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Abstract Silica particles and asbestos fibers, which are
known as typical causatives of pneumoconiosis, induce
lung fibrosis. Moreover, silicosis patients often complicate
with autoimmune diseases, and asbestos-exposed patients
suffer from malignant diseases such as pleural mesotheli-
oma and lung cancer. We have been conducting experi-
mental studies to investigate altered regulation of self-
tolerance caused by silica exposure, including analyses
using specimens such as plasma and immunocompetent
cells obtained from silicosis patients, as a means of
examining the supposition that silica exposure induces
molecular and cellular biological alterations of immune
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cells. These approaches have resulted in the detection of
several specific autoantibodies, alterations of CD95/Fas
and its related molecules, and evidence of chronic activa-
tion of responder T cells and regulatory T cells following
silica exposure. In this review, we present details of our
investigations as an introduction to scientific approaches
examining the immunological effects of environmental and
occupational substances.

Keywords Silica - Silicosis - Autoimmune - CD95/Fas -
Apoptosis - Regulatory T cell

Introduction

Silica particles and asbestos fibers are known as typical
environmental and occupational causatives of pneumoco-
niosis [1, 2]. In addition to occupational exposure, studies
have documented the impact of asbestos exposure from the
environment such as the rubble resulting from an earth-
quake or areas surrounding building demolition sites [3, 4].

Patients with pneumoconiosis suffer not only with
respiratory complications such as chronic bronchitis,
emphysema and lung fibrosis, but also from autoimmune
disorders in the case of silicosis patients and malignant
tumors such as pleural mesothelioma and lung cancer in the
case of asbestosis patients. The typical autoimmune dis-
orders complicated with silicosis include rheumatoid
arthritis (well known as Caplan syndrome) [5, 6], systemic
lupus erythematosus (SLE) [7, 8], systemic sclerosis (SSc)
[9, 10], and anti-neutrophil cytoplasmic antibody (ANCA)-
related vasculitis [11-14].

Although the biological mechanisms of silica-induced
altered regulation of autoimmunity have been considered
adjuvant effects of silica particles [15], we have been
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investigating the supposition that silica particles directly
alter the cellular and molecular biological characteristics of
immunocompetent cells due to chronic and recurrent
encounters at the lung and intra-pulmonary lymph nodes,
and that these alterations of immune cells may cause these
cells to gradually progress toward the disruption of auto-
immune tolerance [16-19].

In this review, we introduce experimental investigations
using specimens such as plasma and freshly isolated lym-
phocytes derived from silicosis patients, and discuss the
various mechanisms of silica-induced altered regulation of
autoimmunity.

All experiments using clinical specimens were approved
by the ethics committee of the Kawasaki Medical School,
and all specimens were taken from patients who provided
documented informed consent. All silicosis patients
investigated were brickyard workers in Bizen City, Oka-
yama Prefecture, Japan, and were diagnosed with silicosis
according to guideline ILO 2000 [20]. These patients did
not manifest any clinical symptoms of autoimmune dis-
eases or malignant tumors.

Findings for altered regulation of autoimmunity
in silicosis

Autoantibodies detected

It is well known that silicosis patients often exhibit higher
titers of autoantibodies. Our studies corroborate this ten-
dency and revealed that silicosis patients show higher titers
of anti-nuclear antibodies (ANA) compared with that of
healthy donors [21, 22]. Furthermore, we discovered sev-
eral specific autoantibodies in silicosis patients.

Our investigations first detected anti-topoisomerase I
autoantibody (also known as anti-Scl-70 autoantibody) in
silicosis patients [23-26]. This autoantibody is known as
the marker for lung fibrosis, diffuse sclerotic skin, and
peripheral vasculitis in SSc patients. In addition, the
detection of this autoantibody is known to be associated
with particular HLA types, such as DQB1-0301 in the
Caucasian population and DQB1:0601 in the Japanese
population. We found that silicosis patients who were
positive for anti-topoisomerase I autoantibody showed a
higher frequency of DQB1:0402.

We next detected anti-CD95/Fas autoantibody in one
quarter of silicosis patients [27]. The CD95/Fas molecule is
well known as a cell death receptor that causes apoptosis,
which is particularly important in lymphocytes [28, 29].
The genetic alteration of Fas and its ligand (Fas ligand) is
known as autoimmune lymphoproliferative (ALPS) syn-
drome [30, 31]. The non-functional Fas may cause longer
survival of responder T lymphocytes, which may react with

self/non-self antigens, and the long survival may induce
clinical symptoms of inflammatory reactions with self/non-
self antigens. In addition to the detection of anti-Fas
autoantibody in silicosis patients, we investigated whether
this anti-Fas autoantibody was functional for apoptosis,
since the serum from patients whose titer of anti-Fas
autoantibody was the highest induced the reduction of
proliferation of a Fas-expressing human myeloma cell line.
However, this phenomenon was not observed in a non-Fas-
expressing human myeloma cell line (a sister myeloma cell
line derived from the same patient of the abovementioned
Fas-expressing myeloma cell line) [27].

A consideration of Fas-mediated apoptosis shows that
caspase-8 is the key molecule that causes DNA fragmen-
tation in Fas-mediated apoptosis [32, 33]. Once Fas was
activated with the Fas ligand, initiator caspases (such as
caspase 8, 10 and 2) were activated and then sent signals to
effector caspases (such as 3, 6 and 7), and processing
molecules for DNA fragmentation were then activated. We
found the anti-caspase 8-autoantibody among these factors
in silicosis patients. It was then demonstrated that the
positivity of this autoantibody was also related to specific
HLA types, such as DRBI, DQB1 and DPBI alleles
[34, 35].

We also reported silicosis patients who were positive for
anti-desmoglein autoantibody, and these patients were
usually positive if possessing pemphigus vulgaris but
without any symptoms of bullous diseases [36].

All of these findings indicate there is altered regulation
of autoimmunity in silicosis patients, and one of the
manifestations of autoimmune disorders in silicosis
involves the presence of many autoantibodies in silicosis
patients. These findings may suggest the altered regulation
of autoimmunity of immune cells in silicosis.

Alteration of Fas and Fas-related molecules

As mentioned above, the Fas molecule is very important in
regulating the fate of lymphocytes and associated apopto-
sis. Physiologically, the activated T lymphocytes due to the
self/non-self antigens should terminate their activation and
be excluded by apoptosis (activation-induced cell death;
AICD), which is mainly caused by Fas-mediated apoptosis
[37, 38]. Thus, if the Fas-mediated apoptosis was inhibited
by certain factors, some T cell clones which may react with
self-antigens would survive for a longer period and thereby
create the basic conditions for the occurrence of clinical
manifestations of autoimmune disorders.

For example, a typical alternative spliced form of the
Fas molecule with the deleted transmembrane domain is
known as soluble Fas. Soluble Fas is secreted from cells
into the surrounding area and binds with the Fas ligand
before the Fas ligand reaches membrane Fas [39, 40]. Thus,
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Fas-mediated apoptosis is inhibited. There are several
studies that show some autoimmune diseases exhibit higher
serum levels of the soluble Fas molecule compared with
healthy donors [41-44].

We therefore measured the serum level of soluble Fas in
silicosis patients, and our results revealed significantly
higher levels in these patients compared to those of healthy
donors [45]. Furthermore, mRNA expression of soluble Fas
in peripheral blood mononuclear cells (PBMC) derived
from silicosis patients was significantly higher compared to
that of healthy donors [46]. In addition to soluble Fas,
alternatively spliced variants that contain the Fas ligand-
binding domain but lack the transmembrane domain were
detected more frequently in PBMC from silicosis patients
than healthy donors [47]. Moreover, expression of the
Decoy Receptor 3 (DcR3) molecule, whose function is
known to be similar to that of soluble Fas and inhibits Fas-
mediated apoptosis by binding with the Fas ligand at
extracellular areas, was higher in PBMC from silicosis
patients than healthy donors [48]. All of these findings
indicate that Fas-mediated apoptosis in lymphocytes from
silicosis patients was inhibited by many molecules to a
greater extent than that recorded for healthy donors [49].

It was assumed that responder T cells being stimulated
by self/non-self antigens in silicosis patients are not
exposed to Fas-mediated apoptosis, which results in their
longer survival and chronic activation. These may include
the self-recognizing clones that subsequently cause auto-
immune diseases [49].

Chronic activation of responder T cells

As mentioned above, a longer survival and chronic acti-
vation occur in responder T cells of silicosis patients. We
therefore decided to examine other activation markers in
responder T cells in CD4 positive peripheral blood T cells
or serum from silicosis patients, and compared results with
those of cells and serum from healthy donors.

We first analyzed expression of the PD-1 (Programmed
Death 1) gene. CD4 positive with CD25 positive or negative
fractions from silicosis patients showed a higher PD-1
expression when compared with that of healthy donors [50].

In addition, the serum levels of soluble interleukin (IL)-
2 receptor (sIL-2R) were compared among healthy donors,
silicosis and SSc patients. sIL-2R was initially considered a
marker for T cell lineage malignancies such as T cell
leukemia and lymphoma [51, 52]. Thereafter, sIL-2R was
evaluated as the activation marker for T cells under certain
pathophysiological conditions such as autoimmune dis-
eases. Several reports then demonstrated higher serum sIL-
2R levels for autoimmune disorders [53, 54].

We hypothesized that the condition of silicosis patients,
even though not exhibiting symptoms of autoimmune
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disorders, may shift toward altered regulation of autoim-
munity and occupy a condition between that of healthy
donors and patients with autoimmune diseases. Thus, we
measured serum sIL-2R levels in cases of silicosis [22].
Our results showed that these levels tended to be higher
than those of healthy donors and lower than those of SSc
patients, but the differences between groups were not sig-
nificant. Alternatively, if we hypothesized the immuno-
logical alteration progressed from healthy donor (as
normal) to silicosis (mild) and SSc (severe), these pro-
gression may be substitute as the number. Then, if we
utilize immunological altering scales and assign healthy
donors with a score of ‘1’, silicosis patients with ‘2°, and
SSc with ‘3’, we find a significant positive correlation
between the serum sIL-2R level and this scale. To resolve
the relationship between serum sIL-2R levels and respira-
tory or immunological parameters in silicosis patients, the
correlations between many clinical parameters were ana-
lyzed. sIL-2R levels showed a positive correlation with
serum ANA titers and titers for anti-Scl-70 autoantibody or
anti-centromere autoantibody [22]. Multi-regression ana-
lysis was then performed to determine which parameters
were related to serum sIL-2R levels. Our results showed
that serum IgG levels and titers for anti-centromere auto-
antibody were factors that were related significantly to the
levels of sIL-2R. Moreover, factor analysis including
respiratory and immunological parameters showed that
sIL-2R levels constructed the factor with serum IgG,
serum-soluble Fas levels, and the CD25 positive rate in
CD4 positive cells of peripheral blood. All of these findings
indicated that upregulated sIL-2R in silicosis was the
parameter for immunological alteration in silicosis
patients, which may suggest the chronic activation of
responder T cells [22].

Interestingly, forced expiratory volume 1.0 (s) %
(FEV1.0), which is a marker of obstructive lung disease,
was also extracted with sIL-2R when factor analysis was
performed. The FEV1.0 was also extracted with serum-
soluble Fas levels and the soluble/wild-type Fas mRNA
expression ratio in PBMC from silicosis patients when
another factor analysis was performed [22]. Although it
was not fully understood why FEV1.0 showed similar
characteristics with some immunological factors, a future
investigation examining the relationship between respira-
tory and immunological progression in silicosis patients is
needed to understand all of the pathophysiological aspects
in silicosis [22].

Factor analysis also showed that there were two domi-
nant factors in silicosis when all the respiratory and
immunological clinical parameters were mixed in this
analysis. One is recognized as a respiratory factor that
includes exposure time, ILO classification, percent vital
capacity and other elements, while the other is an
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immunological factor that includes serum IgG, ANA titer,
soluble Fas and other elements. Serum sIL-2R was not
included in this analysis. Interestingly, approximately one-
fourth of patients were progressing to the alteration of
autoimmunity, but better from a respiratory aspect, while a
small percentage of patients showed opposite features, and
most of the patients showed that both factors were similarly
progressed. This finding indicated that there is a certain
population of silicosis patients which does not progress
toward a respiratory pathology, but becomes worse through
immunological changes [55].

In the experimental setting, chronic activation in T cells
was found when PBMC freshly isolated from healthy donors
were co-cultivated with silica particles [56]. The lympho-
cytes gradually exhibited the early T cell activation marker,
CD69. This supported the notion that silica particles cer-
tainly activate T lymphocytes. In this case, if the monocytes,
which are important for recognition of silica particles as
dangerous foreign entities, were deleted, the activation did
not occur. Moreover, even if monocytes were presented with
chrysotile, an asbestos fiber known as white asbestos, they
did not induce the expression of CD69 [56].

Chronic activation of regulatory T cells

Regulatory T cells (Treg) have been identified and recog-
nized as a very important population in CD4 positive T
cells that regulate the activation of responder T cells and
terminate the stimulation of T cells by self/non-self anti-
gens [57-60]. A consideration of autoimmune disorders
shows that the loss of quality or quantity of Treg may cause
the long-lasting activation of responder T cells, which
subsequently manifests altered regulation of autoimmunity
and causes autoimmune diseases.

Treg is the CD4 and CD25 positive T cell population
expressing the master transcription gene, FoxP3 (forkhead
box P3) [57-60].

Since the condition of silicosis patients is often com-
plicated with autoimmune disease, and the abovementioned
findings indicated that altered regulation of autoimmunity
was induced by silica exposure, the function of peripheral
Treg fraction was first examined [21].

The inhibitory activity of peripheral blood CD4 and
CD2S5 positive fractions derived from silicosis patients or
healthy donors was compared using a mixed lymphocyte
reaction assay. A CD4 positive Cd25 negative peripheral
blood fraction was incubated with irradiated allo-PBMC
with various ratios of auto-Treg fractions (Responder
T:Treg = 1:0, 1/8, 1/4, 1/2 and 1). The proliferating
activity of responder T cells measured by 3H-thymidine
incorporation showed that the inhibitory effects were sig-
nificantly lower in Treg when the mixture ratio with
responder T cells was 1:1/4 or 1/:1/2 [21].

To explain this reduced inhibitory function of the
peripheral CD4 and Cd25 positive fraction, it should be
noted, as mentioned above, that responder T cells in sili-
cosis patients were assumed to be chronically activated and
of a longer survival. These activated cells express CD25 as
the activation marker. Thus, there may be contamination in
the CD4 and CD25 positive peripheral fraction in silicosis
patients since, as described before, PD-1 as the activation
marker exhibited highly expressed mRNA levels in the
CD4 and CD25 positive fraction of silicosis patients
compared to that of healthy donors. We did not sort using
FoxP3 positivity in this experiment because FoxP3 is
located in the nucleus, and after staining the intra-nuclear
molecule using permeabilization of cell surface membrane,
these cells were not used in the bio-assay [21].

In addition to contamination of chronically activated
responder T cells into the CD4 and Cd25 positive fraction, it
may be possible to determine whether the number of real
Treg is reduced. Reports indicate that the CD95/Fas mole-
cule is upregulated when Treg is stimulated, and this is
considered a kind of AICD because the inhibitory function to
cease the activation of T cells should also last longer [61, 62].

Thus, surface Fas expression in CD4, CD25 and FoxP3
positive T cells derived from silicosis patients and healthy
donors was analyzed. Results showed that Fas expression
was significantly higher in Treg from silicosis patients than
healthy donors. In addition, Tregs from silicosis patients or
healthy donors were cultivated with agonistic anti-Fas
antibody, and our findings showed that the frequency and
magnitude of apoptosis were significantly higher in Treg
from silicosis patients than healthy donors [22].

Furthermore, freshly isolated PBMC from healthy donors
were cultivated with silica particles and changes in the
expression of CD25 and FoxP3 positive T cells were
examined. Under these culture conditions, although the
number of CD4 and CD25 positive cells did not change
significantly, the CD4 and CD25 positive with FoxP3 posi-
tive fraction decreased, and the percentage of FoxP3 positive
cells in CD25 positive cells was also reduced for 4 days of
cultivation. These findings suggested that silica exposure
causes chronic activation of responder T cells with CD25
novel expression, as well as chronic activation of Treg with
earlier loss of Treg by Fas-mediated apoptosis [22].

The overall findings indicate that chronic activation of
responder T cells and Treg occurred in the peripheral blood
of silicosis patients by chronic and recurrent exposure to
silica particles, and responder T cells may then survive for
a longer period, whereas Treg may be lost by apoptosis
(and is probably recruited from bone marrow) [22].

A consideration of the Fas-related molecules described
above suggests that responder T cells may be the T cell
fraction in which soluble Fas, other alternatively splicing
variants, and DcR3 molecules are produced, and that Fas-
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Fig. 1 Schematic model of
silica-induced alteration of
immune cells
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mediated apoptosis is suppressed. On the other hand, we
also demonstrated that PBMC from silicosis patients
showed decreased expression of physiological inhibitory
molecules for Fas-mediated apoptosis such as i-flice, sen-
trin, survivine and inhibitor of caspase activated DNase
(ICAD) [63]. These findings suggested that there are two
subpopulations of T cells in silicosis PBMC. One com-
prises T cells resistant against Fas-mediated apoptosis and
now recognized as chronically activated responder T cells.
The other subpopulation manifested accelerated Fas-med-
iated apoptosis (and was also sensitive to functional anti-
Fas autoantibody, as described above) and is now recog-
nized as chronically activated Treg [49, 64—68].

@ Springer

Our findings indicate that the unbalance of Treg and
responder T cells in silicosis patients resulted from chronic
silica exposure. This alteration may subsequently result in
the altered regulation of autoimmunity and appearance of
autoimmune diseases in silicosis patients. The schematic
model of silica-induced cellular and molecular alterations
is shown in Fig. 1.

Conclusions

Th17 cells in CD4 positive T cells have recently been
discovered and are thought to play an important role in the
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occurrence of autoimmune diseases. Moreover, the
microenvironment defined by cytokines such as IL-6 and
TGF-B modified the polarization between Th17 and Treg
[69, 70]. These modifications may affect the immunologi-
cal changes and occurrence of autoimmune disorders.

Although we have not yet investigated the effects of
silica particles on differentiation, proliferation and func-
tional changes of Th17 cells, or the cellular and molecular
biological characterization of dendritic cells, these studies
may contribute to a better understanding of the immuno-
logical effects of silica particles and silica-induced altered
regulation of autoimmunity.

The findings shown in this review may support the
clinical care of silicosis patients with regard to pulmonary
pathology and immunological changes. Moreover, these
findings may provide clues for a better understanding of the
various autoimmune diseases such as SSc and ANCA-
related vasculitis. Beneficial modifications concerning
nutritional factors, physical exercise, and the living envi-
ronment such as improved air quality of the atmosphere or
in rooms for the immune system, may be useful in pre-
venting autoimmune disorders.
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