Briefly, subconfluent 293T,
U87.CD4.CXCR4, and MT-4 cells were treated with the
indicated concentrations of a compound for 24 h. WST-1
reagent was then added to the cell culture, which was further
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Fig. 5 Inhibitory effects on human immunodeficiency virus type 1
(HIV-1) replication and cellular toxicities of active compounds and
controls. A vesicular stomatitis virus G protein-pseudotyped reporter
virus was produced from 293T cells transfected with proviral DNA in
the presence of various concentrations of the compound indicated.
U87.CD4.CXCR4 or MT-4 cells were treated with a corresponding
compound and then infected with the virus produced in the culture
supernatant of 293T cells. Twenty-four hours after infection, the lucif-
erase activity of infected cells was measured. The results are expressed

@ Springer

incubated until the absorbance of the samples at 450 nm was
approximately 1.4 (approximately 1 h for 293T and
U87.CD4.CXCR4 cells and 3 h for MT-4). The absorbance
of the samples was measured using a microplate reader (Mul-
tiskan FC, Thermo Scientific, Rockford, IL), and the cytotox-
icity of the compounds was evaluated as a reduction in
absorbance. U87.CD4.CXCR4 cells were obtained through
the AIDS Research and Reference Reagent Program (Division
of AIDS, NIAID, NIH) from HongKui Deng and Dan R.
Littman.

Structural analysis and residue interaction analysis

The interaction modes of the best poses of selected
ligands were assessed using the Ligand Interactions
module in MOE. The distances between important res-
idues and ligands were measured. Subsequently, the best
docking poses of active compounds in complex with
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as a percentage of viral replication, which was calculated by determin-
ing the reduction in luciferase activity in the presence of a compound
compared with that in the control experiment in the absence of the
compound. All data points represent the means of two to four inde-
pendent experiments. In addition, the cytotoxicity of each compound
was measured using WST-1 reagent. The cytotoxicity of each com-
pound is expressed as a percentage of the reduction in the absorbance
in the presence of the compound
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CypA were analyzed using IF-E 6.0 [18] (created by Dr.
Hooman Shadnia at Carleton University), retrievable
from the SVL exchange service. As mentioned in
reports by Shadnia and others [18, 19], IF-E 6.0 can
partition the native forcefield potentials and derive net
interaction forces. It is used to decompose the interac-
tion forces into three dimensions while analyzing the
per-residue interactions. A list of positive and negative
interaction energy values between a ligand and its
neighbor receptor residues (within a defined distance
range) can be calculated; negative values indicate favor-
able interactions, whereas positive values indicate unfa-
vorable interactions. For our candidate ligands, receptor
residues oriented less than 4.5 A were analyzed.

Results and discussion
In silico screening

Comparison between X-ray crystal structure and structure
determined by docking

To ensure the validity of our docking procedures and dock-
ing parameters before screening, we performed a test using
the co-crystallographic data (pdb identifier: 2CYH) of CypA
and AP (Fig. 1) [12]. AP was isolated from the complex and
then re-docked into the receptor CypA wusing the MOE
software package. The best docking pose to emerge from
our docking differed from the original conformation only by
0.261 A in root mean square deviation (RSMD). Therefore,
we selected the pose displaying the lowest docking score as
the best pose. Figure 2 shows the comparison between the
X-ray crystal structure (colored in red) of AP and the best
docking pose (colored in blue).

Basic properties of compounds in the target database

We selected a commercially available database from
ChemGenesis (http://www.all-chemy.com/) containing
1,377 low-molecular-weight compounds as the source
database. The drug-likeness of these compounds was
calculated by the QuaSAR-Descriptor module in MOE.
More than 85 % of the compounds obeyed drug-
likeness (the number of violations of Lipinski’s Rule
of Five [13] was less than two). Although less drug-
like compounds are usually removed from the target
database before docking, because of the small number
of compounds in the database, both drug-like and less
drug-like compounds were tested. The calculated molec-
ular weights of compounds varied between 201.2 and
622.8 Da, and 1,325 compounds had molecular weights
of less than 500 Da. According to the pocket size of

CypA, the diameters of the compounds, which varied
between 7 and 30 A, were considered suitable, and no
compounds were rejected before performing docking
studies.

Analysis of receptor properties and definition of docking sites

According to the co-crystal data of CypA/AP, CypA adopts
an eight-stranded antiparallel beta barrel structure (Fig. 1a),
and AP is buried deeply in one of the cavities on the surface
of CypA (Fig. 1b). This cavity is also where CsA, the HIV
CA fragment, and other substrates bind. The most important
residues of this cavity were identified by site-directed mu-
tagenesis (Arg55, Phe60, Phell3, and His126) [20]. This
cavity has also been called Site A or the MVA11-binding
pocket (according to CsA binding mode) in previous reports
[8, 21]. Over a saddle-like region, there is another hydro-
phobic pocket called Site B, or the Abu2-binding pocket. In
addition to Sites A and B, there is also some empty space
above, referred to here as Site C (Fig. 1b). Although the co-
crystallographic data of the CypA/CA fragment indicate that
Site A should be the direct docking site, Sites B or C could
be considered an auxiliary cavity when compounds possess
important elongated functional groups. Therefore, using the
SiteFinder module in MOE, we defined a larger docking
region contained among Sites A, B and C, and docked
compounds in the target database into CypA.

Fig. 6a,b Docking poses of two active compounds: 23 and 12. 23
binds using Mode 1 (a), and 12 binds using Mode 2 (b)
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Selection of compounds for biological evaluation

According to the predicted fitting score, which expresses the
lowest binding energy of a certain pose, we selected 29 com-
pounds, as shown in Figs. 3, and two previously reported
active compounds as controls [8, 22]. We observed two bind-
ing modes: (1) molecules covering both Site A and Site B; and
(2) molecules placed into Site B and Site C, but not Site A
(Fig. 4). Of the 29 compounds listed in Fig. 3, 20 bound in the
style of Mode 1 (Fig. 4a), and 9 compounds in the style of
Mode 2 (Fig. 4b), as the lowest scored poses.

Site A was confirmed to be responsible for the PPlase
activity of CypA and to serve as the binding site of the CA
fragment of HIV and CsA, and thus several groups have
made efforts to locate compounds that can fill this pocket as
much as possible by screening and/or molecular design
experiments [8, 21, 22]. Therefore, molecules that interact
with CypA in Mode 1 were more likely to be investigated;
however, the inhibitory activities of most of the candidates
were limited to the micromolar level. To find potent inhib-
itor candidates with novel skeletons, we kept both Mode 1
and Mode 2 compounds for further biological evaluation.

a

Experimental results of viral replication and cell viability

Biological assays were performed to determine whether the 29
compounds and the 2 positive controls exerted inhibitory
effects on viral replication and induced cellular toxicity.
293T cells were employed as virus-producing cells, whereas
a T cell line, MT-4, and a reporter cell line expressing HIV-1
receptors, U87.CD4.CXCR4, were used as viral target cells.
This assay system can evaluate the inhibitory effects of test
compounds in a single replication cycle of HIV-1. The results
demonstrated that most of the other tested compounds either
did not exert noticeable inhibitory effects on HIV-1 replication
or exhibited strong cytotoxicity at higher concentrations
(Table 1). Moreover, although compound 4 exerted an inhib-
itory effect on viral replication, it displayed low solubility
(Table 1); therefore, we did not evaluate this compound fur-
ther. By contrast, two of our compounds, 12 and 23, as well as
the two positive control compounds, exerted potent inhibitory
effects on HIV-1 replication while exhibiting low cytotoxicity
at the effective concentration inhibiting viral growth by 50 %
(Fig. 5). Compared with the control compounds D4 and ¥DS,
our hit compounds exhibited stronger inhibitory activities.

Alal03

Fig. 7 Schematic view and docking pose of compound 23 (a, b) and compound 12 (¢, d) with their binding sites. For docking poses, only

important residues are displayed
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Structural analysis of active compounds

The docking poses of compounds 23 and 12 were different.
The best docking pose of 23 utilized Mode 1 binding (Fig. 6a),
whereas that of 12 utilized Mode 2 binding (Fig. 6b). The
interactions were first assessed using the Ligand Interactions
module in MOE. These analyses provided direct schematic
views of the interactions of 23 and 12 with CypA, as shown in
Fig. 7a and c, respectively. Compound 23 inserted into both
Site A and Site B. Figure 7a and b illustrate the dimensional
interaction maps and docking poses, respectively, of 23 with
CypA. The presence of 2-nitrobenzenesulfonamide appears
responsible for the binding between 23 and Site A of CypA.
The oxygen atom in the sulfonamide group interacts with the
nitrogen atom at the w position of ArgS5 (23: O — CypA:
Arg55: N®) within a distance of 2.9 A. The aromatic ring of
nitrobenzene interacts with both GIn63 and Phell3. Two
edge-to-end (T-shaped) hydrogen-aromatic ring interactions
(23:aromatic ring—CypA:GIn63:H and 23:aromatic hydro-
gen—CypA:Phell3:aromatic ring) form a 7t— stacking net-
work. Because Arg55 and Phell3 are important pocket-
forming residues and are highly conserved in most CypA

Fig. 8a,b Ligand-receptor
interaction energy values (per-
residue values) calculated using
IF-E 6.0. The residue interac-
tion energy data values are

- e

isolates, these interactions are very meaningful for inhibitor
design. Another key interaction revealed in the interaction map
is the hydrophobic interaction between Alal03 and the triazole
group of 23. For 12, arene-cation interactions (12: benzene
ring—CypA: Arg55: NH1 and NH2) were detected. As men-
tioned above, Arg55 is a critical residue for ligand binding.
These interactions can partly explain the activity of 12.
Geometry-based interaction fingerprints provided loosely
approximated insights into the fitting of our two active com-
pounds into the receptor sites. However, it is difficult to deter-
mine the detailed intermolecular energies, particularly in terms
of hydrophobic interactions. Therefore, we performed addition-
al post-docking analyses. The interactions between binding site
residues and active compounds were scrutinized using IF-E 6.0
[18] (created by Dr. Hooman Shadnia at Carleton University,
http://www.shadnia.com/H_IFE/index.htm), retrievable from
the SVL exchange service. This program can differentiate
favorable ligand-residue interactions from unfavorable ones
by force vectors and energy values. A negative sign indicates
a stable interaction, whereas a positive sign indicates an unsta-
ble or repulsive interaction. The results of 23 and 12 for each
residue near ligand atoms (less than 4.5 A in distance) are
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presented in Fig. 8. For 23, in addition to the important residues
mentioned above, we can see that Ala101 is also responsible for
binding (Fig. 8a). The carbon in the Alal01 backbone is in
approximation with the carbonyl oxygen of 23 (separated by
3.57 A) (Fig. 7a). The dispersion force between the electron-
poor environment of the Alal01 backbone carbon and the
electron-rich environment of the carbonyl oxygen of 23
resulted in good binding effects. For 12, the negative-signed
interaction energy values, which indicate favorable residues for
ligand binding, could be detected at multiple residues of CypA
including the aforementioned residue Arg55. In addition to
Arg55, other favorable residues for binding are listed in
Fig. 8b. Conversely, a strong signal for a positive-signed peak
could be detected at Ala103, suggesting that it is an unfavorable
residue for the binding of 12. By assessing atomic distances, we
found that the methyl hydrogen atom of the Alal03 side chain
and the aromatic hydrogen atom of 12 are approximately 1.8 A
apart (Fig. 7d). It can be concluded that the two hydrogen atoms
clash with each other. However, it should be underlined that this
docking pose was obtained from a rigid receptor docking
procedure; therefore, this model cannot explain any “induced-
fitting” phenomena. We assume that, due to the strong repul-
sion detected, the receptor residue should shift into a more
appropriate orientation in a real system.

Compounds 23 and 12 have similar skeletons; however,
they exhibited different docking modes. Molecules that target
the combination region of the two modes can be assumed to
be more active. These types of combined molecules are now
under investigation using in-silico-based methods.

Conclusions

The present work involved the discovery of HIV-1 inhibitors
targeting CypA via in silico and biological screening methods.
Twenty-nine compounds selected from a database, together
with control compounds, were examined for antiviral activi-
ties. Two of the compounds exhibited comparatively good
effects in biological assays. In particular, compounds 12 and
23 both exhibited anti-HIV-1 activities with relatively low
cytotoxicity at the effective concentration inhibiting viral
growth by 50 %. From our experimental results, 12 and 23
may be used as lead compounds for novel type of anti-HIV
inhibitors, although biochemical experiments to confirm that
the target is really CypA are still needed.
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Abstract

Objectives: Chikungunya virus (CHIKV) is an alphavirus be-
longing to the Togaviridae family. Alphaviruses cause a
chronic non-cytopathic infection in mosquito cells, while
they develop a highly cytopathic infection in cells originat-
ing from various vertebrates, In this study, we compared the
cytopathic effect (CPE) induced by CHIKV in Vero cellsand a
mosquito cell line, C6/36 cells. Methods: CPE and the virus
titers were compared between the CHIKV-infected C6/36
and Vero cells. Apoptosis was measured by TUNEL assay, and
the differences between the C6/36 and Vero cells were com-
pared. Results: CHIKV infection induced strong CPE and
apoptosis in the Vero cells, but light CPE in the C6/36 cells.
The virus titers produced in the C6/36 cells were much high-
er than those produced in the Vero cells. Conclusions: The
reason CHIKV induced strong CPE is that this virus triggers
strong apoptosis in Vero cells compared with C6/36 cells.
CHIKV established a persistent infection in C6/36 cells after
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20 times. Interestingly, we also found that CHIKV in-
duced stronger apoptosis in Vero cells than in C6/36 cells,
although the mechanism is not yet known.

Materials and Methods

Virus and Cells

CHIKV Ross strain was propagated in Vero-E6 (Vero) cells
which were maintained in MEM supplemented with 10% new-
born calf serum and-antibiotics at 37° in 5% CO,. C6/36 cells were
maintained in Leibovitz’s L-15 Media (Invitrogen, Carlsbad, Cal-
if., USA) supplemented with 10% newborn calf serum, antibiotics
and 1% TPB {Sigma, St. Louis, Mo., USA) at 32°. All experiments
were performed in a biosafety level 3 containment laboratory.

Immunofluorescence Assay

CHIKV- and mock-infected cells were fixed with 4% parafor-
maldehyde, and incubated 30 min at 37° with monoclonal anti-
body against the CHIKV E2 protein followed by FITC-conjugated
anti-mouse IgG (Invitrogen) for 30 min at 37°. The monoclonal
antibody was provided by Dr. P. Depres [20].
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infection, where almost all vertebrate ce
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known to provide a long-term persiste
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along-term persistent infection which
tained by intracellular factors [13]. The
ing to the alphavirus family have appeared:
cultured vertebrate and invertebrate cells [14].
alphaviruses cause encephalitis, neuronal apoptosis
death in mammals, they fail to kill the mosquitoes that
can transmit these viruses. Therefore, host cell factors
as well as viral factors regulate the outcome of the infec-
tion [15].

SINV is thought to cause a persistent infection in mos-
quito cells with moderate CPE in general [16]. We thought
that CHIKV might also cause milder CPE in mosquito
cells than in mammalian cells, and would lead to persis-
tent infection in mosquito cells. The study on the patho-
genicity of CHIKYV is inadequate. Since Vero cells and
C6/36 cells are commonly used in the propagation of fla-
viviruses such as dengue virus and togaviruses such as
SINV [17-19], we used these two cells to study the patho-
genesis of CHIKV infection. We found that CHIKV in-
duced light CPE in mosquito cells, C6/36, but strong CPE
in Vero cells. C6/36 produced higher titers of the progeny
viruses compared to the Vero cells. CHIKV seems to es-
tablish a persistent infection in C6/36 cells when passaged
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(38
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