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Silica-Induced Immunotoxicity: Chronic
and Aberrant Activation of Immune Cells
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Abstract Occupational and chronic exposure to silica particles causes pulmonary
fibrosis known as silicosis, which is a typical form of pneumoconiosis. Although the
respiratory complications of silicosis include pulmonary tuberculosis, pleurisy,
bronchitis, and other disorders such as lung cancer, silicosis (SIL) patients often
suffer from complications of autoimmune diseases such as rheumatoid arthritis
(RA), systemic sclerosis (SSc), and other forms of these conditions. The mecha-
nisms causing impairment of immunity by silica exposure were considered adjuvant
effects of these particles, and we have been investigating the direct effects of parti-
cles on immune cells, particularly T cells, and found chronic activation of both
responder and regulatory T helper cells. The results of chronic activation indicated
that responder T cells obtain resistance against CD95/Fas-mediated apoptosis to
survive longer, whereas regulatory T cells become prone to CD95/Fas-mediated
apoptosis and die quickly. These findings suggest that the imbalance of these cells
may initiate the observed autoimmune disorders. Furthermore, various autoantibod-
ies were detected in the serum of SIL without any symptoms of autoimmune dis-
eases. Further investigation is needed to study the effects of silica on other immune
cell types such as Th17, dendritic, and B cells. Adequate preventive tools against the
progression of immunological impairments are also required to improve occupa-
tional health.
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2.1 Silica Exposure and Pulmonary Diseases

Silica-exposed patients suffer from pulmonary fibrosis known as silicosis, a typical
form of pneumoconiosis [1-5]. Although silicosis is divided clinically into chronic,
subacute, and acute forms, simple silicosis is characterized by the presence of small
rounded shadows, which usually appear in the upper lobes and later are observed
throughout the lungs [1-5]. This is a classic disease historically and was noted in the
era of Hippocrates, as well as Ramazzini and Agricola in their books De Morbis
Artificum Diatriba and De Re Metallica [1-3]. They wrote that miners developed
dyspnea and suggested a positive relationship between rock-dust exposure and dys-
pnea. The occupational sources of exposure are mining, quarrying (granite, sand-
stone, slate, pumice, pumicite), tunneling, stone working, activities involving
abrasives, glass manufacture, the agate industry and glass manufacture, the refrac-
tory brick industry, and many other sources [1-6].

The pulmonary complications of silicosis are typically tuberculosis, as well as
pleuritis, pneumothorax, bronchitis, bronchiectasis, and lung cancer. Interestingly,
the International Agency for Research on Cancer (IARC) of the World Health
Organization (WHO) categorized crystalline silica as a group I carcinogen when
inhaled in the form of quartz and cristobalite from occupational sources [7—10].

Basically, there are no curative procedures for chronic progression of lung fibro-
sis designated as silicosis, and these patients suffer from dyspnea and other pulmo-
nary symptoms [1-5].

2.2 Immune Complications

In addition to the pulmonary complications mentioned above, SIL suffer from auto-
immune disorders [1-3, 11-15]. Caplan’s syndrome [16, 17] and rheumatoid arthri-
tis (RA) are well-known complications of silicosis. Systemic sclerosis (SSc) [18-21]
and systemic lupus erythematosus (SLE) [22-24] are also known as frequent com-
plications of silicosis, although SLE appears to be limited to workers associated
with sandblasting, grinding, and the handling of silica for use as a scouring powder
or in patients with acute or accelerated silicosis [ 1-3]. More recently, anti-neutrophil
cytoplasmic antibody (ANCA)-related vasculitis/nephritis have been reported as
complications in SIL [25-28].

Basically, the cellular mechanisms responsible for the dysregulation of autoim-
munity caused by silica exposure have been regarded as an adjuvant effect of the
silica particles [29-31]. There are many self-antigens such as proteins, amino acids,
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and nucleotides derived from cell debris yielded by physiological cell apoptosis and
other processes in the body. These candidate antigens may bind with the silica par-
ticles as adjuvants and subsequently exert strong antigenicity to induce the autoim-
mune diseases observed in SIL.

However, since inhaled silica particles remain in the lung and lymph nodes, these
particles may recurrently and chronically encounter circulating immune cells [1-5].
It is therefore reasonable to consider the possible direct effects of these inhaled sil-
ica particles on the peripheral immune cells of the human body.

2.3 Alteration of Immune Cells and Functions

2.3.1 Responder T Cell Activation Caused by Silica

Although it is commonly thought that immunotoxicity may kill immune-competent
cells through the action of certain substances, our investigations have revealed
excess immune stimulation or reduction of certain immune levels due to environ-
mental factors such as silica particles to result in representative phenotypes of
immunotoxicity when considering that immune systems should remain physiologi-
cally neutral. Excess immune reactions cause allergies and autoimmune disorders,
and a reduced immunological state may result in impairment of tumor immunity
and transplantation immunity. Thus, a consideration of immune impairments caused
by environmental substances suggests that altered activation and/or reduced func-
tion of immune cells should be regarded as an indication of immunotoxicity in the
broad sense of the term.

In vitro experiments were performed initially to determine whether silica parti-
cles produced immunotoxic effects on human peripheral T cells [32]. When periph-
eral blood mononuclear cells (PBMCs) were cultured with or without silica particles,
only T cells in PBMC gradually expressed CD69 as an early activation marker of T
cells for 4-10 days, although the increased expression of CD69 was slower than that
of standard mitogen such as phytohemagglutinin (PHA), which immediately acti-
vated T cells within 24 h followed by cessation within 2 or 3 days. Actually, chryso-
tile asbestos fibers did not allow T cells to express CD69 [32].

In addition, PD-1 expression as one of the chronically activated T cell markers
was examined using peripheral blood T cells (CD4+ and CD25+ or CD4+ CD25-
fractions) from SIL and compared with that of healthy volunteers (HV). Both frac-
tions derived from SIL showed a significantly higher expression of PD-1 than that
of HV [33].

Since the concentration of serum soluble interleukin (IL)-2 receptor (sIL-2R) has
recently been considered an activation marker of T cells in autoimmune diseases, in
addition to tumor biomarker for T cell leukemia and lymphoma [34, 35], serum sIL-
2R levels in HV, SIL, and SSc were measured and compared [36]. Results revealed
that sIL-2R levels in SSc were significantly higher than those in HV, and levels in
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SIL tended to be higher than those in HV. In addition, the level of sIL-2R in SIL was
correlated with antinuclear antibody (ANA) titer, immunoglobulin (Ig) G, and anti-
centromere/CENP-B antibody titer. Furthermore, factor analysis indicated that sIL-
2R in SIL contributed to the subpopulation with a poorer immunological status
without much impairment of respiratory parameters [36]. Thus, sIL-2R was also
considered an indicator of the chronically activated status of T cells in SIL.

The overall findings suggested that responder T cells in SIL are chronically acti-
vated by recurrent encounters with silica particles in the circulation.

2.3.2 Inhibitory Molecules for CD95/Fas-Mediated Apoptosis
in SIL

As mentioned above, responder T cells circulating in the peripheral blood of SIL are
activated chronically. However, the reactions of activated T cells usually cease due
to activation-induced cell death (AICD) mediated by CD95/Fas death receptor via
autocrine or paracrine binding with Fas ligand produced by similarly activated T
cells [37-39]. Examination of autoimmune diseases revealed that HV had lower
serum levels of soluble Fas (sFas), which lacks the transmembrane domain of the
Fas molecule as an alternatively spliced variant and is secreted from cells for bind-
ing with the auto- or para-produced Fas ligand at extracellular spaces to prevent
Fas-mediated apoptosis/AICD [40-43]. If the chronically activated T cells in these
diseases, which are recognizing the self-antigens, are avoiding AICD/Fas-mediated
apoptosis, these self-recognizing T cells may survive longer and cause continuous
impairment of autoimmunity to result in autoimmune disorders that last longer and
progress to worsening states.

Serum sFas levels in SIL were also elevated, and examination of mRNA expres-
sion in PBMC revealed excess expression of the sFas message, which lacks the 63
bp of the transmembrane domain relative to the wild-type membrane and binds the
Fas molecule [44, 45]. In addition, PBMC from SIL showed a higher expression
relative to HV of other alternatively spliced variants of the Fas gene, all of which
conserved the Fas-ligand binding domain but lacked the transmembrane domain
[46]. Most of these variants may act in a manner similar to the typical variant, the
sFas molecule, to prevent Fas-mediated apoptosis.

Similar to sFas, decoy receptor 3 (DcR3) was also found to prevent TNF-related
apoptosis-inducing ligand (Trail)-mediated apoptosis by binding with Trail at extra-
cellular spaces [47-49]. DcR3 molecules were first reported to be produced by lung
and colon cancer cells for self-prevention from tumor attacking Trail secreted by T
cells bearing tumor immunity [50]. Thereafter, serum DcR3 levels were found to be
higher in various autoimmune diseases. In our analysis, PBMC from SIL showed a
higher DcR3 expression level than that of HV [51]. We have been trying recently to
measure serum DcR3 levels, as well as determine the role of DcR3 levels in the
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immunological pathophysiological status of SIL. We will report the findings of
these investigations in the near future.

The overall results indicate that responder T cells chronically activated by silica
particles avoid AICD/Fas-mediated apoptosis by self-producing inhibitory
molecules.

2.3.3 Regulatory T Cells in Silicosis Peripheral Blood

When we consider the T cell status that tends to progress to autoimmune disorders,
the balance between responder T cells and regulatory T cells (Treg) defined by
CD4+ CD25+ and forkhead box P3 (FoxP3) transcription factor positive is impor-
tant, and reduction of function and/or number of Treg may prolong the activation of
responder T cells from various non-self or self-antigens and cause autoimmune dis-
orders [52, 53]. In addition, T helper 17 (Th17) cells are also important in the for-
mation of autoimmune disorders [54-56]. Cytokine levels, particularly those of
IL-6 and transforming growth factor (TGF-)-p, influence the polarization between
Treg and Th17 cells [57-59]. Although we have not investigated Th17 alteration
following exposure to silica particles, we found an interesting change in Treg fol-
lowing exposure to silica particles, as well as alteration of peripheral Treg from SIL
[60].

We first examined Treg function derived from the CD4+CD25+ fraction of SIL
and compared it with that of HV [60]. Although the examined SIL did not show any
symptoms of autoimmune diseases, the suppressive function that reduces the
antigen-induced proliferation in responder (CD4+CD25-) T cells induced by a
cocultured peripheral blood CD4+CD25+ fraction was reduced in SIL compared to
HV. This result indicated that Treg function in the peripheral CD4+CD25+ fraction
of SIL may be reduced or weakened by chronic exposure to silica particles [60].

Treg from SIL and HV showed higher CD95/Fas expression compared with that
in responder T cells of the CD4+CD25- fraction [33]. However, it was significantly
higher in SIL compared to HV. Since CD95/Fas expression in Treg is known as an
activation marker for this cell type, chronic silica exposure may stimulate Treg in a
manner similar to that of responder T cells as mentioned above. The results showing
chronic activation of Treg with excess expression of CD95/Fas may indicate they
are sensitive to Fas-mediated apoptosis [33]. In fact, Treg from SIL proceeded
toward apoptosis more rapidly and with greater amounts compared to Treg from HV
when these cells were cultured with agonistic anti-Fas antibody. Furthermore, cul-
tures with silica particles and PBMCs from HV revealed that the CD4+CD25+ frac-
tion as a marker of Treg and activated responder T cells did not change remarkably;
however, the level of FoxP3+ in CD4+ decreased significantly during the culture
period [33]. These results indicate that Treg in SIL are highly sensitive to
Fas-mediated apoptosis and can be killed easily and may be recruited from the bone
marrow [33].
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The overall findings show that silica exposure chronically activates responder T
cells and Treg. The former are resistant to Fas-mediated apoptosis and survive lon-
ger, whereas the latter are sensitive and progress toward cell death. An imbalance
between these two types of T cells then occurs in SIL and subsequently results in the
germination of impaired autoimmunity.

2.3.4 Autoantibodies in SIL

We have reported various autoantibodies that were found in SIL. For example, anti-
CD95/Fas autoantibody was found in approximately one fourth of SIL [61]. This
autoantibody was functional, i.e., when this autoantibody binds with membrane
Fas, the cells proceed toward apoptosis. This was confirmed using sister human
myeloma cell lines from pleural effusion and the bone marrow derived from the
same patients [61, 62]. The cell line from the effusion showed scant Fas expression,
whereas the line from the bone marrow exhibited strong expression. Additionally,
the former line was not killed by serum from anti-Fas autoantibody positive SIL, but
cells in the latter line died. These results indicated that Treg in SIL who are positive
for this autoantibody are much more sensitive and likely to be killed.

We have also reported anti-caspase 8 [63, 64] and anti-desmoglein autoantibod-
ies [65] in SIL. Moreover, anti-Scl-70 (topoisomerase I) autoantibody was detected
in SIL [66, 67]. These autoantibodies are clinically significant and are often detected
in SSc. The anti-Scl-70 autoantibody is seen in the diffuse SSc type with organ
fibrosis such as the lung, whereas the anti-CENP-B (centromere) autoantibody is
observed in the limited type of SSc with lesions in the esophagus and involving
pulmonary hypertension. The clinical status of both antibodies was assayed in SIL
patients that did not exhibit any symptoms of SSc. Recently, the titer index (Log,,)
of anti-CENP-B autoantibody in SIL was higher than that of HV, and that of SSc
was higher than those of HV and SIL. This titer index was positively correlated with
an assumed immune status of one for HV, two for SIL, and three for SSc. Moreover,
factor analysis of SIL cases revealed that although the titer index of anti-CENP-B
autoantibody formed the same factor with that of anti-Scl-70 autoantibody, the Ig G
value and the age of patients and other factors extracted showed that the Ig A value
and anti-Scl-70 antibody were positively related, but anti-CENP-B showed an oppo-
site tendency [68]. These results indicated that the titer index of anti-CENP-B auto-
antibody may be a biomarker for dysregulation in SIL cases.

Our findings suggest that B cells, as the producer of autoantibodies, may be
affected by chronic silica exposure and an alteration caused by long-surviving
responder T cells. In addition, dendritic cells as the initial antigen-presenting cell
may have their function modified by chronic exposure to silica, although we have
not performed a detailed analysis of the cellular and molecular alterations of these
cells following silica exposure.
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All the findings described above are summarized schematically in Fig. 2.1. Silica
exposure causes a form of pulmonary fibrosis known as silicosis, a condition that
progresses gradually to reduce the health of affected individuals. In addition, the
pulmonary complications observed with this condition sometimes result in a severe
pathological status, particularly when involving tuberculosis and lung cancer, which
further burdens SIL patients with a difficult clinical course. However, silica
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particles not only cause respiratory impairments, but also immunological disorders,
especially those involving autoimmune diseases [68—74]. Based on the adjuvant
effect of silica particles, our investigations have elucidated the direct action of silica
on immune-competent cells. Silica chronically activates responder and regulatory T
cells to result in an imbalance of these two types of T cells, which makes individuals
more prone to developing autoimmune disorders. Once autoimmune impairments
appear, the pathological status also progresses and worsens gradually, never to
return to the previous unimpaired condition. Although future studies are required
regarding silica’s direct effects on Thl7, dendritic, and B cells, investigations of
preventive procedures using physiologically active substances or chemicals from
plants and foods are necessary to inhibit the subclinical progression of immunologi-
cal impairments and improve occupational health.
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