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Aberrant expression of FoxP3 in a human T cell line
possessing regulatory T cell-like function and
exposed continuously to asbestos fibers
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Abstract. Prompted by the known carcinogenic activity of
asbestos, our investigations revealed that asbestos causes a
reduction in antitumor immunity. One mechanism involves the
enhancement of regulatory T (Treg) cell function and volume
assayed using MT-2 original cells (Org), an HTLV-1 immor-
talized human T cell line which possesses Treg-like function.
Continuous and relatively low-dose exposure of MT-2 to
asbestos fibers yielded sublines resistant to asbestos-induced
apoptosis and enhanced Treg function via cell-cell contact
mechanisms and increased the production of soluble factors
such as interleukin (IL)-10 and transforming growth factor
(TGF)-B. Additionally, cell cycle progression was accelerated
in these sublines. Subsequently, the status of the Treg-specific
transcription factor FoxP3 was examined. Unexpectedly,
FoxP3 mRNA levels decreased in the sublines, although signif-
icant changes in protein expression were absent. Methylation
analysis of CpG sites located in the promoter region of
FoxP3 in original MT-2 cells and sublines showed almost
complete methylation in Org and slight hypomethylation in
the sublines. Although treatment with the demethylating agent
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5-aza-deoxycytidine tended to upregulate FoxP3 expression,
the methylation status did not match the mRNA expression
and enhanced function. Additionally, the expression of other
transcription factors related to Treg did not differ between
Org and subline CBI1. Collectively, aberrant expression and
methylation patterns of FoxP3 were detected in human T cells
continuously exposed to asbestos, although cell function was
enhanced by asbestos exposure. Future analyses to identify
factors responsible for Treg functional enhancements induced
by asbestos, such as the investigation of surface molecules, are
needed for the development of strategies to prevent the occur-
rence of asbestos-induced cancers.

Introduction

Asbestos fibers promote the incidence of malignant tumors
such as lung cancer and malignant mesothelioma (MM) (1-3).
Additionally, the International Agency for Research on Cancer
(IARC) has categorized asbestos as causing laryngeal and
ovarian cancers (4). The carcinogenic mechanisms at play
resulting from exposure to asbestos fibers are thought to mainly
involve DNA damage via a Fenton reaction which produces
reactive oxygen species (ROS) induced by the iron included in
fibers such as crocidolite and amosite (5-7). Additionally, ROS
are also produced from alveolar macrophages (AMs), the latter
being involved in the initial response to foreign substances
such as the recognition and digestion of foreign substances.
However, AMs are unable to completely phagocytize asbestos
fibers due to fiber rigidity and size. Thus, AMs become frus-
trated and produce ROS (8,9). These ROS cause DNA damage
in surrounding lung epithelial cells as well as facilitate the
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transformation of pleural mesothelial cells toward malignant
transformation. Furthermore, since cells possess the tendency
to incorporate fibers, the fibers can damage chromosomes
directly due to fiber rigidity and shape (10,11). Additionally,
inhaled asbestos fibers remaining in the pulmonary fields
persistently adsorb various carcinogenic chemicals included
in tobacco smoke and air pollution (10,11). All of these factors
are considered to play a role in the carcinogenic potential of
asbestos fibers.

We have been investigating the immunological effects of
asbestos fibers (12-14). The activity of natural killer (NK)
cells was found to be reduced in asbestos-exposed patients
with pleural plaque (PP) or MM (15,16). In particular, the cell
killing activity of receptor NKp46 was found to be reduced
in NK cells derived from patients with PP or MM (15,16).
Additionally, clonal proliferation and differentiation of CD8*
cytotoxic T lymphocytes (CTLs) monitored by the mixed
lymphocyte reaction (MLR) were reduced when chrysotile
fiber was added to the MLR cultures (17). It was then found
that CXCR3, a chemokine receptor important for antitumor
immunity, was reduced in cells continuously exposed to
asbestos such as the human T cell leukemia virus (HTLV)-1
immortalized human polyclonal T cell line, MT-2, freshly
isolated CD4* T cells from healthy volunteers activated
in vitro with asbestos fibers, as well as peripheral CD4* T cells
derived from PP and MM patients (18,19). All of these findings
indicate that continuous exposure to asbestos causes antitumor
immunity and may set the background for the occurrence of
cancer in asbestos-exposed individuals (12-14).

From the viewpoint of antitumor immunity, the function and
volume of regulatory T (Treg) cells is also important (20-24).
Since the MT-2 cell line possesses Treg function (23,24),
we observed the effects of asbestos exposure on MT-2 cells.
Initially, transient and relatively high-dose exposure, which
induced growth suppression, caused apoptosis via ROS
production and activation of the mitochondrial apoptotic
pathway (Fig. 1) (25). Then, continuous and relatively low-dose
exposure, which affected less than half of the cells affected by
transient exposure, for more than eight months using chrysotile
B (CB), chrysotile A (CA) and crocidolite (CR) fibers resulted
in the alteration of certain cellular characteristics (26,27). As
displayed in Fig. 1, independently established sublines were
exposed to CB (designated as CBI1 to 3), CA (CAl to 3) and CR
(CR1to 4) (18,26,27). All of these sublines acquired resistance
to asbestos-induced apoptosis, changes in cytokine production
[increase in interleukin (IL)-10 and transforming growth factor
(TGF)-p and reduction in interferon (IFN)-vy)], and alteration
of cytoskeletal molecules (18,26-28). Thereafter, Treg function
of the original MT-2 cells and the aforementioned sublines
were examined (29). It was found that suppressive function
was enhanced in sublines by cell-cell contact and an increase
in soluble factors such as IL-10 and TGF-f3 (29) was observed.
Additionally, expression of the transcription factor forkhead
box protein Ol (FoxOl) was lower in all sublines compared
with the original MT-2 cells (30). FoxO1 acts by regulating cell
cycle-related genes, with negative regulation for accelerating
cyclins and positive regulation for breaking cyclin-dependent
kinase-inhibitors (CDK-Is). Thus, all sublines showed
increased expression of cyclins and decreased expression
of CDK-Is which resulted in the acceleration of cell cycle
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progression (31). These findings indicate that asbestos expo-
sure induces enhanced Treg function as well as proliferation.

In the present study, the status of transcription factor fork-
head box P3 (FoxP3), regarded as one of the most important
factors for Treg (20-22), as well as other Treg-specific
molecules were assayed and compared with original MT-2
cells and sublines continuously exposed to asbestos in terms
of expression and epigenetic conditions.

Materials and methods

Cell lines. Details of the MT-2 original (Org) cell line and
the asbestos-induced apoptosis-resistant sublines have previ-
ously been reported (26,27,32). These cells were maintained
in a humidified atmosphere of 5% CO, at 37°C in RPMI-1640
medium (Thermo Fisher Scientific, Inc., Waltham, MA USA)
supplemented with 10% fetal calf serum (FCS; Thermo Fisher
Scientific, Inc.), streptomycin and penicillin (Fujifilm Wako
Pure Chemical Corp., Osaka, Japan). Seven asbestos-resistant
sublines, CA1-3, CB1-3 and CR1-4, were generated by contin-
uous exposure to CA, CB, and CR, respectively. As previously
reported (26,27,32), the dose of asbestos fibers utilized for
continuous exposure was between 5 and 10 pg/ml. This dose
induced less than half of the cells to proceed toward apoptosis
compared with cells subjected to transient exposure (26,27,32).
The International Union Against Cancer standards CA and
ChB were kindly provided by the Department of Occupational
Health at the National Institute for Occupational Health, South
Africa (25-28). Additionally, CA, CB and CR were kindly
provided as standard fibers from the Japan Association for the
Study of Fiber Materials. Mineralogical features of the fibers
used have previously been reported (33).

Real-time RT-PCR, western blotting and flow cytometry.
Expression levels of Treg-related genes (20-22), FoxP3,
cytotoxic T-lymphocyte-associated protein 4 (CTLA4) (34),
glucocorticoid-induced TNFR-related protein (GITR) (35),
IKAROS family zinc finger 2 (IKZF2) (36), special AT-rich
sequence-binding protein-1 (SATB1) (37), acute myeloid
leukemia 1 protein (AMLI1) also known as Runt-related tran-
scription factor 1 (Runx1) or core-binding factor subunit a-2
and DNA methylation-related genes (CBFA2) (38), and DNA
(cytosine-5)-methyltransferase (DNMT)1, DNMT2, DNMT3a
and DNMT3b were analyzed in Org and continuously exposed
sublines (CA1-3, CB1-3 and CR1) using real-time RT-PCR
assays. Total cellular mRNA from Org, CA1-3, CB1-3 and
CR1 cells and 5-aza-deoxycytidine (5-aza-dC)-treated
Org and CBI cells was extracted using an RNeasy Mini kit
(Qiagen GmbH, Hilden, Germany). Following synthesis of the
first strand cDNA, real-time RT-PCR was performed using
the SYBR-Green method (Takara Bio Inc., Otsu, Japan) with
the Mx3000P qgPCR System (Agilent Technologies, Inc., Santa
Clara, CA, USA) according to the manufacturer's instruc-
tions as previously reported (39). Relative gene expression
was calculated by the AACt method using an endogenous
control (GAPDH) as 1.0. The formula is expressed as follows:
2-AAC — 2—(ACI for target gene - ACt for GAPDH). All primer sequences are
shown in Table I.

For western blotting, cells were lysed in 50 mM Tris-HCI
(pH 7.2) buffer containing 150 mM NaCl, 1% Nonidet P-40,
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Figure 1. Schematic background of this study. A human HTLV-1 immortalized polyclonal T cell line, MT-2, was exposed to asbestos fibers (chrysotile A was
initially employed, and crocidolite was then also used in other experiments) transiently and at relatively high doses. Cells proceeded to undergo apoptosis with
production of ROS and activation of the mitochondrial apoptotic pathway. MT-2 cells (Org) were cultured with continuous and relatively low-dose exposure to
chrysotile A, B or crocidolite for more than eight months, which induced less than half of the cells toward apoptosis. Following long-term culture, all sublines
acquired resistance to asbestos-induced apoptosis. Thereafter, Treg cell function of Org and sublines was examined, since MT-2 cells are known to possess
Treg-like function. As a result, all sublines showed enhanced Treg-like function via cell-cell contact as well as overproduction of soluble factors such as IL-10
and TGF-f, known to be typical factors for Treg function. Additionally, sublines showed accelerated cell cycle progression. Taken together, continuous expo-
sure of T cells to asbestos caused enhanced Treg function and volume and these were considered as one set of factors responsible for the reduction in antitumor
immunity in asbestos-exposed individuals. Treg cell, regulatory T cell; ROS, reactive oxygen species; CB, chrysotile B; CA, chrysotile A; CR, crocidolite.

1% deoxycholic acid, 0.05% sodium dodecyl sulfate (SDS), 1X
Protease Inhibitor Cocktail (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany), and 1X Halt Phosphatase Inhibitor
Cocktail (Thermo Fisher Scientific, Inc., Rockford, IL, USA).
Proteins were quantified using a BCA assay kit (Thermo
Fisher Scientific, Inc.), and 10 pg of protein was resolved
using 10% SDS-PAGE under reducing conditions with 5%
2-mercaptoethanol and then transferred to a PVDF membrane.
Proteins were probed with the following antibodies: FoxP3
(cat. no. 14-5779-80; eBioscience; Thermo Fisher Scientific,
Inc.), (cat. no. ABE-75; Millipore Sigma, Billerica, MA, USA),
(cat. no. SE-21072; Santa Cruz Biotechnology, Santa Cruz,
CA, USA) and actin (cat. no. 4967; Cell Signaling Technology,
Danvers, MA, USA) or Histone H4 (cat. no. SC-8657; Santa
Cruz Biotechnology) as control (all these antibodies were
used in 1:1,000 dilution), and incubated with HRP-conjugated
anti-mouse IgG or anti-rabbit IgG (cat. nos. sc-358914
and sc-2357, respectively; Santa Cruz Biotechnology) (the
secondary antibody was used in 1:10,000 dilution). Proteins
were detected using ECL Plus western blotting detection
reagents (GE Healthcare UK Ltd., Buckinghamshire, UK).

Intracellular FoxP3 was stained using the Human
Foxp3 Buffer Set and anti-FoxP3-PE antibody (clone
259D/C7; cat. no. 560046; BD Biosciences, San Diego, CA,
USA) according to the manufacturer's instructions and the
final concentration was 10 gg/ml. Cells were analyzed using a
FACSAria cell sorter (BD Biosciences).

Methylation analysis. Genomic DNA was isolated from Org
and CBI cells using a Qiagen DNA isolation kit (Qiagen)
according to the manufacturer's instructions. Genomic DNA
was digested with restriction endonuclease EcoRI or BamHI
(Takara Bio Inc., Otsu, Shiga, Japan), and then used for
chemical modification comprising denaturation of digested
DNA with 0.3 M sodium hydroxide for 15 min at 37°C, and
3.0 M sodium bisulfate and 0.5 mM hydroquinone overnight at
55°C. Treated DNA was purified and amplified by PCR using
primers listed in Table I. Amplified DNA fragments including
the genomic sequence shown in Fig. 2 was subjected to cloning
using the TOPO-TA Cloning kit (Thermo Fisher Scientific,
Inc., Yokohama, Japan). Thereafter, 45 individual clones were
sequenced with an ABI PRISM® 310 sequencer (Thermo
Fisher Scientific, Inc.) using primers shown in Table I. Fig. 2
shows the promoter region of the FoxP3 gene. There are several
transcription factor binding sites such as nuclear factor of acti-
vated T cells (NFAT) and activator protein 1 (AP-1), as well
as promoter sequences such as CAAT, GC and TATA boxes.
Ten CpG sites are located at positions -419, -256, -216, -139,
-127,-114, -78, -66, -59, -44 and -16. Following bisulfate treat-
ment, unmethylated cytosine is converted to uracil, however,
methylated cytosine is not converted. Thus, after sequencing,
the extent of C in the clones indicates the original methylation
status of each CpG site.

To monitor expression of FoxP3 in Org and subline CBI,
0, 1,5 or 10 uM of demethylating agent 5-aza-deoxycytidine
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Table I. Primers used for real-time RT-PCR and cloning.
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Sequences

Gene Forward Reverse

For RT-PCR
FoxP3 5'-TCCCAGAGTTCCTCCACAAC-3' 5'-TGTTCGTCCATCCTCCTTTC-3'
CTLA4 5'-TGACAGCCAGGTGACTGAAG-3' 5'-ATGAGCTCCACCTTGCAGAT-3'
GITR 5'-GAGGAGTGCTGTTCCGAGTG-3' 5'-TCTGTCCAAGGTTTGCAGTG-3'
DNMTI 5'-GTGGGGGACTGTGTCTCTGT-3' 5'-TGAAAGCTGCATGTCCTCAC-3'
DNMT2 5'-CCAAAGTCATTGCTGCGATA-3' 5'-TCAGGAAATCCGAACTCTGG-3'
DNMT3a 5'-ATCTCCAAGTCCCCATCCAT-3' 5'-CAGCCATTTTCCACTGCTCT-3'
DNMT3b 5'-CCCATTCGAGTCCTGTCATT-3' 5'-GGTTCCAACAGCAATGGACT-3'
IKZF2 5'-AAAACAACATGGATGGCCCC-3' 5'-GGGCTTTGTTTCCTCTTGGG-3'
SATB1 5'-TCAGTGGAAGCCTTGGGAAT-3' 5'-TTGTCCTTCAGTTTGCCGTG-3'
AMLI1 5'-CCCTAGGGGATGTTCCAGAT-3' 5'-TGAAGCTTTTCCCTCTTCCA-3'

For cloning
FoxP3 5'-GGATCCACCGTACAGCGTGGTTTTTC-3' 5'-GAATTCTGTTCGTCCATCCTCCTTTC-3'

NFAT

AP-1

. GCTTCAGATTCTCTTTTTTCCCOAGAGACHCTCAAATATICCTCTCACTCACAGAATGGT

-419

NFAT

. GTCTCTGCCTGCC@GTTGGCCCTGTGATTTATTTTAGTTC@TGTTTTTTT

NFAT AP-1

~ TTTTTCAAACTCTATACACTTTTGTTTTAAAAACTGTGEITTCTCATGAGCCHTATTATC

AP-1

-256

. CCTC’I‘CACCTCTGTGGTGAGGGGAAGAAATCATATTTTCAGATGACI@IA

CAAT box

216

. AAGGGCAAAGAAAAAANCCCAAAATTTCAAAATTT

TAAGTCTCATAATCAAGAAA

GCbox -139

. AGGAGAAACACAGAGAGAGAGAAAAAAAAAACTATGAGARCCCCCCCCCACCOCQIGATT

127 -114

- ATCAGCGLACACACTCAT(CGARAARAN

-59

-66
. ccacac@mcn@mewﬂ'rcwc

-78

'I‘T'I‘GGA'I"I‘ATTAGMGAGAGAGGTCT(@SCTT
-44 TATAbox 16

TATAAMRAGCAAAGTTGTTTTTGAT. G

. ACAGTTTCCCACAAGCCAGGCTGATCCTTTTCTGTCAGTCCACTTCACCAAGGT

Figure 2. Sequence of the promoter region of the FoxP3 gene. There are several transcription factor binding sites indicated by solid lines and transcription
initiating sequences shown by dotted lines. Additionally, there are 11 CpG sites (indicated by circles) that could be examined by the methylation assay.

(5-aza-dC) was added to cell cultures for 5 days and real-time
RT-PCR assays were performed.

Statistical analysis. Statistical analysis for the expression
levels assayed by real-time RT-PCR was performed using
SPSS for Windows, version 21 (IBM Japan, SPSS Statistics,
Tokyo, Japan) by Fisher's PLSD test after ANOVA analysis
and the data of log,, values of relative expression.

Results

FoxP3 expression in MT-Org and sublines. As shown in
Fig. 3A, relative mRNA expression was higher in Org compared

with sublines CA1l to 3 and CB1 to 3 continuously exposed
to asbestos. Protein expression was assayed by western blot-
ting (Fig. 3B) using Org and sublines CA1 to 3, CBl1 to 3, and
CRI. The use of three different monoclonal antibodies revealed
different expression patterns as indicated by Ab A, B and C.
It seemed that there was no significant difference in FoxP3
protein expression between Org and sublines as determined by
our western blotting approach. Furthermore, flow cytometric
analysis of intranuclear FoxP3 expression revealed similar
levels between Org and sublines (CBI1 to 3) as shown in Fig. 3C.

Expression of Treg-specific cell surface molecules. The
cell surface molecules CTLA4 and GITR are known to be
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Figure 3. FoxP3 expression analyzed in Org and sublines. (A) Examination of relative mRNA expression assayed by real-time RT-PCR revealed significantly
reduced expression in all sublines. (B) Although western blotting using three different monoclonal antibodies from different companies did not show any clear
changes or shifts in expression, (C) flow cytometric assays for intranuclear FoxP3 showed almost identical full expression of FoxP3 amongst Org and sublines
CBI to 3.
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Figure 4. Expression of Treg-specific molecules CTLA4 and GITR in Org and sublines. Messenger RNA expression in sublines CB1 and CB2 showed
significantly decreased expression of CTLA-4, although other sublines did not show any significant changes. For the analysis of CTLA4 protein expression,
western blotting and flow cytometric assays were performed and sublines CB1 to 3 tended to show an increase in CTLA4 expression as determined by flow
cytometry, although the changes were not significant. Real-time RT-PCR and western blotting were performed for the investigation of GITR expression. As a
result, no differences were found between Org and sublines. GITR was almost fully expressed in all lines examined, and may be due to the nature of the cell
lines examined.

expressed in Treg cells (34,35). Thus, the expression patterns  and CB2 sublines, while other sublines examined showed no
of both molecules were examined in terms of mRNA levels, differences. Although western blot analysis also showed no
western blotting and flow cytometry. As shown in Fig. 4, significant changes, flow cytometric analyses showed higher
the relative mRNA expression of CTLA4 was lower in CB1  expression in sublines CB1 to 3 compared with Org (there was
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Figure 5. Messenger RNA expression of methyltransferases (DNMT1, 2, 3a and 3b) is examined using real-time RT-PCR in Org and three sublines (CA1, CB1
and CR1). Although it was found that expression levels varied, there was no statistical significance.

no statistical significance). Similar to CTLA4, there were
no significant differences found in the expression of GITR
between Org and sublines (CA1 to 3 and CBI to 3) in terms
of relative mRNA expression, protein expression assayed by
western blotting or flow cytometry [(the results of flow cytom-
etry were previously published (29)].

mRNA expression of methyltransferase. As previously
published, sublines of MT-2 continuously exposed to asbestos
revealed enhanced Treg function by cell-cell contact as well as
an increase in typical soluble factors such as IL-10 and TGF-f,
and expression of the master transcription factor of Treg
FoxP3 was hypothesized to be enhanced. However, as shown
in Fig. 3A, mRNA levels in the sublines were decreased. In an
effort to delineate the mechanisms responsible for the apparent
discrepancy between enhanced function and reduced mRNA
levels, the methylation status of FoxP3 was compared between
Org and sublines. Prior to examining CpG methylation in the
promoter region of the FoxP3 gene, the relative mRNA expres-
sion of four different methyltransferases was assayed. As
shown in Fig. 5, examination of methyltransferases DNMT]I,
DNMT?2, DNMT3a and DNMT3b did not reveal any signifi-
cant differences between Org and sublines CA1,CB1 and CR1.

CpG methylation status in FoxP3 gene promoter region in
Org and sublines. As shown in Fig. 6, the methylation status
of eleven CpG sites located in the promoter region of the
FoxP3 gene was examined in MT-2 original cells (Org) as
well as in sublines CA1, CB1 and CR1 continuously exposed
to asbestos. Subline CB1 showed a relatively hypomethylated
state in four 5' CpG sites located at positions -419, -256, -216
and -139 CpG. However, these were CB1-specific, and were
not found in sublines CA1 or CR1. The most hypomethylated
CpG region found was located at position -216 in all cell lines
examined, with values of 77% in Org, 25% in CAl, 11% in
CBI and 53% in CR1. Although the methylation status of this
-216 site was the lowest in Org, the difference between Org
and other sublines was the most marked. Hypomethylation
of the -216 CpG region was greater in sublines continuously
exposed to asbestos compared with Org. However, examina-
tion of relative mRNA expression (shown in Fig. 3A) revealed
reduced expression of FoxP3 in sublines continuously exposed
to asbestos compared with Org. Methylation of the FoxP3
promoter in sublines continuously exposed to asbestos was
supposed to be greater compared with Org. Notwithstanding
the level of FoxP3 expression in Org, most of the CpG sites in
the promoter region of FoxP3 in Org were methylated. Thus,
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sequencing. The only CpG site in Org with a value <80% was #(3) located at position -216. This site was also much more hypomethylated in sublines, with
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ences and most of the sites were hypermethylated. In an effort to confirm that these methylation states were affected by demethylating agents, Org and subline
CBI cells were cultured in the absence or presence of 1,5 or 10 uM 5-aza-dC. Thereafter, FoxP3 mRNA expression was examined. Even though there was no
statistical significance, it seemed that mRNA expression (upper panel) tended to be upregulated following 5-aza-dC treatment in Org and CB1 lines. This same
pattern was observed for protein expression as examined by western blotting (lower panel), again with no statistical significance.
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Figure 8. Messenger RNA expression of other transcription factors (IKZF2, SATB1 and AMLI1) considered important for FoxP3 was examined by real-time
RT-PCR. There were no significant differences between Org and CBI1 cells for all three genes examined.

reduced mRNA expression would not be caused by hyper-
methylation.

Effect of 5-aza-dC on changes in mRNA expression in Org
and subline CBI1. Although expression levels of FoxP3 in Org
and sublines were insufficient for the RT-PCR and methylation
assays, the effect of the demethylating agent 5-aza-deoxycyt-
idine (5-aza-dC) was examined. As shown in Fig. 7, although
there was no statistical significance, mRNA as well as protein
expression seemed to increase following treatment with
5-aza-dC.

Expression of Treg-specific transcription factors other
than FoxP3 in Org and subline CBI1. Since Treg function in
MT-2 sublines is enhanced following continuous exposure to
asbestos, it was considered that expression of FoxP3, the key
transcription factor in Treg cells, may be enhanced. However,
FoxP3 mRNA levels were lower in sublines compared with
Org. Furthermore, marked changes in protein levels were
absent and the methylation of CpG sites in the promoter region
of FoxP3 was much greater in Org than in sublines. As a result,
mRNA expression of other important transcription factors in
Treg cells such as IKZF2, SATB1 and AMLI1 was examined
in Org and subline CB1. As shown in Fig. 8, there were no
significant differences between Org and subline CB1 for each
of the three transcription factors examined.

Discussion

Given the occurrence of malignant tumors such as lung cancer
and MM in individuals exposed to asbestos, investigation of
the carcinogenic activity of asbestos fibers themselves has
been a major focus (1-11). Inhaled fibers remain in the pulmo-
nary and pleural regions and their cancer-inducing properties
continuously influence surrounding lung epithelial and pleural
mesothelial cells. For example, DNA damage is caused by
ROS and reactive nitrogen species (RNS) produced by iron
contained in certain asbestos fibers, especially crocidolite and
amosite (8,9), as well as fiber-untreated frustrated alveolar
macrophages. Direct damage to chromosomes due to entrance
of asbestos fibers into cell bodies can also result in genomic

damage. Furthermore, adsorption of various carcinogenic
substances included in tobacco smoke and air pollution can
also lead to malignant transformation (1-11).

Additionally, given the carcinogenic activity of asbestos
fibers, we have been investigating the biological effects of
asbestos fibers on human immune cells and have examined the
resulting decrease in antitumor immunity (12-14). As previ-
ously reported, NK cell activity was reduced with decreased
expression of activating receptor NKp46 (15,16). The clonal
expansion of CTL was also inhibited by culturing with
asbestos fibers (17). Furthermore, intracellular perforin levels
decreased in peripheral blood CD8* cells derived from MM
patients (40). Chemokine receptor CXCR3 levels were reduced
in freshly isolated peripheral CD4* cells continuously exposed
to asbestos fibers during stimulation, as well as in CD4"* cells
from PP and MM patients (18,19). Additionally, CD4* T cells
from MM patients showed decreased intracellular IFN-vy
content following in vitro stimulation (18,19). All of these
findings indicated that individuals exposed to asbestos show a
gradual decrease in antitumor immunity with subsequent onset
of cancer due to a reduction in tumor surveillance activity, in
addition to a rapid progression of the cancers (12-14).

When considering antitumor immunity, the function
and volume of Treg cells are also important since Treg cells
suppress tumors by attacking T cells which recognize tumor
antigens (20-22). Thus, patients with enhanced function and
volume of Treg cells show weakened antitumor immunity.
We investigated Treg function and volume using a cell line
model. In this model, we employed the MT-2 cell line with
continuous exposure to relatively low doses of asbestos as this
cell line was reported to possess Treg-like function (23,24).
As previously reported, MT-2 cells exposed to asbestos fibers
showed enhanced Treg function via cell-cell contact as well as
increased production of typical soluble factors for Treg func-
tion such as IL-10 and TGF-p (28,29). Furthermore, cell cycle
progression in MT-2 sublines was enhanced compared with
Org as a result of reduced levels of CDK-Is and elevated levels
of cyclins regulated by a marked decrease in FoxOl transcrip-
tion factor in an examined subline, as FoxOl1 is known to
regulate CDK-Is and cyclins in a positive and negative manner,
respectively (30,31).
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After obtaining these findings, it was thought that expres-
sion of FoxP3, the key transcription factor in Treg cells (20-22),
may be enhanced in sublines continuously exposed to asbestos.
However, as shown in Fig. 3, FoxP3 expression varied, as deter-
mined by examination of mRNA and protein levels. Relative
mRNA levels were reduced, while marked or specific changes
in protein levels were absent. Levels of other Treg-specific
surface molecules such as CTLA4 and GITR also remained
more or less unchanged, while a slight increase in CTLA4 was
observed in a subline. These results may reflect the nature of
the MT-2 cell line. During long-term cultivation, expression
levels of molecules in cell lines may be altered compared with
the respective normal cell counterpart, even though MT-2 is
not a tumor-derived cell line but a virus-immortalized cell line.

Since there was a difference in FoxP3 expression between
Org and sublines, the methylation status of the FoxP3 promoter
region was assayed. Again, the results were unexpected since
it was found that most of the CpG sites in the FoxP3 promoter
region in Org were methylated. The lowest methylation was
located at position -216, although 77% of clones were still meth-
ylated. Additionally, although mRNA expression was lower
compared with Org, subline CB1 showed reduced methylation
at positions -419, -256, -216 and -139, while sublines CA1l
and CR1 showed decreased methylation at the -216 CpG site.
Furthermore, treatment with the demethylating agent 5-aza-dC
caused a slight increase in FoxP3 mRNA expression as well
as protein expression in Org and subline CB1. These results
fail to clarify our understanding of the apparent discrepancy
between functional enhancement of sublines as Treg-like cells
and expression of FoxP3, the key transcription factor in Treg
cells. RT-PCR was then employed in an effort to identify other
transcription factors important in Treg cells, such as IKZF2,
SAATBI and AMLI, whose expression may change following
exposure to asbestos. However, no significant differences were
found between Org and subline CBI1 for any of the three genes
examined. Additionally, we examined the effect of trichostatin
A (TSA) (41), a typical histone deacetylase inhibitor (HDI or
HDACI), on the Treg function of sublines, however, no changes
were found (data not shown). Thus, epigenetic modifications
are not important for Treg function enhancement in MT-2
sublines continuously exposed to asbestos.

Collectively, all examinations performed in this study
indicated aberrant expression of FoxP3 in MT-2-derived
sublines possessing enhanced Treg cell-like function and
continuously exposed to asbestos fibers. Furthermore, other
Treg-specific transcription factors did not show any marked
changes with continuous exposure to asbestos. Thus, the
precise nature of the cellular and molecular modifications
responsible for the enhanced Treg function in MT-2 sublines
continuously exposed to asbestos remains unknown. One
possibility involves changes in cell surface molecules related
to cell-cell contact to suppress effector T cell proliferation.
From a protein expression assay previously reported, sublines
examined showed increased phosphorylation of 3-actin as well
as cytoskeletal molecules including vimentin, myosin-9 and
tubulin-p2, and showed asbestos fiber-binding activity when
assayed under cell-free fiber-protein binding conditions (41).
In one of our previous investigations, it was concluded that
overproduction of IL-10 was regulated by Src-kinase since use
of a Src inhibitor resulted in reduced IL-10 production in Org
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and subline CB1. Thus, one possible mechanism responsible
for enhanced function in MT-2 sublines involves increased
production of soluble factors such as IL-10 and TGF-{ (28,29).
This may not be directly caused by the action of Treg-specific
transcription factors. Another mechanism that may play a role
involves cell-cell contact to suppress effector T cell prolifera-
tion. These interactions may be mediated by molecules located
on the cell surface.

Additionally, there are discrepancies between gene and
protein expression as well as function resembling Treg in
MT-2 sublines continuously exposed to asbestos. Thus, there
may be some modification regarding the ubiquitin-proteasome
system in these sublines. Although given that in one of our
previous experimental trials in which addition of the typical
proteasome inhibitor bortezomib (42,43) to subline cultures
was found to have no effect on Treg function (data not shown),
more detailed examinations may be required.

Thus, further analyses focusing on cell surface molecules
in MT-2 sublines are required to delineate the precise manner
by which continuous exposure to asbestos fibers causes
enhanced Treg function. Thereafter, it could be confirmed
whether certain cell surface molecules found to be altered in
sublines are similarly altered in peripheral blood Treg cells
from asbestos-exposed cell populations such as those from PP
and MM patients, as well as Treg cells surrounding mesothe-
lioma or asbestos-induced lung cancer cells. Thereafter, these
could be targets in strategies to recover antitumor immunity in
asbestos-exposed individuals and may lead to the prevention
of asbestos-induced cancers.
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