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Occupational exposure to silica dust has been examined as a possible risk factor with respect to
several systemic autoimmune diseases, including scleroderma, rheumatoid arthritis, systemic lupus
erythematosus, and some of the small vessel vasculitidies with renal involvement (e.g., Wegener
granulomatosis). Crystalline silica, or quartz, is an abundant mineral found in sand, rock, and soil.
High-level exposure to respirable silica dust can cause chronic inflammation and fibrosis in the lung
and other organs. Studies of specific occupational groups with high-level silica exposure (e.g.,
miners) have shown increased rates of autoimmune diseases compared to the expected rates in
the general population. However, some clinic- and population-based studies have not demonstrated
an association between silica exposure and risk of autoimmune diseases. This lack of effect may be
due to the limited statistical power of these studies to examine this association or because the
lower- or moderate-level exposures that may be more common in the general population were not
considered. Experimental studies demonstrate that silica can act as an adjuvant to nonspecifically
enhance the immune response. This is one mechanism by which silica might be involved in the
development of autoimmune diseases. Given that several different autoimmune diseases may be
associated with silica dust exposure, silica dust may act to promote or accelerate disease
development, requiring some other factor to break immune tolerance or initiate autoimmunity. The
specific manifestation of this effect may depend on underlying differences in genetic susceptibility
or other environmental exposures. Key words: antineutrophil eytoplasmic antibodies, antinuclear
antibodies, nephritis, rheumatoid arthritis, scleroderma, systemic lupus erythematosus, \Wegener

granulomatosis. — Environ Health Perspect 107(suppl 5):793-802 (1999).
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Little is known about the role of environmental
agents in the development of autoimmune
disease. Many studies illustrate the influence
of a complex array of genetic factors on the
development of autoimmunity and specific
autoimmune diseases (7-3). However, the
onset of disease also appears to require the
occurrence of chance events in the immune
system or exposure to environmental agents
that may trigger or accelerate the disease
process. Occupational exposure to crystalline
silica dust has been examined as a possible risk
facror with respect to several systemic auro-
immune diseases, including rheumatoid
arthritis (RA), scleroderma (SSc), systemic
lupus erythematosus (SLE), and some of the
small vessel vasculitidies (SVV) with renal
involvement (e.g., Wegener granulomatosis
[WG]). This article provides a brief overview
of silica dust exposure, summarizes the evi-
dence from human studies on the possible
association between silica and autoimmune
diseases, and describes the evidence related to
mechanisms that may account for this associa-
tion. Considerations for evaluating these data
and designing future studies will be discussed.

Exposure to Silica Dust

Silica or silicon dioxide (SiO,) is an abundant
mineral found in rock, sand, and soil. Silica
primarily exists in its crystalline state as
quartz, which is structurally and chemically

different from amorphous silica (e.g.,
diatomaceous earth); silicates (e.g., talc or
asbestos); and silicone [a polymer containing
silicon ([SiO(CHj3),],)]. Ubiquitous in the
environment, silica is part of the small partic-
ulate fraction of air pollution and may com-
prise a significant fraction of environmental
dust levels in some geographic regions (4,5).
In this review, the term silica dust exposure
refers to occupational exposure to the res-
pirable fraction of crystalline silica dust. We
do not consider the literature pertaining to
silicone exposure or speculate about the
effects of other silicon-containing materials.
Crystalline silica can be harmful when
inhaled as a dust in the respirable range
(< 5-pm particles). Silicosis, a form of pul-
monary fibrosis, is a well-known occupational
disease that resulcs from acute or chronic high-
level exposure to silica or silica-containing
dusts (6-8). Silicosis increases susceptibility to
tuberculosis and other respiratory diseases (6),
and silica has recently been categorized by the
International Agency for Research on Cancer

as a known human carcinogen (8).

Sources of Exposure

The sources of occupational exposure to silica
dust are diverse and include many manufac-
turing and construction processes that use sil-
ica as either a tool or a raw material, as well as
the mining and processing of silica-containing
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rock (9,10) (Table 1). Many of these industries
are traditionally known as the dusty trades.
Some jobs may involve regular contact with sil-
ica but are not commonly recognized as dusty
trades (e.g., dental technician, chemist, or
sculptor). Silica sand and gravel are used in
road construction and concrete and in the
manufacture of glass and ceramics, foundry
castings, and abrasives such as sandpaper and
sandblasting materials. Silica sand or flour is
also used as a filler in detergents, paints, plas-
tics, and cements; as a filtering agent for water,
sewage, and food production; and as the pri-
mary component of some abrasive cleansers
(e.g., scouring powder).

The permissible exposure limit (PEL) for
respirable silica dust used by the Occupational
Health and Safety Administration (OSHA) is
approximately 0.10 mg/m3 (8-hr time-
weighted average for quartz) (11,12), which is
twice the recommended exposure limit
([REL]; 0.05 mg/m?) suggested by the
National Institute of Occupational Safety and
Health to minimize risk of silicosis (13).
Approximately 1-3 million people in the
United States work in jobs with potential
exposure to silica, and at least 10% of these
workers may have dangerously high exposures
(at least 2—10 times the REL) (/4). The
National Occupational Exposure Survey
(1981-1983) estimated that women comprise
approximately 20% of workers in the United
States with potential silica exposure (15). This
number may increase as more women move
into occupations traditionally held by men.
Recently, the burden of silica-related disease
has shifted from industrialized to developing
countries (16).
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Table 1. Industries, occupations, and tasks with crystalline silica exposure.#

Industry/occupation

Specific tasks

Abrasives

Agriculture

Agricultural chemicals
Asphalt and roofing felt
Automobile repair
Boiler scaling

Cement

Ceramics

Construction

Abrasive blasting

Silicon carbide production; abrasive products fabrication
Mechanized plowing, harvesting; sorting, cleaning, grading
Raw material crushing, handling

Filling and granule application

Clean ash and mineral deposits from coal-fired boilers

Materials processing: clay, sand, limestone, diatomaceous earth

Mixing, molding, glaze or enamel spraying, finishing

Abrasive blasting; highway and tunnel construction; excavation/earth moving;

masonry, concrete work, demolition

Dental material
Foundries

Glass, fiberglass
Iron, steel mills
Jewelry

Metal

Mining, milling
Paint

Quarrying, milling

Rubber and plastics
Shipbuilding, repair
Silicon, ferro-silicon
Soaps, cosmetics

Abrasive blasting

Abrasive blasting, polishing

Casting, shaking-out; abrasive blasting, felting; furnace installation and repair

Raw material processing (sand, quartz); refractory installation and repair

Refractory preparation and furnace repair

Cutting, grinding, polishing, buffing {gems, stones)

Abrasive blasting {structural, machinery, transportation equipment)

Most occupations and mines (ores, associated rock)

Raw materials handling (fillers)

Stone, sand, gravel processing; stone cutting and abrasive blasting; slate work;
diatomite calcination

Raw materials handling (fillers)

Raw materials handling {sand)
Abrasive soaps, scouring powders

"Data from the International Agency for Research on Cancer (9).

The potential for silica dust exposure in
agriculture was recently recognized by OSHA
based on measurements in some food-
processing operations (/7). The levels of sil-
ica exposure in farming depend on the tasks
and crops involved (18-22) and may also
vary by soil characteristics and quartz content
(23). Exposures as high as 0.10-0.65 mg/m?
(1-6.5 times greater than PEL for silica expo-
sure in other industries) have been reported
in mechanized and manual harvesting of
some crops (/8,22). Approximately 10 mil-
lion people in the United States work on a
farm (78). The impact of silica dust exposure
in agriculture could be substantial, but rela-
tively few studies have characterized exposure
levels and associated risks in this population.

Silica Dust and Autoimmune
Disease

Initial hypotheses linking silica dust exposure
(or silicosis) to autoimmune diseases were
based on numerous case reports and small
occupationally based case series (24-26).
Larger clinic-based case—series, occupational
cohort, registry-linkage, and case—control
studies have also been conducted, many of
them published since 1995 (27-56). The dis-
eases that have been examined most often
include SSc (24,25,27-43), RA (26,31-33,
35,37,44-46), SLE (29,33,35, 37,47-52),
and some of the SVV with renal involvement
(53-56). The population prevalence of these
diseases differs by several orders of magnitude;
RA is the most common (approximately 1 case
per 100) (57,58), compared to SLE (approxi-
mately 5 cases per 10,000) (58,59) and to SSc
and WG (fewer than 5 cases per 100,000)
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(58,60-62). High-level silica exposure has also
been reported in cases of autoimmune
hemolytic anemia, dermatomyositis, vasculitis,
Sjégren syndrome, and Graves disease
(37,63-66). A strong association between sil-
ica dust exposure and sarcoidosis was recently
described (67). Sarcoidosis is an inflam-
matory condition of the lung that sometimes
co-exists with or resembles several of the
autoimmune diseases.

Studies that examine the occurrence of
autoimmune disease in occupational cohorts
exposed to silica dust are described in Table
2. Occupational groups studied include min-
ers (25-28,30,32,44,45), granite workers and
stonemasons (24,46 ), and workers in a scour-
ing powder factory (29). These studies
include clinical descriptions of silica-exposed
cases, estimates of the incidence or prevalence
in exposed workers, case—control comparisons
within an occupational cohort, or compar-
isons with disease rates in the general popula-
tion. Estimates and comparisons in these
studies often require several assumptions and
inferences about the number of workers
exposed and at risk, and the study base may
be difficult to define. Although many autoim-
mune diseases predominately affect women,
the majority of workers studied thus far have
been male, with the exception of the scouring
powder factory workers in Spain (29).

Table 3 summarizes several registry-linkage
studies of silica dust exposure or silicosis and
autoimmune diseases (31-35,46). These
studies are often population based and typically
use mortality or hospital-based registries to
identify occupational groups and patients

diagnosed with silicosis or autoimmune disease.

The larger case—series studies that describe
the prevalence of silica dust exposure among
patients with autoimmune disease are pre-
sented in Table 4 (36-39). In these studies,
the majority of cases are men with recognized
silica dust exposure.

Several recent case~control studies have
examined the association of silica dust expo-
sure with SSc¢ and some of the SVV with
renal involvement (40-43,53-56) (Table 5).
Because of the low prevalence of occupational
silica dust exposure in the general population
(especially in women), most of these studies
lacked the statistical power to detect moder-
ate or smaller effects. Despite these limita-
tions, three small studies reported a strong
and significant association of silica dust expo-
sure with some of the SVV (54-56).

The following is a summary of the
evidence pertaining to specific diseases.

Scleroderma

Bramwell first described the occurrence of
SSc in a study of Scottish stonemasons (24).
In the mid-1950s, Erasmus reported an ele-
vated incidence of SSc in white South African
gold miners (25) (Table 2). The coincidence
of S8c with silicosis is sometimes referred to
as Erasmus syndrome.

Two studies from the mid-1980s provide
additional data on SSc in South African min-
ers (Table 2) (27,28). In white gold miners,
there was a significant difference in cumula-
tive lifetime silica dust exposure berween cases
and controls that was explained by differences
in exposure intensity rather than duration
(27). A study of black gold miners revealed
an excess of new SSc cases over the expected
rate in the general population but no differ-
ence in the length of exposure comparing
cases and controls (28). There was no rela-
tion between silicosis and SSc in either of
these studies. Increased occurrence of SSc was
also reported in a recent study of scouring
powder manufacturers in Spain (29) and in
approximately 250,000 highly exposed ura-
nium miners in East Germany (30) (Table
2). In the uranium miners, the incidence of
SSc was much higher in workers with silicosis
compared to other workers with high-level
exposure,

Five registry-linkage studies have
examined the incidence or prevalence of $Sc
in silicosis patients (3/-35) (Table 3). One
of the larger studies reported a strong and sta-
tistically significant association between sili-
cosis and SSc (risk ratio [RR] = 37.0; 95%
confidence interval [CI], 11.9-86.3) (33). In
contrast, no association berween SSc and
occupation was seen in a mortality study in
the United States (34). The occupation data
in this study were based on information from
death certificates. The relatively small risk for
silicosis-related mortality observed in this
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study (odds ratio [OR] = 2.1 in men) suggests
potential misclassification of silica exposure,
since the expected number of silicosis-deaths
in the reference group should approach zero.
Three clinic-based studies of $Sc have
reported a high prevalence of silica exposure in
male patients (36,38,39) but not in other pop-
ulations or in women (37,39) (Table 4). The
results of case~control studies on silica dust
exposure and SSc are equivocal (36,40-43)
(Table 5). A clinic-based study in Italy reported
an elevated but nonsignificant OR for silica
dust exposure in men (OR = 5.2; 95% CI,

SILICA EXPOSURE AND AUTOIMMUNE DISEASE

0.5-74.1) but had extremely limited power,
with only 5 cases and 10 controls (41). None
of the 16 female cases in this study were
exposed to silica dust, compared to 1 of the 32
female controls. A slightly elevated but
nonsignificant association for work with or
around silica dust was reported in a large
population-based study of female SSc
patients in Michigan (42). This study was
replicated in Ohio with negative findings for
all silica-related occupations except for work
in sculpting and pottery making (OR = 2.1;
95% CI, 1.1-4.1) (43).

Table 2. Studies of autoimmune disease in accupational cohorts with silica dust exposure.

Rheumatoid Arthritis

Rheumatoid features in the lung associated with
silica dust exposure are commonly known as
Caplan syndrome. In the 1950s, Caplan
described unusual radiologic changes in the
lungs of a group of Welsh coal miners diag-
nosed with pneumoconiosis (26) (Table 2). A
subsequent epidemiologic study in this popula-
tion reported that rheumatoid lesions in the
lung were predictive of a diagnosis of RA in
men with massive pulmonary fibrosis (44)
(Table 2). In South African gold miners, RA
was associated with silicosis (OR = 3.8; 95% CI,

Author (ref)
Location Methods?® Disease Major findings®
Caplan, 1953 (26) Case—serias (1950-1952) RA 51 cases described
i South Wales Coal miners (male)
1 14,000 claims for pneumoconiosis .
Erasmus, 1957 (25) Case—series (1954—1956) SSe 17 cases described
South Africa 40,013 gold miners (white, male) Incidence = 0.04% (18 months)
Miall et al., 1958 (44) Disease prevalence (vears not specified) RA Rheumatoid lesions: 4 cases RA (55%)
South Wales Coal miners (male) with pneumaconiosis, including No rheurnatoid lesions: Z cases RA (3%)
788 PMF patients
20 PMF patients with rheumatoid lesions in the lung
| Comparison: 60 age-matched PMF cases without
1 rheumatoid lesions in the lung
| Sluis-Cremer et al., 1985 (27) Case—control (1955-1984) SSe Difference in cumulative exposure®
i South Africa Gold miners [white, male) explained by differences in intensity**
: 79 cases SSc and silicosis: OR = 1.2 {0.3-5.4)
79 age-matched controls
i Exposure: employee records and
dust monitoring data by occupation
i Prevalence (1960-1969) Gold miners: 28 cases (7.7 per 100,000}
s% Members of the Mines Benefit Society Railway/harbor workers: 3 cases
Comparison: railway, harbar workers {0.33 per 100,000)
g Sluis-Cremer et al., 1986 (45) Case—control {1967-1979) RA Definite RA and silicosis: OR = 3.8 (1.7-8.4)**
South Africa Gold miners (white, male) Probable RA and silicosis: OR=1.9 {0.8-4.6)
157 cases (91 definite, 66 probable) No difference in cumulative exposure
g 157 age-matched controls or intensity
i Exposure: employee records and
dust monitoring data by occupation
. Cowie, 1987 (28) Incidence (1981-1986) SSe 10 cases (8.2 per 100,000 P-Y)
i South Africa Gold miners (black, male) No difference in percent with silicosis,
: 24,450 ages 33-57 (per year) exposure years, or intensity
Comparison: 486 age-matched miners
: Exposure: history by questionnaire
Sanchez-Roman etal., 1993 (29)  Prevalence (dates not specified - 10 years) 5S¢ 5Sc: 5 cases (1,667 per 100,000)
Spain 300 scouring powder factory workers SLE SLE: 3 cases (1,000 cases per 100,000)
Sample: 50 volunteers (88% female) SLE/SSc SLE/SSc: 5 cases {1,667 per 100,000}
Conrad et al,, 1995 (52} Prevalence (1972-1994) SLE Definite SLE: 28 cases (93 per 100,000)
Eastern Germany 300,000 uranium miners (male) Probable SLE: 15 cases
30,000 heavily exposed miners Arthritis*** and photosensitivity* less
Comparison 1: 102 idiopathic cases frequent in miners with SLE
from general population {30% women) Antinuclear antibodies related to
Comparison 2: miners without SLE exposure levels and clinical features
Exposure: case histories and occupational
history reports; heavy exposure > 20 mg/m3
Mehlhorn etal., 1999 (30) Incidence (1966—1995) SSc Total high: 94 cases; AR = 7.8(6.5-9.5)

Eastern Germany

Uranium miners (male)
243,900 highly exposed, including

12,400 cases silicosis; 50,000 low exposed
Comparison: estimated population rates

of silicosis and SS¢ {0.2 cases per 100,000 P-Y)

With silicosis: 60 cases; RR =97 (75-125)
Without silicosis: 34 cases; RR =3.1(2.2-4.3)
Total low: 3 cases; RR = 1.2 (not significant)
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Abbreviations: OR, odds ratio; PMF, progressive massive fibrosis; P-Y, person-years; RA, rheumatoid arthritis; AR, risk ratio; SLE, systemic lupus erythematosus; SSc, scleroderma. '_Dsscriptlion of study
design, source population and size (if applicable), study sample and size, and comparison group (if applicable). ®Includes estimated disease rate or effect measure and 95% confidence interval in parenthe-
ses)if available. *p< 0.05; **p<0.001; ***p<0.0001.
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Table 3. Registry-linkage studies of occupational silica dust exposure or silicosis and autoimmune diseases.

Authar (ref)
Location Methods? Disease Major findings®
Kiockars et al., 1987 (46) Incidence (1949-1981) and prevalence (1981) RA Disability pensions: RR =5.08 (3.31-7.79)
Finland 1,026 male granite workers (hired 1940-1971) Pensions: 10 cases (1.6 expected)*
Registry of RA-specific disability pensions and medications Medications: 19 cases (7.5 expected)*
Comparison: men in population
Exposure: granite work = 3 months
Rosenman and Zhu, 1995 (37} Hospital discharge diagnoses (1990-1991) RA RA and silicosis (men): SIR=3.2 (1.1-9.4)
LLS., Michigan Patients diagnosed with pneumoceniosis: 160 silicosis SSe RA and silicosis {women): no cases
{155 men, 5 women), 355 coal worker's pneumocaniosis, RA and unspecified (men): SIR = 8.4 {7.3-30.4)
252 ashestosis, 12 unspecified dust, 51 unspecified SSc and pneumoconiosis (all): no cases
Comparison: all other discharges
Steenland and Brown, 1995 {37) Mortality (1940-1990) ART Arthritis {including RA): SMR =2.2 (1.3-3.5)
U.S., South Dakota 3,328 male gold miners MSK MSK (including SLE and SSc): SMR = 2.1{1.0-3.9)
Multiple-cause maortality listing Skin Skin {including SLE and SSc): SMR = 2.4 (1.2-4.5)
Comparison: South Dakota population
Brown et al., 1997 (33) Mortality (1963—-1389; Sweden) MSK SMR =5.9(2.2-12.5), due to 6 cases of
Sweden, Denmark 1,130 men with silicosis autoimmune disease (including 3 RA, 2 SLE)
Comparisan: entire population
Hospital discharge diagnoses in Sweden SSe SSc: 5 cases: RR =37.0(11.9-86.3) Sweden
(1965-1983) and Denmark (1977-1989) SLE SLE: 8 cases: RR = 23.8 (10.3-47.0) Sweden
Discharge diagnosis of silicosis RA RA: 44 cases: AR = 8.1 (5.9-10.9) Sweden
Comparison: all other discharge diagnoses RA: 10 cases RR = 8.3 (4.0-15.3) Denmark
Walsh, 1997 {34) Mortality (1985-1992) SS¢ SSc {inmen): OR=1.0(0.8-12)
Us. Death certificates from 25 states Silicosis 5Sc (in women): OR =0.8 (0.6-1.2)
Death from SSc or from silicosis Silicosis {in men): OR=2.1{1.9-2.3)
Exposure: 37 occupational groups Silicosis {in women): OR = 8.7 (3.2-19.0}
Comparison: other occupations
Rosenman et al., 1999 (35) Disease prevalence {1985-1995) RA RA: 24 cases (5.2%): OR = 2.7 (1.7-4.1)
U.S., Michigan 463 silicosis cases from state registry system SSc SSc: 1 case (0.2%): OR =156 (0.2-87.0)
Medical records review and questionnaire SLE SLE: 1 case (0.2%): OR = 11.4 (0.2-63.2)

Comparison: rates in the general population

Abbreviations: ART, arthritis; MSK, musculoskeletal disease; OR, odds ratio; RA, heumatoid arthritis; RR, risk ratio; SIR, standardized incidence ratio; SLE, systemic lupus erythematosus; SMR, standard-
ized mortality ratio; SSc, scleroderma. Includes description of study design and registries used {source of cases and/or comparison group). 8Includes percent, and OR, RR, SMR, or SIR with 95% confi-

dence interval in parentheses when available. *p < 0.001.

1.7-8.4), and there was a significant increase in
the intensity of silica exposure experienced by
cases compared to controls (45) (Table 2).
Three registry-linkage studies reported sig-
nificantly increased rates of RA in male silicosis
patients (37,33,35), with estimated relative
risks between 2.7 and 8.3 (Table 3). Because
they sclected on silicosis status or were of cross-
sectional design, the studies of silicosis patients
could not differentiate between two causal sce-
narios: «) either silica dust exposure (as evi-
denced by the presence of silicosis) increases the
likelihood of developing RA, or &) RA results
in increased progression and severity of silicosis.
This issue was addressed in a longitudinal study
of 1,026 granite workers in Finland (46). The
study used population-based registries to iden-
tify a 5-fold higher incidence of new disability
awards for RA compared to the rate in the gen-
eral population. These workers were also more
likely to be diagnosed with RA and be receiving
medications for RA at the end of the study
period. The majority (90%) of the 35 RA cases
in this study had chest X rays that were free of
indications of silicosis at the time they were
diagnosed with RA. None had evidence of
Caplan syndrome, suggesting that these phe-
nomena may be distinct, and that silicosis is
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not a necessary component of an association
berween RA and silica exposure.

Systemic Lupus Erythematosus

Until recently, the evidence relating to silica
exposure and SLE was limited to case reports
(37,47-51), and most described male SLE
patients who were also diagnosed with silicosis
and had a history of working in the dusry
trades industries. Occupational silica exposure
has been observed in few women with SLE
(50), and one young woman was diagnosed
with features of SLE and silicosis after years of
recreational scouring powder inhalation (51).
Two recent studies in occupational
groups suggest that high-level silica exposure
may be associated with SLE (29,52)
(Table 2). This includes three cases of SLE
and five SLE/SSc overlap cases in the study of
50 scouring powder factory workers (29) and
28 SLE cases identified in a study of 30,000
male uranium miners examined for silicosis
(52). Silica exposure levels were very high in
these cohorts. The estimated prevalence of
SLE in both these studies was at least 10
times higher than the expected sex-specific
prevalence in the general population.
Estimates in both of these studies require sev-

eral assumptions. For instance, the prevalence
estimate in the scouring powder factory is cal-
culated based on the total number of workers
(300) rather than the number in the volun-
teer sample, assuming that there are no cases
among the nonparticipants. In the uranium
miner cohort, disease prevalence is based on
rough estimates of the numbers of employees
and work histories because of high turnover
rates of employees and limited access to
records in a Soviet-German company during
the cold war. However, this was a time with
high production rates and extremely high
exposures (estimated at 200-1000 times the
current OSHA PEL) (30).

One registry-linkage study in Sweden and
Denmark also reported a strong association
between silica dust exposure and SLE (33)
(Table 3); SLE was more frequently diagnosed
in patients with silicosis compared to all other
hospitalized patients (RR = 23.8; 95% CI,
10.3-47.0). To date, no case—control studies
have examined the role of silica dust exposure
in the development of SLE.

Diseases with Renal Involvement

Some of the SVV are associated with the
production of antineutrophil cytoplasmic
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Table 4. Case-series studies describing silica dust exposure in autoimmune disease patients.

Author (ref)
Location Methods® Disease Major findings®
Rodnan etal., 1967 (36) Exposure prevalence (1955-1965) SSe 26 exposed cases (43%)
U.S., Pennsylvania 60 male cases

Exposure: prolonged heavy silica exposure

Exposure prevalence (1955-1965) 20 exposed cases (47%)

43 hospitalized male cases 16 exposed controls (19%]*

86 age-, sex-, and race-matched hospital controls

Exposure: prolonged heavy silica exposure

Hospital discharge diagnoses(1958-1962) 11 male cases, 9 female cases
10 hospitals (Appalachian region) Miners (male): 17 cases per 100,000
Exposure: coal mining Nonminers (male}: 6 cases per 100,000
Nonminers (female}: 9 cases per 100,000

Koeger et al., 1335 (37) Exposure prevalence {1979-1989) SSe SSc: B exposed cases (6.7%)
France 764 hospitalized cases, including 118 SSc, 530 RA, and 87 SLE RA RA: 5 exposed cases (1%)

Exposure: assessment of jobs held > 3 years SLE SLE: 4 exposed cases (4.6%)
Ziegler etal,, 1997 {38 Exposure prevalence (1971-1991) SSc 24 (44%) exposed to dust > 20% quartz
Eastern Germany 54 male SSc cases (not uranium miners) 5{9%) exposed to dust <5% quartz

Comparison: population estimates of exposure prevalence Overall: OR = 10.4 (6.1-17.8)

{< 10%), and silicosis (< 1%) With silicosis: OR = 25.3 (13.0-49.1)

Exposure: assessment of job history Without silicosis: OR = 6.2 (3.4-11.5)
Haustein and Anderegg, 1998 (39)  Exposure prevalence {1980-1997) SSe Male cases: 111 (81%) exposed
Eastern Germany 137 male and 454 female cases Female cases: 7 (1.5%) exposed

Exposure: self-reported history of silica-related jobs held = 6 months

Abbreviations: OR, odds ratio; RA, reumatoid arthritis; SLE, systemic lupus erythematosus: SS¢, scleroderma. ®Includes description of study design, study sample (origin and number of cases), comparisan
group (if any], and exposure classification method. In this context, assessment refers to an expert review of job histories for potential silica exposure. Self-reported exposures are those résponses to spe-
cific questions on silica-related jobs, often not confirmad by expert review. Pincludes percent exposed, and OR or risk ratios with 95% confidence interval in parentheses when available. *p < 0.01.

Table 5. Case—control studies of silica dust exposure, scleroderma, and autoimmune diseases with renal involvement.

Author (ref)
Location Methods# Disease Major findings®
Silman and Jones, 1992 (40)  Clinic-based (dates not specified) SSe No cases with probable silica exposure
United Kingdom 56 male cases 2 cases with possible silica exposure
56 age- and sex-matched clinic-controls Clinic controls: OR=1.0(0.1~7.2}
41 age- and sex-matched friend-controls Friend controls: OR = 1.4 (0.1-16.1)
Exposure: assessment of jobs (length not specified)
and self-reported exposuras
Gregorini etal., 1993 (54) Clinic-based {1987-1992) RPGN: OR=14(1.7-113.8)**
Italy 16 male cases ANCA+
32 age- and sex-matched hospital controls (other nephritis patients)
Exposure: assessment of jobs held = 6 months
Bovenzi etal., 1995 (47) Clinic-based (1976-1991) SSc Men: OR = 5.2 (0.48-74.1)
Italy 21 cases (5 men, 16 women) Women: no exposed cases
42 age- and sex-matched hospital controls
Exposure: assessment of all jobs held = 6 months
Nuyts, 1995 (55) Clinic- and population-based (1991-1993) Nephritis: OR=50(1.4-11.6)
Belgium 16 cases {13 men, 3 women) WG
32 age-, sex-, and region-matched population controls
Exposure: assessment of all jobs (length not specified)
Burns et al. 1996 (42) Population-based (1985-1991) 33 Working with/around silica:
U.S., Michigan 274 female cases OR=15(0.7-2.9)
1,184 age-, sex-, race-, and region-matched controls Grinding, pottery, dental lab:
Exposure: assessment of specific silica-related jobs held = 3 months / 0OR=1.2(0.8-19)
history of jobs held = 5 years
Lacey et al,, 1997 (43) Population-based (1985-1992) SSc Sculpting/pottery: OR =2.1(1.1-4.1)
U.S., Ohio 198 female cases Sandblasting/grinding: OR = 1.3 (0.4-3.9)
1,043 age , sex-, race-, and region-matched controls
Exposure: assessment of jobs held 2 3 months
Satterly et al., 1998 (56 Clinic-based Nephritis: ANCA+ nephritis: OR =12.0 (p=.0055)
Southeastern U.S. 41 cases ANCA+; 19 SLE cases ANCA+ Lupus nephritis: OR = 0.5 (p=0.99)

50 age-, sex-, and race-matched haspital controls (other nephritis cases) SLE
Exposure: self-reported history of specific silica-related jobs held = 1 year

Abbreviations: ANCA, antineutrophil cytoplasmic antibadies; OR, odds ratio; RA, rheumatoid arthritis; RPGN, rapidly progressive glomenslonephritis; SLE, systemic lupus erythematosus; SSc, scleroderma.
WG, Wegener granulomatosis; #Includes description of study design, study sample lorigin and number of cases and controls), and exposure classification method. In this context, assessment refers to an
expert review of job histories for potential silica exposure. Self-reported exposures are those responses to specific questions on silica-related jobs, often not confirmed by expert review. ®Include OR and
95% confidence interval in parentheses when available. *p< 0.01; **p<0.001.
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autoantibodies (ANCA) (e.g., WG and
microscopic polyangirtis) and can involve both
systemic effects and organ-specific pathology,
including the kidney. Evidence suggesting an
association between silica exposure and
ANCA-associated SVV has been recently
reviewed by Gregorini et al. (53). Three
case—control studies show strong and statisti-
cally significant associations between silica
exposure and ANCA-associated SVV with
renal involvement (54-56) (Table 5). Silica
exposure may also be linked with ANCA
reactivity in uranium miners (68). Nearly
10% of 243 miners with proteinuria had ele-
vated ANCA levels, compared to 5% of
1,527 miners without proteinuria. Antibodies
against myeloperoxidase (MPO-ANCA) or
proteinase 3 (PR3-ANCA)were detected in
3.3% of the group with proteinuria compared
to 0.07% of those withourt proteinuria. In
another study, MPO-ANCA were detected in
27% of silica-exposed individuals with and
without autoimmune disease (69). The asso-
ciation between ANCA reactivity and silica
exposure, as well as its relation to the develop-
ment and pathology of autoimmune diseases,
will require further elucidation.

An association between silica exposure and
nephritis has been suggested by registry-
linkage and occupational cohort studies
(70-72), including one that describes
dose-response association of silica with end-
stage nonmalignant renal disease in gold min-
ers (72). None of these studies specifically
focused on autoimmune diseases. There are
case reports of lupus nephritis in some
patients with silicosis and cases of renal failure
in silica-exposed patients who experienced
clinical manifestations of connective tissue dis-
ease (73,74). However, one clinic-based
case—control study found no association
between silica exposure and lupus nephritis
(56). Other silica-exposed cases of renal dis-
ease show negative or nonspecific immuno-
logic findings (74). In sum, the causes of renal
disease related to silica cxposure appear to be
diverse, and the proportion that may be asso-
ciated with autoimmune diseases is unknown.

Immune Abnormalities

Silicosis and mineral dust pneumoconiosis
have been linked to increased levels of autoan-
tibodies, immune complexes, and excess pro-
duction of immunoglobulins (primarily IgG)
(65,75—79), even in the absence of clinical fea-
tures of specific autoimmune diseases. In a
study of 39 sandblasters with silicosis, 44%
were positive for antinuclear antibodies (ANA)
compared to 2-3% of a random sample of
healthy controls (75). Similarly, 34% of 156
coal miners with pneumoconiosis from various
regions of the north-central United States were
ANA positive (76), and the proportion of
ANA positivity was related to the silica content
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of the dust produced by different mines.
Because these studies did not examine the rela-
tion between time of exposure and autoanti-
body levels, it is unclear whether autoantibody
production in silica-exposed workers is predic-
tive of the development of an autoimmune
disease and if so, what threshold might exist
between this process and disease onset.
Serology studies of the uranium miner
cohort previously described (79,80) indicate
that miners without autoimmune disease had
a significantly higher frequency of autoanti-
bodies specific to connective tissue disease
(e.g., anticentromere, anti-topoisomerase,
anti—double-stranded DNA (dsDNA), anti-
Ro/SSA, anti-La/SSB) compared to gender-
and age-matched controls from the general
population. There was an association between
the intensity of silica exposure and the expres-
sion of autoantibodies, but there was no
apparent relation between autoantibody
expression and silicosis. After 2-11 years of
follow-up, miners expressing scleroderma-
specific autoantibodies were more likely to
develop scleroderma then autoantibody-
negative miners (80). Disease progression was
also observed in two miners with SLE-specific
autoantibodies (both miners had dsDNA
autoantibodies carrying the 16/6 idiotype)
(81). Evaluating the predictive value of
discase-specific autoantibodies is limited by
the long latency period observed between sil-
ica exposure and the manifestation of autoim-
mune diseases and by loss to follow-up of
workers who die of other age-related diseases.

Biologic Mechanism of Silica
in Autoimmune Disease

Many cases of autoimmune disease in silica-
exposed individuals have been identified dur-
ing screening or treatment for silicosis. It is
unclear whether silicosis is simply a marker
for high-level silica dust exposure in these
cases or whether it represents a pathologic
process that may predispose some individuals
to the development of autoimmune disease.
Conversely, it is possible that autoimmune
disease may predispose some individuals to
develop silicosis. Because of the chronic
nature of both conditions, it is difficult to
establish their temporal relationship.

The development of silicosis is thought to .

involve the ingestion of silica particles by
alveolar macrophages that become stimulated,
resulting in inflammation and the activation
of fibroblasts (7). Crystalline silica is
extremely toxic to cells, and silica particles
cannot be broken down by lysozymal
enzymes. Thus, macrophages can be
destroyed by internalized silica, and the
process may repeat itself, resulting in a focal
point of immune activity and fibrosis. In this
way, silicosis can be thought of as a chronic
process of immune stimulation.

In humans with high-level exposure, there
is evidence that silica can be mobilized from
the lung to other organs, including lymph
nodes, spleen, and kidney (82). A recent
study in rats demonstrated profound patho-
logic changes in the pulmonary lymph nodes
after silica dust exposure, including the devel-
opment of macrophage granulomas without
fibrosis (83). The early impact on lymphoid
organs reported in this study may in part
explain the immune abnormalities associated
with silica dust exposure.

Adjuvant Effect

Silica has long been known to have an adjuvant
effect on antibody production (84). An adju-
vant is a substance that nonspecifically
enhances or potentiates an immune response
to an antigen. Although the mechanism by
which silica acts as an adjuvant is not fully
understood, it appears to be related to the
inflammatory response (85). One theory is
that the activation of macrophages at the site
of silica deposition may lead to increased anti-
gen processing and accelerated antibody pro-
duction. Macrophages respond to internalized
silica by up regulating cytokine production
(including interleukin (IL)-1 and rumor
necrosis factor [TNF]) (86,87), which stimu-
lates other cells and enhances the inflamma-
tory response. IL-1 can activate the T-helper
cells thar facilitate B-cell production of anti-
bodies. In one study, silica was reporred to
stimulate the polyclonal (nonspecific)
activation of human T cells in vitro (88), sug-
gesting the potential of silica to act as a super-
antigen in vive. Silica may also activate
immune processes through the release of
reactive oxygen and nitrogen species (89,90).

An adjuvant effect is consistent with the
hypothesis that silica may act to promote the
development of autoimmune diseases,
requiring some other event or process to
break tolerance and initiate autoimmunity.
In experimental models, an immunologic
adjuvant is often mixed with antigen to pro-
duce autoimmune disease. One study
reported that silica enhanced the effects of
neural antigen in an animal model of multi-
ple sclerosis (allergic encephalomyelitis); sil-
ica increased the incidence and severity of
disease and advanced the onset of disease
when administered both concurrent and 1
month prior to injection of the autoantigen
(91). In this study, silica had both immedi-
ate and latent effects, suggesting that future
studies of silica and autoimmune diseases
may need to consider a wide range of oppor-
tunities for exposure.

We know of no published studies that
describe a dose—response or threshold effect
for silica as an adjuvant. However, the inflam-
matory response to silica in models of silicosis
are clearly dose dependent, as observed in a
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recently developed murine model of silicosis
(92). In this study, the characteristics of the
immune response were strain dependent. Of
the four strains chosen for experimentation,
two (NZB and MRL/Mp]) have a propensity
to develop autoimmune pathology resembling
SLE. Both of these strains showed strong
inflammartory responses to silica exposure,
especially the NZB strain, but response char-
acteristics varied between the strains. These
results suggest that genetic differences and sus-
ceptibility to autoimmune disease can modify
the features and extent of inflammatory
pathology due to silica dust exposure,

Other Effects

Silica can cause cell death by apoptosis as well
as necrosis (93). Apoptosis is an active process
involving genetic regulation. Three experimen-
tal studies provide evidence that apoptosis may
be enhanced by silica (94-96), possibly at lev-
els where no acute roxicity may be detected
(96). However, one human study found that
soluble Fas mRNA was dominantly expressed
by peripheral blood monenucleocytes com-
pared to membranous Fas in silicosis patients
who were free of the clinical symptoms of
autoimmune disease (97). Although membra-
nous Fas is required for a Fas—Fas ligand inter-
action to induce apoptosis, soluble Fas can
block apoptosis. Understanding the effects of
silica on the complex processes regulating
apoptosis will require further research.

TNF-o. is one possible mediator of long-
lasting immune response modifications
through its activity as a cytokine with a broad
range of proinflammartory, catabolic, and
immunostimmulatory activities. Microsatellite
polymorphisms of TNF-o: have been reported
that correspond to variation in secretion
patterns (98); the TNFa2 allele increased
secretion of TNF-0 by monocytes stimulated
with lipopolysaccharide. In uranium miners
with SSc, the TNFa2 allele was significantly
more prevalent compared to controls and to
idiopathic SSc cases (99). This suggests a
hypothesis that differential regulation of
TNF-0, production by macrophages ingesting
silica could be involved in the relation
between silica exposure and SSc.

Renal and Vascular Effects

The mechanisms of immune-mediated kidney
diseases are diverse (100), and their relation to
the other features of autoimmune diseases is
not fully understood. Silica particles can accu-
mulate in the kidney and lead to immune
stimulation and fibrotic processes similar to
those seen in pulmonary silicosis (82). Silica
also has direct toxic effects on the kidneys in
both animals and humans (10I). Thus, the
inflammatory and toxic effects of silica may
both be involved in the development of renal
pathology in autoimmune diseases.

SILICA EXPOSURE AND AUTOIMMUNE DISEASE

The mechanisms of renal pathology
appear to differ among the various auro-
immune diseases that may be associated with
silica exposure. In WG, inflammation often
starts in the upper and lower airways but in
most instances leads to the development of
glomerulonephritis (70-80% of cases experi-
ence kidney involvement) (7/02). Excessive
exposure to silica dust may play a role in this
process through mechanisms described previ-
ously (74). Although autoantibodies can be
detected in the serum, antibody deposition in
the kidney does not appear to be involved in
the pathology of WG (102). Conversely, the
circulation of immune complexes is thought
to be responsible for the development of renal
disease in lupus patients. These underlying
differences in pathology may explain the lack
of association between silica dust and lupus
nephritis described in one study (56) com-
pared to the strong associations with nephritis
in ANCA-associated SVV. Renal disease also
occurs in about 5-15% of $Sc and RA
patients (/03), but no studies have systemati-
cally examined the association of silica expo-
sure and renal involvement in these diseases.

Vasculitis is also a manifestation of many
of the autoimmune diseases that may be asso-
ciated with silica exposure, including ANCA-
associated SVV, SLE, RA, and sometimes SSc
(103). Vascular pathology in these diseases
appears to involve the interaction of white
blood cells (including macrophages) with the
vascular endothelium (104), but it is not
known whether silica plays a direct role in
this process.

Endothelial leukocyte adhesion molecule-1
(ELAM-1) and intercellular adhesion mole-
cule-1 (ICAM-1) may be biomarkers of
vascular injury in silica-exposed uranium
miners with SSc. ELAM-1 levels were ele-
vated in silica-exposed uranium miners com-
pared to those in age- and gender-matched
population controls, and the highest levels
occurred in miners with SSc. Up to 25% of
miners with SSc showed strong elevations of
this molecule in the serum compared to 11%
of miners without symptoms (105). ELAM-1
is expressed on vascular endothelial cells in
response to cytokines (IL-1, TNF-o). It can
be elevated in serum when these cells are
strongly activated or destroyed (106), as
occurs in several inflammatory and disease
conditions (e.g., sepsis, malignancies, autoim-
mune diseases). [CAM-1 can be induced on
dermal vascular endothelial cells by silica dust
(107). There is no evidence that either
ELAM-1 or ICAM-1 is responsible for the
hypothesized effects of silica on vascular
pathology. Future studies should investigate
whether these molecules may acr as disease
mediators and explore their use as biomarkers
to study the role of silica on vascular pathology
in autoimmune diseases.
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Considerations for
Future Research

Common Threads among
Silica-Associated Diseases

Silica dust exposure may be associated with a
wide range of autoimmune diseases and
immune abnormalities. Although some studies
have explicitly focused on only one disease,
several indicate an increased occurrence of sev-
eral different diseases in the same study popu-
lation (27,29,30,33,35,45,52) (Tables 2, 3).
Many clinical features and some autoanti-
bodies overlap berween these diseases (108).
Most share a common systemic component, as
well as more specific manifestations in organs
such as the skin, lung, and kidney. Vascular
disease may be a common underlying pathol-
ogy. Future research may benefit from studies
that examine the effects of silica dust exposure
across these various diseases and investigate the
potential for shared mechanisms.

Comparing Silica- sed
and Idiopathic CaseEi?f
Autoimmune Disease

Many of the studies described in this review
have compared the clinical features and
autoantibodies of silica-exposed cases of
autoimmune disease with idiopathic cases.
However, it is important to account for dif-
ferences in disease characteristics that might
be related to age and sex. The demographics
of cases may be related to both disease charac-
teristics and the likelihood of silica dust expo-
sure, making it more difficult to assess
whether certain features or autoantibodies are
related to silica dust exposure.

One study compared the autoantibodies
and clinical features of 28 silica-exposed ura-
nium miners with SLE (all men) with 102
idiopathic SLE cases (-90% women) from the
general population (52) (Table 2). All the sil-
ica-exposed cases in this study were men with
late-onset disease, so the differences in autoan-
tibodies or clinical features might be related to
age or gender. Compared to idiopathic cases,
the uranium miners with SLE showed similar
frequencies of Ro/SSA, La/SSB, and
Cardiolipin antibodies, but less frequently
expressed antibodies to single- and double-
stranded DNA; none expressed antibodies to
snRNP proteins (BB', D, E, F, G or Ul-
RNP). Miners with SLE were also signifi-
cantly less likely to experience arthritis or
photosensitivity than the idiopathic cases.
Studies comparing the serological features of
SLE in men with those in women suggest few
significant differences (109-112). Some
studies have found a lower rate of dsDNA and
Sm antibodies in older-onset SLE (113-115);
other studies have not, possibly because of
ethnic or methodologic variation (116-118).
Future comparisons of silica-exposed and
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idiopathic autoimmune diseases should chose
an appropriate comparison group and care-
fully ascertain the differences in disease char-
acteristics that may be due to age or sex.

Exposure Assessment

Obtaining exposure history by personal
interview or industry records provides only a
proxy for silica dust exposure, but steps can
be taken to reduce exposure misclassification.
Assignment to exposure groups based on
standardized industrial or occupational cod-
ing is most prone to error (119). A more
refined strategy is to use an expert assessment
conducted by an industrial hygienist to con-
firm the potential for exposure (120). This
procedure was used in two large population-
based case—control studies of SSc in women
(42,43) (Table 5). However, expert assess-
ments were limited to jobs initially classified
into standardized exposure groups and thus
may have missed sources of silica exposure
that are more common in women. Self-
reported exposures are more likely to be influ-
enced by differential recall in case—control
studies but may sometimes provide a more
accurate measure of exposures not recognized
by an expert assessment (e.g., silica exposure
outside the dusty trades industries).

Although there are considerable data on
high-level occupational exposure to silica dust,
it can be difficult to assess moderate- or lower-
level exposures. Potential for high-level expo-
sure is more easily recognized in jobs and
industries required to meet regulatory stan-
dards for the prevention of silicosis. Moderate-
or lower-level exposures may occur in those
industries or occupations not routinely moni-
tored for silica or in those where high rates of
silicosis have not been identified. Exposure lev-
els in these jobs may typically fall below the
regulatory limits (0.10~0.05 mg/m?), but there
may be instances where higher level exposures
occur. Exposure levels depend on the fre-
quency and duration of exposure-related activi-
ties and on the concentration of silica in
workplace dust. Unfortunately, there is little
measurement data for many jobs and indus-
tries with potential for moderate- or lower level
silica exposure.

Some common occupational sources of
silica exposure are poorly characterized and
will require additional data to determine the
actual exposure levels. Women make up a
high proportion of workers in many of these
jobs. If silica exposure in these occupations is
not considered, an association with autoim-
mune disease in female workers might be
missed. These occupations include farming
(silica may comprise as much as 40-50% of
the respirable fraction of some types of soil),
the use of scouring powder (in some cases,
almost entirely silica), and other exposures to
dust and dirt (e.g., textile, janitorial, laundry,
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refuse handling). Textile workers may be
exposed to silica as a component of cotton
dust (121,122), but textile work is not typi-
cally considered in assessments of silica expo-
sure. We identified no studies measuring
silica exposure in textile workers, with the
exception of one study in a Chinese cotton
mill reporting that ambient levels of silica
dust exceeded the OSHA PEL during an
early processing stage (/123). In 1987, an
increased rate of RA was observed in a
prospective study of women in Finland who
were exposed to raw cotton mill dust (124),
but no subsequent studies of silica and
autoimmune diseases have mentioned textile
work as a source of silica exposure.

Exposure Characteristics and
Confounding

Most of the published studies on silica-
exposed autoimmune disease consistently
describe very high levels of silica exposure.
However, exposure duration among cases is
more variable. One study suggests that expo-
sure intensity may be more important than
cumulative dose in the development of
autoimmune disease (45) (Table 2). Several
occupational cohort and registry-linkage
studies used silicosis or risk of silicosis to
identify exposed workers (31,33,35,52)
(Tables 2,3) and thus may be limited to only
the most highly exposed cases. Future
research in occupational cohorts should
explore the characteristics of exposure, such as
cumulative dose, intensity, and timing as they
relate to disease onset. It is very difficult to
measure the exposure levels retrospectively,
even using workplace monitoring data and
employee records. At this time, the only bio-
markers of silica exposure are an X-ray diag-
nosis of silicosis or invasive assays that
measure silica in the lung or other organs.
Studying autoimmune diseases in occupa-
tional cohorts with silica exposure is limited
by the rare occurrence of these diseases, espe-
cially in men. Population-based studies may
be better able to reflect the effect of silica
exposure in people at risk of developing
autoimmune diseases, especially if they con-
sider the occurrence of moderate- and lower-
level exposures. It will remain difficult to
retrospectively measure exposure in these
studies for the reasons described above,
Multiple concurrent exposures are a
particular problem in studying silica dust expo-
sure and autoimmune disease. Silica rarely
occurs in pure form in the environment and
may be mixed with a wide range of other min-
erals. It may be difficult to isolate the effects of
silica. Other particulates with adjuvant activity
include talc, tin, and iron ore dust with rela-
tively low silica content (85,125). Authors of a
recent case—series study suggested renaming
silica-dust lupus as mineral-dust lupus (50).

Variations in forms and mixtures with
other minerals may impact the toxic or
inflammatory effects of free silica, and quartz
can contain trace impurities that affect its
biologic activity (8). For instance, iron ore in
quartz dust can increase the production of
reactive oxygen species and several measures
of immune stimulation (126). Other factors
may impact the effect of silica; freshly frac-
tured silica appears to be more reactive than
aged dust (127). Surface area and ability to
bind and present antigen may be related to
the magnitude of adjuvancy for metal oxides,
including silica (85).

Mixed exposures to silica and other
chemicals can occur in industries where silica
may be only one component of the manufac-
turing process. If these other chemicals are
independently associated with autoimmune
diseases, they may confound analyses of the
effects of silica. For instance, rubber manufac-
turing has the potential for both silica and sol-
vent exposure, and some studies suggest that
solvents may be associated with SSc (40,41).
In addition to silica, uranium miners are also
exposed to radon, radon decay products, and
heavy metals. The relation between these
exposures and autoimmune diseases has not
been established, so it is unclear whether they
could confound estimated associations
between silica and autoimmune diseases.
Future studies should consider potential con-
founding and interaction of silica’s effects
with other exposures.

Susceptible Subgroups

Disease heterogeneity and differences in
genetic susceptibility can make it more diffi-
cult to identify associations with environmen-
tal agents. The effect of a risk factor may be
diluted if evaluated in a heterogeneous popula-
tion (128). Analyses based on clinical, autoan-
tbody, or genetic subgroups may be one way
to illuminate separate causal pathways and
identify specific environmental risk factors.

Significant differences in genes of the
major histocompatibility complex were found
between SSc patients with silica exposure
compared to idiopathic cases (99), especially
among patients expressing anti-topoisomerase
I antibodies. These data suggest that the asso-
ciation of silica and autoimmune diseases
may be modified by genetic factors.

Given that women have higher rates of
many autoimmune diseases compared to
men, it is important to learn if they are more
or less vulnerable to environmental exposures.
Most documented cases of silica-related
autoimmune disease have been male, and
some studies have reported lower estimates of
the association between silica dust and
autoimmune disease in women compared to
men (41-43). The discrepancy between the
apparent effects of silica in men and women
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may be explained by two factors: @) Men may
be more likely than women be exposed to
high levels of silica dust because they com-
prise the majority of workers in the dusty
trades industries. ) Women experience a
higher underlying rate of many autoimmune
diseases, so the relative impact of silica dust
exposure may be diluted by cases that occur
through other causal pathways. An exposure
that increases the rate of disease will have a
larger impact when measured as a ratio of
association (RR or OR) in a group with a low
underlying rate compared with a group with
a higher underlying rate. For example, sup-
pose that the incidence of a given disease is 1
case per 1,000 men and 10 cases per 1,000
women. If, for a given level of silica dust
exposure, 1 additional case appears in 1,000
people, regardless of sex, the relative risk
would be 2.0 for men but only 1.1 for
women. Thus, exposure would appear to be
related to disease in men bur not in women.

Limitations and Strengths

Despite the large excess of autoimmune diseases
observed in several occupational cohorts, the
effects of silica dust exposure are much more
difficult to study in the general population
where high-level exposures are rare, and moder-
ate- and lower-level exposures are difficult to
assess and probably widespread. Rare diseases
and rare exposures may result in the lack of
power to detect moderate associations or differ-
ences among subgroups. The misclassification
of silica dust exposure and confounding by
other factors may bias the estimared association
of silica and autoimmune disease.

Nonetheless, studies with different designs
in a variety of exposed occupational groups
suggest an association of silica with systemic
autoimmune diseases. The adjuvant effect of
silica is one mechanism by which silica could
be involved in autoimmune disease. These
data suggest that silica may act to promote the
development of autoimmune diseases, requir-
ing some other factor to break immune toler-
ance or initiate disease. Unlike known,
nonmodifiable risk factors for autoimmune
diseases (e.g., age, sex, genetics), silica dust
exposure can be reduced through industrial
hygiene and engineering measures. For this
reason, the association between silica and
autoimmune diseases merits further study.

Future research on the association
between silica and autoimmune diseases
should explore the common threads between
the diseases that may be associated with silica
exposure. Because autoimmune diseases and
high-level silica exposures are rare, both occu-
pational and population-based studies have
their limitations. Studies of exposure parame-
ters would be most easily conducted in occu-
pational cohorts with extensive exposure
history and monitoring data. Longitudinal

SILICA EXPOSURE AND AUTOIMMUNE DISEASE

rescarch in these cohorts may also be used to
examine the predictive value of autoant-
ibodies. Improved exposure assessment in
population-based studies will require recogni-
tion of the potential for silica exposure in
women, including moderate- and lower-level
silica exposure. Researchers should also
attempt to assess the potential for mixed
exposures or confounding by other factors.
Finally, experimental models could be used to
investigate the mechanisms by which silica
may operate in autoimmune diseases and to
SUZZEST preventive or treatment strategjes.

ReFeERENCES AND NoOTES

- Reveille JO. The genetic contribution to the pathogenesis of
rheumatoid arthritis. Curr Opin Rheumatal 10:187—200 (1998).

. Amett FC, Reveille JD. Genetics of systemic lupus erythemato-

sus. Rheum Dis Clin North Am 18:865-897 (1992),

Theofilopaulos AN, Kono DH. Mechanisms and genetics of

autoimmunity. Ann NY Acad Sci 841:725-235 (1998).

Davis BL, Johnsan LR, Stevens K, Courtnay W.J, Safriet DW.

The quartz content and elemental composition of aerosols fram

selected sites of the EPA Inhalable Particulate Network. Atmos

Environ 18:771-782 {1984).

Narbioo T, Angchuk PT, Yahya M, Kamat SR, Paoley FD, Corrin B,

Kerr IH, Bruce N, Ball KP. Silicosis in a Himalayan village popula-

tion: role of envirormental dust. Thorax 46:341--343 (1991).

. American Thoracic Society. Adverse effects of orystalline silica

exposure. Am J Respir Crit Care Med 155:761-768 (1997).

Mossman BT, Churg A. Mechanisms in the pathogenesis of

asbestosis and silicosis. Am J Respir Crit Care Med

157:1666—1680 (1958).

. Silicosis and Silicate Disease Committze, Diseases associated

with exposure to silica and nonfibrous silicate minerals. Arch

Pathol Labor Med 112:673-720 {1988).

IARC. Silica. In: IARC Monographs on the Evaluation of the

Carcinogenic Risk of Chemicals to Humans. Vol B8: Silica and Some

Silicates. Lyon’nternational Agency for Research on Cancer, 1997

. Gerhardsson G, lsaksson G, Andersson A, Engman L,
Magnusson E, Sundquist S. Dust control in the working environ-
ment (silicosis). In: Dccupational Safety and Health Series No.
38. Geneva:Intamational Labor Office, 1977,

. Occupational Safety and Health Administration. OSHA Safety
and Health Standards (23 CFR 1910} — Ganeral Industry. DSHA
Publ no 2206. Washington, DC:U.S. Department of Labor, 1983,

12. OSHA's current permissible exposure limit for dust containing

silica as quartz can be calculated using the equation:

110 mg/m?)/(% quartz + 2). For dust that is 100% quartz, this

number approaches 0.10 ma/m?.

National Institute of Dccupational Safety and Health, NIOSH

Pocket Guide to Chemical Hazards. [DHHS publ no 90-117).

Washington, DC:U.S. Government Printing Office, 1990.

- Linch KD, Miller WE, Althouse RB, Groce DW, Hale JM.
Surveillance of respirable crystalline silica dust using DSHA
compliance data {1879-1335). Am J Ind Med 34:547-558 (1998,

15. NIOSH. National Occupational Expasura Survey (1981—1 983).

Unpublished provisional data as of 7/1/90. Cincinnati,
OH:National Institute for Occupational Safety and Health, 1990,

16. LaDou J. The export of environmental responsibility. Arch
Enviran Health 49:6-6 {1994).

. OSHA. Special Emphasis Program [SEP} for Silicosis.
Washington, DC:ULS, Department of Labor Occupational Safety
and Health Administration, 1997,

. Popendorf W, Pryar A, Wenk H. Mineral dust in manual harvest
aperations. Ann Am Conf Gov Ind Hyg 2:101-115{1982).

. Pupendorf W, Donham KJ, Easton DN, Silk J. A synopsis of

agricultural respiratory hazards, Am Ind Hyg Assac J

46:154-161 {1985).

MeCurdy SA, Ferguson TJ, Galdsmith DF, Parker JE, Schenker

MB. Respiratory health of California rice farmers. Am J Respir

Crit Care Med 153:1553-1559 (1996).

Green FHY, Yoshida K, Fick G, Paul J, Hugh A, Green WF.

Characterization of airborne mineral dusts associated with

farming activities in rural Alberta. Int Arch Occup Environ

Health 62:423-430 {1990).

Nieuwenhuijsen MJ, Kruize H, Schenker MB. Exposure to dust

and particle size distribution in California agriculture. Am Ind

Hyg Assoc J 58:34-38 [1998).

3

=

i

o

o

b

==}

-3

=

=

=

~

oo

o

2

=

21

22

)

Environmental Health Perspectives = Vol 107, Supplement 5 = October 1999

23. Stopford CM, Stopford W, Respirable quartz content of farm
soils, Appl Oceup Environ Hyg 10:196-199 (1995).

24. Bramwell B. Diffuse scleroderma: its frequency and occurrence in

stonemasons; its it by fibrinlysin: Elevations of temp

ture due to fibrinalysin injections. Edinburg Med J 12:387 (1914),

Erasmus LD. Sclerodarma in gold-miners on the Witwatersrand

with particular reference to pulmonary manifestations. S Afr J

Labor Clin Med 3:209-231 [1957).

Caplan A. Certain unusual radiological appearances in the chest

of coal-miners suffering from rhaumatoid arthritis. Thorax

B8:29-35 (1953).

Sluis-Cremer GK, Hessel PA, Nizdo EH, Churchill AR, Zeiss EA.

Silica, silicosis, and progressive systemic sclerosis. Br J Ind

Med 42:838-843 {1985),

28, Cowie RL. Silica-dust-exposed mine workers with scleroderma

[systemic sclerosis). Chest 92:260-262 (1987).

Sanchez-Roman J, Wichmann |, Salaberri J, Varela JM, Nunez-

Roldan A. Multiple clinical and biolegical autoimmune manifes-

tations in 50 workers after occupational exposure to silica. Ann

Rhaum Dis 52:534-538 {1993).

Mehihom J, Enderlein G, Conrad K, Ziegler V. Analysis for the

association b M progressive sy it scleroderma, expo-

sure to quartz dust and silicosis in Fast German uranium min-

ing. Zbl Arbeitsmed 49134147 (1999).

Rosenman KD, Zhu Z. Pneumoconiosis and associated medical

conditions. Am J Ind Med 27:107-113 {1995).

Steenland K. Brown D. Mortality study of gold miners

exposed to silica and nonasbestiform amphibole minerals: an

update with 14 more years of follow-up. Am J Ind Med

27:217-229 (1995).

Brown LM, Gridley G, Olsen JH, Mellemkjaer L, Linet MS,

Fraumeni JF. Cancer risk and mortality pattems among silicotic

‘men in Sweden and Denmark. J Occup Environ Med

39:633-638 {1997),

34. Walsh SJ. Divergent effects of occupational silica exposure on

proportional mortality from systemic sclerosis and silicasis.

Arthritis Rheum 40(suppl):S262 (1997),

Rosenman KD, Moore-Fuiler M, Reilly MJ. Connective tissue

disease and silicasis, Am J Ind Med 25:375-361 (1999).

Rodnan GP, Bender TG, Medsger TA, Cammarta RJ. The associ-

ation of progressive systemic sclerosis (scleroderma) with coal

miners’ pneumaconiosis and other forms of silicosis. Ann Int

Med 66:323-333 (1967).

Koeger AC, Lang T, Alcaix D, Milleron B, Rozenberg S, Chaibi P,

Arnaud J, Mayaud C, Camus J-P, Bourgeios PS. Silica-associ-

ated connective tissue disease: a study of 24 cases. Medicing

74[5):221-237 (1995),

Ziegler V, Enderlein G, Mehlhorn J, Conrad K. Retrospective epi-

demiological analysis of the relation between progressive sys-

temic scleroderma and the exposure to quartz dust out of uranium

ore mining in East Germany. Zbl Arbeitsmed 47:7-13 (1997).

Haustein U-F, Anderegg U. Silica induced scleroderma—clinical

and experimental aspects. J Rheumatol 25:1917-1926 {1998),

40. Silman AJ, Jones S. What is the contribution of environmental

factors to the occurrence of scleroderma in men? Arthritis

Rheum 51: 1322-1324 (1992).

Bovenzi M, Barbone F, Betta A, Tommasini M, Versini W.

Scleroderma and occupational exposure. Scan J Work Environ

Health 21:289-292 (1495).

Burns CJ, Laing TJ, Gillespie BW, Heeringa $G, Alcser KH,

Mayes MD, Wasko MC, Cooper BC, Garabrant DH, Schottenfeld

D. The epidemiology of scleroderma among women: assessment

of risk from exposure to silicone and silica. J Rheumatol

23:1904-1911 (1995).

Lacy JV, Laing TJ, Gillespie BW, Schottenfeld D, Epidemiology

of scleroderma among women: assessment of risk from expo-

sure to silicone and silica. J Rheumatol 18541855 {1997).

44. Miall WE, Caplan A, Cochrane AL, Kilpatrick GS, Oldham PD. An
epidemiological study of rheumatoid arthritis associated with
characteristic chest X-ray appearances in coal-workers. Br Med
JI1231-1236 (1958).

. Sluis-Cremer GK, Hessel PA, Hnizdo E, Churchill AR.
Relationship bety silicosis and rh id arthritis. Thorax
41:596-601 (1986).

. Klockars M, Koskela B-S, Jarvinen E, Kolari PJ, Rossi A. Silica
exposure and rheumatoid arthritis; a follow up study of granite
workers 1940-81. Br Med J 294:997-1000 (1987).

. Bailey WC, Brown M, Buechner HA, Weill H, Ichinose H, Ziskind

M. Silico-mycobacterial disease in sandblasters. Am Rev Respir

Dis 110: 115-125 (1974).

Suratt PM, WC Winn Jr., AR Brody, WK Bolton, RD Giles. Acute

silicosis in tombstone sandblasters. Am Rev Respir Dis 115:

521-529(1977),

49, Ozoron K, H Ugan, H Tutack, N Caner, M Yiicel, Systemic lupus

25.

o

2

£

2.

~1

9.

w

3

=

.

3z

R

3

]

35,

a

3

=

37

=1

38.

==}

39

w

41,

&

h=)

4

L

4

o

4

o

4

=3

=

4

801




5

=

(]

34
=)

=

53]
o

5

5

e
@©

=

i

=

7

~

ra

)

7]

o

51.

52.

54.

e

Lk

. Hochberg MC. Sy

B0.

B1.

62.

m

66.

B7.

68.
69.

=

72

73.

74,

PARKS ET AL.

erythematosus arising in a patient with chronic silicosis.
Rheumatol Int 16: 217218 {1997).

Masson C, Audran M, Pascaretti C, Chevailler A, Subra J-F,
Tuchais E, Kahn M-F. Silica-associated systemic erythematosus
lupus or mineral dust lupus? Lupus 6:1-3 {1997).

Gong H, Tashkin OP. Silicosis due to intentional inhalation of
abrasive scouring powder: case report with long-term survival
and vasculitic sequelae. Am J Med 67:358-362 (1979).

Conrad K, Mehlhorn J, Lithke K, Dérner T, Frank K-H. Systemic
lupus erythematosus after heavy exposure to quartz dust in ura-
nium mines: clinical and serological characteristics. Lupus
5:62-69 (1996).

. Gregorini G, Tira P, Frizza J, D'Haese PC, Elseviers MM, Nuyts

G, Maiorica A, DeBroe ME. ANCA-associated diseases and sil-
ica exposure, Clin Rev Allergy Immunol 15:21-40 (1997).
Gregorini G, Ferioli A, Donato F, Tira P, Morassi L, Tardanico R,
Lancini L, Maiorca R. Association between silica exposure and
necrotizing crescentic glomerulonephritis with p-ANCA and
anti-MPO antibodies: a hospital-based case-control study. Adv
Exp Med Biol 336:435-440 (1993).

. Nuyts GD, Vlem EV, Vos AD, Daelemans RA, Rorive G, Elseviers

MM, Schurgers M, Segaert M, D'Haese PC, DeBroa ME.
Wegener's granulomatosis is associated with exposure to sili-
con compounds: a case-control study. Neph Dial Transplant
10:1162-1165 {1995).

Satterly KK, Hogan SL, Nachman PH, Dooley MA, Jennette
JC, Falk RJ. ANCA-associated diseases with renal involve-
ment [ANCA-GN) but not lupus nephritis [LN) are associated
with silica exposure [Abstract]. Clin Exp Immunol 11
{suppl 1):25 (1998).

Aho K, Kaipiainen-Seppanen O, Heliovaara M, Klaukka T.
Epidemiology of theumatoid arthritis in Finland. Semin Arthritis
Rheum 27:325-334 (1998).

Jacobson DL, Grange S.J, Rose NR, Graham NM. Epidemiology
and estimated population burden of selected autoimmue dis-
eases in the United States. Clin Immunol Immunopathol
84:723-242 (1997).

ic Lupus Erythematosu.
North Am 16:617-539 {1330),

Steen VD, Oddis CV, Copnte CG, Janoski J, Casterline 6Z,
Medsger TA. Incidence of systemic sclerosis in Allegheny
County, Pennsylvania: a twenty-year study of hospital-diag-
nosed cases, 18631982, Arthritis Rheum 40:441-445 (1997).
Cotch MF, Hoffman GS, Yerg DE, Keufman GI, Targonski P,
Kaslow RA. The epidemiology of Wegener's granulomatosis:
estimates of the five-year period prevalence, annual mortality,
and geographic disease distribution from population-based data
sources. Arthritis Rheum 39:87-92 (1996).

Watts RA, Scott DG. Classification and epi logy of the vas-
culitides. Baillieres Clin Rheumatol 11:191-217 [1997).
Steenland K, Goldsmith DF, Silica exposure and autoimmune
diseases. Am J Ind Med 28:603-508 {1995).

Koeger AC, Alcaix D, Rozenberg S, Bourgeois P. Graves’ disease
after silica dust exposure. J Rheumatol 23:202 (13986).
Matsuoka Y, Toemita M, Yoshino |, Hoseda Y. Relationship
between autoimmune diseases and pneumaconiosis. Japan J
Ind Health 34:421-431(1992).

Puisieux F, Hachulla E, Brouillard M, Hatron PY, Devulder B,
Silicosis and primary Sjogren's syndrome. Rev Med Interne
15:575-579 (1994),

Rafnsson V, Ingimanrsson 0, Hjalmarsson |, Gunnarsdottir H.
Association between exposure to crystalline silica and risk of
sarcoidosis. Occup Environ Med 55:657--660 {1938).

Conrad K. Unpublished data.

Wichmann |, Sanchez-Roman J, Morales J, Castillo MJ, Ocana
C, Nunez-Roldan A, Antimyzloperoxidase antibodies in individu-
als with occupational exposure to silica. Ann Rheum Dis
55:205-207 (1996).

Goldsmith JR. Fiberglass or silica exposure and increased
nephritis or ESRD (end-stage renal disease). Am J Ind Med
23:873-881{1993).

Rheum Dis Clin

. Steenland NK, Thun MJ, Ferguson CW, Port FK. Occupational and

other exposures associatzd with male end-stage renal disease: a
case/control study. Am J Public Health 80:153-159 (1980].
Calvert GM, Steenland K. Falu S. End-stage renal disease among
silica-exposed gold miners: a new method for assessing incidence
among epidemiologic cohorts. JAMA 227:1218-1223 (1997).
Balton WK, Suratt PM, Strugill BC. Rapidly progressive silican
nephropathy. Am J Med 71:623-828 (1981).

Tervaert JW, Stegman CA, Kallenberg CG. Silicon exposure and
vasculitis. Curr Opin Rheumnatol 10:12-17 {1938).

. Jones RN, Tumer-Wanwick M, Ziskind M, Weill H. High preva-

lence of antinuclear antibodies in sandblasters” silicosis. Am
Rev Respir Dis 113:393-395 {1576).

802

_

6.

7.

=1

78.

o

79.

=}

80

B1.

B2.

83,

84

Lippmann M, Eckert HL, Hahon N, Morgnan VK. Circulating anti-
nuclear and rheumatoid factors in coal miners: a prevalence
study in Pennsylvania and West Virginia. Ann Int Med
T9:807-811 (1973).

Calhoun W, Christman JW, Ershler WB, Graham WG, Davis GS.
Raised immunoglobulin concentrations in bronchoalveolar lavage
fluid of healthy granite workers. Thorax 41:266-273 (1986).

Dall NJ, Stankus RP, Hughes J, Weill H, Gupta RC, Rodriguez
M, Jones AN, Alspaugh MA, Salvaggio JE. Immune complexes
and autoantibodies in silicosis. J Allergy Clin Immunol
68:281-285 (1981).

Conrad K, Stahnke G, Liedvogel B, Mehlhom J, Barth J, Blasum
C, Altmeyer P, Stinnichsen N, Frank K-H. Anti-CENP-B response
in sera of quartz dust exposed uranium miners and patients
with possible development of systemic sclerosis (sclerodermal.
J Rheumatol 25:660-666 (1995).

Conrad K, Mehihorn J, Unpublished data,

Conrad K, Levy Y, Blank M, Mehlhom J, Frank KH, Roch B,
Shoenfeld Y. The pathogenic idiotype 16/6 in patients with sil-
ica-associated systemic lupus erythematosus (SLE) and uranium
miners with an increased risk for the development of SLE. J
Rheumatol 25:660--666 (1998).

Slavin RE, Swendo JL, Brandes D, Gonzalez-Vitale JC, Osomio-
Vargas A. Extrapulmonary silicosis: a clinical, morphological,
and ultrastructural study. Hum Pathol 16:393-412 (1985).
Friedetzky A, Gam H, Kirchner A, Gemsa D. Histopathological
changes in enlarged throacic lymph nodes during the develop-
ment of silicosis in rats. Immunobiology 199:119-132 {1998).
Pernis B, Paronetto F. Adjuvant effects of silica (tridymite] on
antibiody production. Proc Soc Exp Biol Med 110:390-392 (1962).

85. Naim J0O, van Oss CJ, Wu W, Giese RF, Nickerson PA.

86.

@

87.

-

8

g

9

9

95.

o

g

g

9

9

@

9.

M

5

>

=]

o)

]

=]

Mechanisms of adjuvancy. |: Metal oxides as adjuvants.
Vaceine 15:1183-1193 (1997).

Davis S, Pfeiffer LM, Hemenway DR. Persistent overexpres-
sion of interleukin-1f3 and tumor necrosis factor-cr in murine sil-
icosis. J Environ Pathol Toxicol Oncal 17:99-114 (1988).

Driscoll KE, Carter JM, Hassenbein G, Howard B. Cytokines
and particle-induced inflammatory cell recruitment. Environ
Health Perspect 105 (suppl 5):1159-1164 (1997).

. Ueki A, Yamaguchi M, Ueki H, Watanabe ¥, Ohsawa G,

Kinugawa K, Kawakami Y, Hyodoh F. Polyclonal human T-cell
activation by silicate in vitro. Immunology B2:332-335 (1994).
Shoemaker DA, Pretty JR, Ramsey DM, McLaurin JL, Khan A,
Teass AW, Castranova V, Pailes WH, Dalal NS, Miles PR. Particle
activity and in viva pulmonary response to freshly milled and aged
alpha-guartz. Scan J Work Environ Health 21(suppl 2:15-8 (1995),
Vallyathan V, Shi ¥, Castranova V. Reactive oxygen species:
their relation to pneumaconiosis and carcinogenesis. Environ
Health Perspect 106 {suppl 5):1151-1155 (1998).

Levine S5, Sowinski R. Enhancement of allergic
encephalomyelitis by particulate adjuvants inoculated long
before antigen. Am J Pathol 99:291-304 (1980).

Davis GS, Leslie KO, Hemenway DR. Silicosis in mice: effects of
dose, time, and genetic strain. J Environ Pathol Toxicol Oncol
17:81-97 (1998).

Uber CL, McReynolds RA. Immunctoxicology of silica. Crit Rev
Toxicol 10:303—319 (1982).

Sarih M, Souvannavong V, Brown SC, Adam A. Silica induces
apoptosis in macrophages and the release of interleukin-lo
and interleukin-1B. J Leukocyte Biol 54:407-413 (1993).

Leigh J, Wang H, Bonin A, Peters M, Ruan X. Silica-induced
apoptosis in alveolar and granulomatous cells in wive. Environ
Health Perspect 105 (suppl 5):1241-1245(1957).

Aikoh T, Tomokuni A, Matsukii T, Hyodoh F, Ueki H, Otsuki T,
Ueki A, Activation-induced cell death in human peripheral blood
lymphocytes after stimulation with silicate in witro. Int J Oncol
12:1355-1350 {1998)

Otsuki T, Sakaguchi H, Tomokuni A, Aikoh T, Matsuki T,
Kawakami Y, Kusaka M, Ueki H, Kita S, Ueki A, Soluble Fas
mRNA is dominantly expressed in cases with silicosis.
Immunology 94:258-262 (1998).

Paciot F, Briant L, Jongeneel CV, Molvig J, Worsaae H, Abbal
M, Thomsen M, Nerup J, Cambon-Thomsen A. Association of
tumor necrosis factor (TNF) and class Il major histocompatibility
complex alleles with the secretion of TNF-c and TNF-B by
manonuclear cells: a possible link to insulin-dependent dia-
betes mellitus. Eur J Immunol 21:224-231 (1993).

Frank KH, Fussel M, Conrad K, Rihs HP, Koch R, Gebhardt B,
Mehlhorn J. Different distribution of HLA class Il and tumor
necrosis factor alleles (TNF-308.2, TNFa2 microsatellite] in anti-
topoisomerase responders amaong scleroderma patients with
and without exposure to quartz/metal dust. Arthritis Rheum
41:1306-1311 (1998).

. Ambrus JL, Sridhar NR. Immunologic aspects of renal disease.

10

16

10

104,

106.
5.

10

10

10

10

n

n

n

1

"

116.

"

1

12

12

122.

12

124,

125.

126.

127,

12

s ]

)

=

8.

9.

0.

2,

3

4.

5.

=

©

L

0.

1L

)

3.

=

o

=]

-

=

JAMA 278:1938-1945 (1997).

. Kallenberg CGM. Renal disease - another effect of silica expo-

sure? Neph Dial Transplant 10:1117-1118 {1945),

Jennette JC. Antineutrophil cytoplasmic autoantibody-associ-
ated diseases: a pathologist's perspective. Am J Kidney Dis
AVIE1B4-170(1991).

Danning CL, lllei GG, Boumpas DT. Vasculitis associated with
primary rheumatologic diseases. Curr Opinion Rheumatol
10:56-65 {1998).

Nowack R, Flores-Suarez LF, van der Woude F. New develop-
ments in the pathogenesis of systemic vasculitis, Curr Opin
Rheumatol 10:3-11 (1998).

Conrad K. Unpublished data.

Bevilacqua MP, Paber JS, Mendrick DL, Cotran RS, Gimbrone
M Jr. Identification of an inducible endothelial leukocyte adhe-
sion molecule. Proc Natl Acad Sci USA B4:9238-9242 (1987).
Anderegg U, Verberg S, Herrmann K, Haustein UF. Silica
directly induces ICAM-1 expression in cultured endothelial
cells. Eur J Dermatol 7:27-31 (1997).

Lorber M, Gershwin ME, Shoenfeld Y. The cnexmence of sys-
temic lupus eryth 15us with other autoi d

the kaleidoscope of autoimmunity. Samin Arthritis Rheum
24{2):105-113 {1994].

Font J, Cervera R, Navaro M Pallares L, Lopez-Soto A, Vivancos
J, Ingelmo M. Systemic lupus erythematosus in men: clinical
and immunological characteristics. Ann Rheum Dis
51:1050-1052 (1992).

Ward MM, Studenski 3. Sy ic lupus enytt JSUS i men:
a multivariate analysis of gender differences in clinical mani-
festations. J Rheumatol 17:220-224 (1950).

. Kaufmann LD, Gomez-Aeino JJ, Heinicke MH, Gorevic PD. Male

lupus: retrospective analysis of the clinical and laboratory fea-
tures of 52 patients, with a review of the literature. Sem
Arthritis Rheum 18:185-197 (1989).

Petri M. Male lupus differs from female lupus in presentation
and outcome. Arthritis Rheum 40(suppl}:S162 (1997).

Jonsson H, Nived 0, Sturfelt G. The effect of age on clinical and
serclogical manifestation in unselected patients with systemic
lupus erythematosus. J Rheumatol 15:505-509 (1988).

Catoggio LJ, Skinner RP, Smith G, Maddison PJ. Systemic lupus
erythematosus in the elderly: clinical and serological character-
istics. J Rheumatol 11:175-181 [1984).

Wilson HA, Hamilton ME, Spyker DA, Brunner CM, 0'Brien
WM, Davis JS 4th, Winfield JB. Age influences the clinical and
serologic expression of systemic lupus erythematosus. Arthritis
Rheum 24:1230-1235 (1981).

Koh ET, Boey ML. Late onset lupus: a clinical and |mmuuloglcal
study in a pred tly Chinese population. J Rh
21:1463-1467 (1994).

’ BBFF DA, Rigby R, St!llsr CR, Clark WF, Harth M, Ebers G. HLA

in ic: lupus eryth jsus: relationship to disease

se\'enw age at onset, and sex. J Rheumatol 11:475-479 (1984).
Hashimoto H, Tsuda H, Hirano T, Takasaki Y, Matsumoto T,
Hirose 5. Differences in clinical and imunological findings of

ystemic lupus eryth related to age. J Rheumatol
14:497-501 (1987).
Stewart WF, Correa-Villasenor A. False positive exposure emors
and low exposure prevalence in community-based case-control
studies. Appl Occup Environ Hyg 6:534-540 (1991},
Rybicki BA, Cole Johnson C, Peterson EL, Kortsha GX, Gorell
JM. Comparability of different methods of retrospective expo-
sure assessment of metals in manufacturing industries. Am J
Ind Med 31:36--43 {1997).
Brown DF, McCall ER, Piccolo B, Tripp VW, Survey of effects of
variety and growing location of cotton on cardroom dust compo-
sition. Am Ind Hyg Assoc J 38:107-115 {1877).
Wakelyn PJ, Greenbiatt GA, Brown DF, Tripp VW. Chemical
properties of cotton dust. Am Ind Hyg Assoc J 37:22-29 (1976).
Liu M-Z. The health investigation of cotton textile workers in
Beijing. Am J Ind Health 12: 759-764 (1887).
Koskela R-S, Klackars M, Jarvinen E. Mortality and disability
amaong cotten mill workers, BrJ Ind Med 47:384-391 (1990).
Keast D, Sheppard N, Nguyen DT. Adjuvant activity of res-
pirable iron ore dust. Immuncl Cell Biol 67:161-168 {1989).
Castranova V, Vallyathan V, Ramsey OM, McLaurin JL, Pack O,
Leonard S, Barger MW, Ma JY, Dalal NS, Teass A.
Augmentation of pulmonary reactions to guartz inhalation by
trace amounts of iron-containing particles. Environ Health
Perspect 105 (suppl 5):1319-24 {1997).
Guthrie GO, Mineral properties and their contributions to particle
toxicity. Environ Health Perspect 105{suppl 5):1003-1011 (1997).
Weiss NS, Liff JM. Accounting for the multicausal nature of
diseasa in the design and analysis of epidemiologic studies. Am
J Epidemiol 117{1}:14-18 (1983).

Environmental Health Perspectives = Vol 107, Supplement 5 = October 1999



