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Silicosis is a crippling fibrotic lung disease induced by inhalation
of crystalline silica. One feature of silicosis is systemic and pul-
monary immune dysfunction characterized in part by elevations in
serum and bronchoalveolar lavage (BAL) immunoglobulins. A
major specific aim of the current report was to demonstrate that
an experimental model of silicosis previously well characterized
for the development of pulmonary inflammation and fibrosis
would also exhibit increased levels of serum and BAL IgG and
IgM similar to those of human silicosis. We also sought to docu-
ment the anatomic compartments responsible for these immuno-
globulin responses. To address these specific aims, we compared
levels of IgG and IgM in serum and BAL from rats with experi-
mental silicosis induced by inhalation of silica with levels of these
immunoglobulins in titanium dioxide (TiO,)- and sham (air)-
exposed controls. The ability of mononuclear cell populations from
lung, lung-associated lymph node, and spleen to produce IgG and
IgM ex vivo were also compared. We found that experimental
silicosis was associated with elevated IgG and IgM levels in blood
and BAL relative to the control groups. Our findings also sug-
gested that draining lung-associated lymph nodes (LALN) were
the most important sites for increased IgG and IgM production in
experimental silicosis, with lungs contributing to a lesser degree.
Increased production in the LALN appeared related to marked
expansion in total numbers, but not relative proportion, of B
lymphocytes.

Key Words: silicosis; quartz; titanium dioxide; IgG; IgM; bron-
choalveolar lavage; lymphocyte; rat.

1997; Weissman and Banks, 1998). Chronic silicosis developé
over a period of years, as retained intrapulmonary dust induce§
a sequence of events including inflammation, fibrogenesis, an®
ultimately, end-stage pulmonary fibrosis (Adamson, 1992;3F
Velanet al., 1993; Weissman and Banks, 1998). Stimulation of3
macrophages by silica and subsequent cytokine networkiné
between macrophages, lymphocytes, neutrophils, fibroblasts:
and potentially other cell types is an important mechanism for
fibroblast stimulation and the development of pulmonary fi- 2.
brosis (Davis, 1986; Let al., 1992; Sjostranet al., 1991;
Vanheeet al., 1995).

Another result of silicosis not necessarily related to fibrosis2
is immune dysfunction, both systemically and in the Iungg
(American Thoracic Society, 1997; Weissman and Banksg
1998; Davis, 1986). Clinical manifestations of immunologic c
dysfunction associated with chronic silicosis include autoim-£
mune diseases such as progressive systemic sclerosis and 8-
creased susceptibility to pulmonary mycobacterial infections’c_':.:
such as tuberculosis. A particularly striking immunological 7,
feature of individuals with histories of silica exposure or sili- <
cosis is increased immunoglobulin levels both in blood and alg.
the lung level (Dollet al., 1981; Idekt al., 1990; Karnilet al., o
1990; Nigamet al., 1990; Nagaokat al., 1993). Increased @
serum IgG and IgM concentrations have been reported i
sandblasters (Dokt al., 1981); increased serum IgG and IgA
concentrations in silicotic stone masons (laélal., 1990);
increased serum IgG, IgM, and IgA concentrations in slate-c,
pencil workers (Karniket al., 1990); increased IgG in quartz &
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Silicosis is a crippling lung disease induced by inhalation @ shers (Nigaret al., 1990); and increased IgG, IgA, and IgE ©
crystalline silica. Although several silicates induce silicosigy silicotic miners (Nagaokat al., 1993). In general, IgG is the
alpha quartz (a type of crystalline silica) is the major cause ghtinody class most affected by silica exposure or silicosi
silicosis worldwide (Silicosis and Silicate Disease CommittegDo” etal., 1981; Idekt al., 1990; Karnilet al., 1990; Nigam
1988). Miners working in the metal and coal mining industrieg; al., 1990; Nagaokat al., 1993). Bronchoalveolar lavage
(including surface coal miners), as well as workers in a variefga| ) data demonstrate increases in immunoglobulin levels
of other occupations such as sandblasting, silica flour prodygsg probably immunoglobulin production in the lungs of silica-
tion, or any other occupation with potential for inhalation Oéxposed nonsmokers and nonsmoking silicotics (Calhetun
dust high in silica content, are at increased risk for the subsog.—, 1986; Lusuardget al., 1990). In BAL obtained from non-
quent development of silicosis (American Thoracic SOCiet!;moking granite workers, IgG, IgM, and IgA concentrations, as

" To whom correspondence should be addressed. Fax: (304) 285-61ll as ratios of these concentrations to BAL albumin, are
E-mail: dqw4@cdc.gov. reported to be increased relative to nonindustrial control sub-
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jects (Calhounet al., 1986)_ In another report, nonsmokingMMAD) of silica was 0.95um with a geometric standard deviation of 1.7

silicotics’ BAL IgG/albumin but not IgA/aIbumin ratios were M- The mean concentration of titanium dioxide in the exposure chamber was
’ > 40,+ 3 mg /n?. Subsequent to exposures, the particle size distribution of
found to be greater than those of controls. Smoking was nortﬁ nium dioxide aerosolized from our fluidized bed was characterized using an

as an important cqnfounding factor in t_h.is S.IUdya as it obliteferodynamic particle sizer (Model 3320, TSI, St. Paul, MN) with an associated
ated a number of differences between silicotic and control BAdiluter (Model 3302A, TSI, St. Paul, MN) and documented to beg@r2with
(Lusuardiet al., 1990). a geometric standard deviation of 14n. Because there were only two

Based on these considerations, we hypothesized that inﬁ"g_mbers in our exposure apparatus, silica and air groups were exposed

. . e . simultaneously, and rats used in the TiO2 group were purchased and exposed
lation of crystalline silica initiates a sequence of events Ieadlrig days later. Subsequent studies of the Tqgbup were performed approx

not only to fibrosis, but also to immune dysfunction. Furthefsately 20 days later than silica and air studies.

more, we hypothesized th_at b_etter CharaCtenzat'qn of IMMUEyperimental protocol. Immunoglobulin responses to experimental sili-
noglobulin responses to silicosis would help to elucidate mecdtvsis were characterized by comparison of findings in silica-exposed rats with
anisms underlying other manifestations of silicosis-associatéese of titanium- or air-exposed rats. To document the presence and time,
immune dysfunction. our specific aims were to demonstratgirse of changes in serum immunoglobulin levels, serum IgG and IgM wereg

that a rat model of silicosis previously well characterized in thmeasured at 2, 3, 4, and 5 months after exposure. Rats were first sacrificed §
P y e(?/aluate immunoglobulin responses in specific anatomic compartments at 5.5°

”_terat_ure for the development of pglmonary inﬂammation aNndonths after exposure. This time interval was chosen because pulmonari
fibrosis would also demonstrate immunoglobulin responsfsotic and inflammatory changes paralleling those of human chronic silicosisa

=

mirroring those of human silicosis, and to document the anwere expected to be well establishgd after this interval (Absheail., 1989; 3
tomic compartments responsible for these immunoglobul'}f‘f’h' et al., 1992), and changes in serum IgG and IgM levels had been3

responses. To address these specific aims. we com areddioct_Jmented to be well established at this time. Numbers of animals used fog
p ) P ! P ymous studies are detailed in tables and figures. Animals were sacrificed ovéi

munoglobulin responses in rats with experimental silicOSjgervals ranging from 5.5 to 11.6 months after exposure, a period wheng

induced by inhalation of silica with responses in titaniurpuimonary changes paralleling human chronic silicosis have been documenteg

dioxide (TiQ,)- and sham (air)-exposed controls. We fountp be present in this model (Abshetal., 1989; Mohret al., 1992). Care was 2.

that experimental silicosis was associated with elevated @ggen to sacrifice animals in groups representing each exposure condition sgh
Vi

. . erall duration since exposure in each of the three groups would be similar®
and IgM levels in blood and BAL paralleling those of humarl.h vitro immunoglobulin production by mononuclear cells derived from lung- %-

S!HCOSiS- Our findings also suggested that Fjraining Iur?g'as%@,éociated lymph nodes (LALN), lung, and spleen was measured to asse&s
ciated lymph nodes (LALN) were the most important sites fgiotential forin vivo production of IgG and IgM in these anatomic compart-

increased IgG and IgM production in experimental silicosigients. For each of the three groupsyitro immunoglobulin production was .‘g
with Iungs Contributing to a lesser degree. studied at a mean of 174 days after exposure. Changes in local pulmonagg
levels of IgG and IgM paralleling human silicosis, as well as local pulmonary
inflammation, were evaluated by BAL in the silica-, titanium-, and air-exposed ()
MATERIALS AND METHODS groups at mean time intervals of 245, 239, and 250 days after exposure®
respectively. Enumeration of cell populations relevant to IgG and IgM pro-
Animals. Male Fischer F344 rats were purchased from Charles Rivéiiction and silica-induced inflammation was evaluated in the tissues of silica-2
Laboratories, Wilmington, MA. Rats weighed 150 to 175 g upon arrival arigf@anium-, and air-exposed groups at mean intervals of 265, 261, and 265 days
were housed in filter-topped polycarbonate cages and kept in HEPA-filter@ifier exposure, respectively.
laminar-flow animal isolators. Animals were allowed food and waddr Serum immunoglobulins. Blood was collected by tail vein incision at 2, 3,
libitum and held for 2 weeks prior to use. All protocols involving the use of, and 5 months after exposure. IgG and IgM levels were measured in seru
animals were approved by the West Virginia University Institutional Animalising a sandwich enzyme-linked immunosorbent assay (ELISAQ/ml of
Care and Use Committee. goat anti-rat IgG or IgM (Kirkegaard & Perry Laboratories, Inc., Gaithersberg,
Aerosol exposures. Exposures were conducted as reported for a welMD) were used as capture antibodies. Standards were prepared from rat Ig
documented experimental model of silicosis (Abséieal., 1989; Mohret al., (Sigma Chemical Co., St. Louis, MO) or IgM (Bioproducts for Science,
1992). The model was specifically chosen for its ability to reproduce tHadianapolis, IN). Goat anti-rat IgG or IgM peroxidase conjugates diluted S
pulmonary manifestations of human silicosis. Inhalation exposure of F344 r&250 in PBS/BSA (both from Kirkegaard & Perry Laboratories, Inc., Gaith- &
to crystalline silica using the specified doses and schedule have been repdt&égerg, MD) were used as detecting antibodies. The chromogenic SUbStFa‘g
to result in the development of chronic inflammatory and fibrotic changes #$ed was 2,2’-azino-di[3-ethyl-benzthiazoline sulfonate] (ABTS; Kirkegaard-
the lungs paralleling those of human chronic silicosis after a latent period ®fPerry Laboratories, Inc., Gaithersberg, MD). Color development was de-&
approximately 4 months and persisting at 12 months. The timing of pulmondggted as optical density at 405 nm using an automated ELISA plate reade
changes also parallels human chronic silicosis, which usually manifests itd&fo-tek Instruments, Inc., Winooski, VT) and immunoglobulin concentrations
years after exposure (Silicosis and Silicate Disease Committee, 1988; Amgre determined by comparison of sample color development to standard
ican Thoracic Society, 1997; Weissman and Banks, 1998). Rats were expogéyes (Kineticalc, Bio-tek Instruments, Inc., Winooski, VT).
5 h per day for 8 days (Tuesday to Friday and then Monday to Thursday) toHistopathology. Five months after exposure, three rats from each expo-
aerosols of eithem-quartz (Min-U-Sil 5; U.S. Silica Products, Berkeleysure group were sacrificed by intraperitoneal (ip) injection of Ketamine/
Springs, WV), TiQ (< 5 um, Aldrich, Milwaukee, WI), or diluent air. Xylazine followed by cardiac exsanguination. LALN known to receive lym-
Exposures were performed in horizontal flow chambers and dusts were agioatic drainage from the lungs of Fischer-344 rats, cervical lymph nodes,
solized using a TSI 9310 fluidized bed aerosol generator (TSI, St. Paul, MNhgs, and spleens were removed and weighed. LALN recovered included two
(Lantz et al., 1989). The mean concentration of aerosolized silica in thodes found close to the thymus (referred to here as parathymic) and a lymph
exposure chamber was 398 3.3 mg /mi. Evaluation of the aerosol by node found in the right paratracheal area (referred to here as paratracheal)
cascade impactor documented that the mass median aerodynamic dian{éhestrated in Biceet al., 1979). Tissues were fixed in 10% neutral buffered
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formalin. Right lungs were fixed by infusion of 10% neutral buffered formalilRPMI, and suspended in RPMI containing 10% heat-inactivated fetal calf
through the trachea at a pressure of 20 cs®@H_eft lungs were removed prior serum (CRPMI; HyClone Laboratories, Inc., Logan, UT).

to fixation and saved for other studies. Specimens were paraffin embedded aridings were perfused with normal saline via the right ventricular outflow
sections stained with hematoxylin and eosin (H & E) for examination by lightact until oligemic. Animals were further exsanguinated by transection of the
microscopy. Photomicrographs were obtained using an Olympus AX70 phaprta. Bronchoalveolar lavage was performed by tracheal cannulation followed
tomicroscope (Olympus America Inc., Lake Success, NY) equipped withbg infusion of 5 ml normal saline and recovery by gentle suction. Five such
Quantix 2000x 2000 pixel digital camera (Photometrics Ltd., Tucson, AZ)aliquots were instilled and recovered. BAL fluid recovered from each rat was
Magpnifications of photomicrographs are indicated using size bars. centrifuged (300< g for 10 min), and the resulting cell pellet was resuspended

Hydroxyproline determination. Five months after exposure, rats werein RPMI for determination of cell count and differential. BAL supernatants
sacrificed by ip injection of Ketamine/Xylazine followed by cardiac exsanguwere saved frozen at —20°C for measurement of IgG and IgM using the
nation. Lungs were removed, major airways dissected away, and the lupggviously described ELISA. In addition, albumin determinations were per-
weighed. Right lungs were used for silica determination (described below) diaimed by the bromocresol green technique (Sigma Chemical Co., St. Louis,
left lungs were used for hydroxyproline determination (Kivirikétal., 1967). MO).

To perform hydroxyproline determinations, left lungs were finely minced. After BAL, lungs were removed, dissected free of major airway, rinsed with
Two milliliters of 6 N HCI was added to each sample and the tissues wenermal saline to remove residual blood, and minced into cold RPMI. Mincedg
hydrolyzed for 48 h at 110°C. Samples were neutralized with 10 N KOH ardngs were digested in 10 ml RPMI containing type IV collagenase (150 U/mI)§
volume adjusted to 10 ml with distilled water and centrifuged (40@, 10 and type IIA elastase (10 U/ml) (both from Sigma Chemical Co., St. Louis, S’_;
min);0.1 ml of each centrifuged hydrolysate was pipetted into a capped tub&Q) over a shaking water bath at 37°C for 90 min. Enzyme-digested lunge
and the volume was adjusted to 2.5 ml with borate-alanine buffer. Standandisice was dissociated into a cell suspension by passage through a stainless
(trans-4-hydroxyl-L-proline; Sigma Chemical Co., St. Louis, MO) and blanksteel screen (Cellector, 100 mesh; Thomas Scientific, Swedesboro, NJ). Celf§
were also prepared in 2.5 ml of borate-alanine buffer; 0.5 ml saturategre pelleted by centrifugation and washed twice in RPMI. Pulmonary inter-3
potassium chloride in borate-alanine buffer was added to each sample stiglal cells were enriched for mononuclear cells by density gradient centrifu-=
vortexed. Resulting imino acid mixtures were oxidized at room temperature §gtion (Histopaque-1083; Sigma Diagnostics, St. Louis, MO). Cells at the2
adding 0.6 ml of 0.2 M chloramine T in methyl cellusolv. Thirty minutes lategradient interface were harvested, washed twice in RPMI, then suspended ig
the oxidation was stopped with 2 ml of 3.6 M sodium thiosulfate. SampleSRPMI.
were next mixed with 3 ml toluene and heated in a boiling water bath for 30 Spleen cell suspensions were made by pressing spleens between two mi
min to form pyrrole. After cooling, the tube was shaken vigorously, angroscope slides in a petri dish filled with cold RPMI, then suspending the cellsX,
centrifuged briefly at low speed. Finally, 0.4 ml of Ehrlich’s reagent was addggleased by repeated aspiration through a sterile pasteur pipette. The resulti
with stirring to the toluene layer and resulting color development was megell suspension was pelleted by centrifugation and then washed twice in RPMIG'
sured after 30 min at 560 nm. Hydroxyproline concentrations were determingglenic mononuclear cells were separated from contaminants such as red blo@
by comparison of sample color development to a standard curve and resgéifis by density gradient centrifugation (Histopaque-1083; Sigma Diagnostics®.
expressed as micrograms hydroxyproline per left lung. St. Louis, MO). Cells at the gradient interface were harvested, washed twice irgs

Silica determination. Five days after exposure, three rats each from silicaRPMI, then suspended in CRPMI.
and air-exposed groups were sacrificed and right lungs were removed for silic€ell populations obtained from CLN, LALN, lung, BAL, and spleen were £
determination. Silica retention was also measured 5 months after exposereymerated using a Coulter Counter. Cell differentials were performed byQ
using the right lungs of the rats described above under “Hydroxyprolirngunting cells on cytocentrifuge preparations stained with Diff-Quikmer-
determination.” Silica determinations were done by infrared spectroscojgyan Scientific Products, McGaw Park, IL). Cell viabilities were determined by
(Freedmaret al., 1974). Briefly, right lung tissue was pooled, minced, angypan blue exclusion.
defatted with heptane in a glass vial at room temperature overnight an e . .
digested with 11.3 N HCI at 60°C while stirring for 2 h. Residues were wash?rc(;j?n ui:tll_f:\f alt:ﬁ]r; Ofar‘? dc::)llséer?wggzziﬁzfzzbgsﬂgsjlg;irc:ectre)l/ls(Fo Ab?gg;?]
twice in HCI followed by centrifugation at 1008 g for 30 min and suspended ' ’ '

. - ) ) ecton Dickinson, San Jose, CA). Immunofluorescence staining was perg
in 1 ml of deionized water. The entire contents of the vial were layered 0I’]$O ) ’ I : »
1 ml of 1.7 mg/ml CsSO, and spun at 2006 g for 20 min. After centrifu prmed using a fluorescein |§oth|ocyanate_ (FITC)-conjugated monoclona}l an
gation the upper layer was discarded and the lower layer was vortexed gﬁ)gdy (CIo_n_e 0X-33; Pharmlnge_n, San Diego, CA). Lymphocyte popula_tlohsg
filtered through a DM-450 membrane filter. The filter was then washed with re identified by forward and side scatt'er a”‘? percent Iymphocytes b'”‘_"”@
ml distilled water. a-quartz standards (Min-U-Sil 5, U.S. Silica Productst e monoclonal antibody by fluorescence intensity. Gate settings for analysis o6

Berkeley Springs, WV) were prepared by filtering known quantities througl:prxorescence intensity were determined using cells stained with an irrelevang

DM-450 membrane filters directly. Sample and standard filters were subjec é&'C-conJugated monoclonal antibody (Pharmingen, San Diego, CA). e
to Fourier transform infrared (FTIR) spectroscopy using an ATl Mattson In vitro immunoglobulin production. In vitro immunoglobulin produc- ‘g
N

O39SX

) )]

SIQ 104 SIau

Genesis Series FTIR spectroscope between the frequencies of 400 and 1@®0by LALN, lung, and spleen cell populations was measured using a-
cm™. Silica content was measured as absorbance at the absorption peak ofri@@ification of a previously described method (Weissraaal., 1992). Cell
cm™ and experimental values were determined by comparison to the standsugpensions were adjusted to a concentration &f 20° cells/ml in CRPMI
curve. A through-point weighted analysis and autoblank correction was magied cultured in sterile, 1% 75 mm, polypropylene test tubes (37°C, 5% £O
in the analysis of samples. for 8 days. Conditioned culture supernatants were centrifuged ¥3@Q 10
Samples and cell populations.Rats were sacrificed by ip injection of min) to remove cells and debris and were stored frozen at —70°C. IgG and IgM
Ketamine/Xylazine followed by cardiac exsanguination. For each rat, LALKvels in culture supernatants were measured using the ELISA described
(parathymic and paratracheal lymph nodes) were identified, removed, @iwve. To control for passive release of preformed immunoglobulin from
placed in cold RPMI 1640 supplemented with 25 mM HEPES,s@ml cultured cells, parallel cultures were performed with and withoufugoml
gentamycin, and 2 mM L-glutamine (RPMI; GIBCO, Grand Island, NY)cycloheximide (Sigma Chemical Co., St. Louis, MO) andvitro immuno-
Cervical lymph nodes (CLN) were harvested and processed separately agohulin production expressed as antibody concentration in cultures without
control. Lymph node cell populations were obtained by passing the lympkcloheximide, less the antibody concentration in the cultures with cyclohex-
nodes through a dounce tissue homogenizer. Resulting cell suspensions \veige (Weissmaret al., 1992). To allow comparison @f vitro immunoglob-
pelleted by centrifugation at 308 g for 10 min at 4°C, washed twice in ulin production by lymphocytes from different organs and different treatment
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| e 1gG-Silica (N=45) do not receive lymphatic drainage from the lung [Beteal.,
B e 1geTiOn (Ned5) * 1979]) and spleens were not heavier in the silica group than in
e LG (k) % the Mo control groups (_F|g._ 1). .
= , Histopathologic examination of lungs and LALN from sil-
E; ¢ loW-Siliea (N=45) / ica-exposed animals demonstrated marked changes (Figs. 2
£ o .
g 6 " 'gM'TfOZ(EHS) / and 3). Lungs demonstrated multifocal, mild to moderate,
5 A IgM-AIT(N=44) =/ /‘% lymphogranulomatous interstitial pneumonia, and multifocal,
5 v mild to moderate, epithelial cell hypertrophy and hyperplasia.
5 - 4/ Multifocal, mild, alveolar lipoproteinosis, lymphadenitis of
; 4r s - Yy ? BALT, and lymphocytic perivascular cuffing were also noted.
2 * /§/ Yy 7 In contrast to the silica-exposed group, lungs of F&posed
o — s v’ rats were remarkable only for the presence of many macro-
o . I . )
c \\\.// phages _cqntalnlng dark brown tq black partlclgg compatibleg
g 2T _ \§/ with their inhalation exposures (Fig. 2). In the silica-exposed=
@ group, LALN were markedly enlarged and remarkable for &
- ¥ multifocal, moderate, granulomatous lymphadenitis. In con-3
| ol T - trast, LALN of TiO,-exposed rats were remarkable only for &
0 2‘ 3 “‘ 5 small numbers of dark brown to black particles present ini
macrophages and histiocytes (Fig. 3). Lungs and LALN ob-Z
Months After Exposure tained from sham (air)-exposed controls did not exhibit any=

FIG. 1. Organ weights 5 months after exposure to silica, ;Tier air. signjficant hiStOPathmOgiC changes.
Lungs and lymph nodes receiving drainage from the lungs are significantly Silica determinations performed 5 days after exposure de

0"10SXO0!

heavier after silica exposure. Two remote lymphoid organs, cervical lympacted 937+ 149 ug silica/right lung in silica-exposed rats. (>3_<..
node and spleen, are not affected. Data are expressed as-m&&M; *  gjjica could not be detected in air-exposed lungs. At 5 months.
silica > TiO, and air controlsp < 0.05. S
5
qﬂ’ # =~ g I ' ‘ .-d’- --I-ﬁ ' B ! rf ’r“‘. G
groups, results are expressed as nanograms immunoglobulin plnigho- - e Fa e 4 N P Lg
cytes. : i /oy g /] 4 o o
Statistics. Results are expressed as mearstandard error except where i < " 'f r"':"’ - ‘: " -';:" N T 8
indicated. Relative coefficient of excretion (RCE) for BAL IgG was calculatec f;‘ﬁ" * b — L f k )
as follows: i ) ' hg Y A/ /»' W o}
RCE = [BAL IgG (ug/ml) / BAL albumin (mg/dl)] / [serum IgGgg/ml) /[ = =* 4 o/ 7 3 >l ”
serum albumin (mg/dl)]. A Y N al "‘-,‘ J g 5:'
The RCE IgG has been proposed as an indicator of the degree to which B, ' B, o - l A v, _t' . Al ]
IgG is derived from passive diffusion from blood versus local productior M T 1 [ 1"; ._"-~I' 73
(Mascart-Lemonet al., 1987). RCE IgM was calculated in a similar fashion o J rf" 4 b "” o g = =4 o
as shown for IgG. 4 i R t F— S ®
Multiple comparisons between silica-, titanium-, and air-exposed rats we R Q
done by one-way analysis of variance followed by a multiple compariso - . f —~ g
procedure (either Student-Newman-Keuls or Dunn’s; Sigmastat, SPSS, C H"ﬂ i =1
cago, IL). Differences were considered significant at thes 0.05 level. ' I S
Correlations between various parameters were analyzed by Pearson Pro¢ 'f,"“";' f Ny . o
Moment Correlation (Sigmastat, SPSS, Chicago, IL). For correlations, sert  .* Ry /9 <
IgG and IgM values were normalized by log transformation. RCE 1gG and Igh L 1 V. oo
were normalized by adding 1 prior to log transformation. ve . ""' | N
N "-{‘: . 5
RESULTS ey Y
. . . . ‘2., .J"w.p Il
Induction of Disease by Silica Inhalation - -

Rats in all groups gained weight normally after silica, TiO FIG.2. Pulmonary histopathology 5 months after exposure to silica, TiO
or sham-air exposures, with no significant differences in body air (see text). Lung sections demonstrate interstitial pneumonia, alveolar
Weight between the three groups before or at 1 to 5 monﬁ%thellal cell hypertrophy and hyperplasia, and alveolar histiocytosis after

. - . llica exposure. A relative paucity of histopathologic changes is noted after
after exposure (data not shown). Despite similar body Welghiﬁhtrol exposures. 2A: Air-exposed lung. 2B: Ti€xposed lung. 2C: Silica-

lungs and L.ALN were strikingly heavier in the S”ica'eprseGXposed lung. 2D: Silica-exposed lung section showing silicotic granuloma. In
group than in the air or TiQgroups. By contrast, CLN (which each panel, vertical bar at the right border50 M.
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A j 1 Silica (N=6 )
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FIG. 4. Serum IgG and IgM concentrations before and up to 5 months 2.
after exposure to silica, TiQor air. Silica exposure is associated with greater £
. . —_—
increases in serum IgG than serum IgM. Data are expressed as“m8g&iV; o
* silica > TiO, and air controlsp < 0.05. %-
c
=
>

after exposure, silica content of lungs of silica-exposed rats hag-
markedly decreased, and the right lungs of three animals had tgQ
be pooled for silica detection. At this point, 1Q.§ silica/right ﬁ
lung was detected in pooled lung tissue of three silica-exposed
rats. Silica was not detectable in the lungs of either air- orS
TiO,- exposed rats at the 5-month time interval.

Hydroxyproline levels 5 months after exposure were signif- 1
icantly higher in the lungs of silica-exposed rats relative to theg
other two groups (p< 0.05). Levels in the silica, TiQ) and air '
groups were 3.81 0.23, 1.00* 0.05, and 1.17 0.11 mg/left
lung, respectively.

slal

Serum Immunoglobulins

0 |021U0D Bseas

Maturational increases in serum IgG concentration were>
noted in each of the three exposure groups over the 5 montha
of observation (Fig. 4). At each time point studied, serum 1gG o
concentrations were greater in the silica-exposed group than i
the two control groups (Fig. 4). Serum IgM concentrations did5
not differ between groups nearly as much as did IgG concen-
trations. Although significantly greater serum IgM concentra-
FIG. 3. Lung-associated lymph node histopathology 5 months after expons were noted in the silica-exposed group relative to the

sure to silica. Sections demonstrate marked hyperplasia and granulomat . .
lymphadenitis after silica exposure and relative paucity of histopathoIogtét):(ljﬁtrol groups at 4 and 5 months after exposure, these differ

changes after control exposures. 3A: Scanned image of (from left to right) afNces were of relatively small magnitude (Fig. 4).

TiO,-, and silica-exposed LALN tissue sections mounted on a single micro

scope slide. Note massive enlargement of the silica-exposed LALN. 3Bronchoalveolar Lavage

Air-exposed LALN. 3C: TiQ-exposed LALN. 3D: Silica-exposed LALN. L.

Note massive enlargement and granulomatous inflammation. In all cases,] @ble 1 compares BAL characteristics in the three exposure

vertical bar at the right border of each parell mm. groups. 1gG and IgM levels in BAL fluids of silica-exposed
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TABLE 1
Soluble and Cellular Constituents of Bronchoalveolar Lavage Fluids

[s[€] IgM Alb RCE RCE
(ng/ml) (ng/ml) (mg/dl) 19G IgM

Total Cells PAM Lym PMN
(x 10% (X 10% (X 10% (X 10°

Silica (n= 10) 21.0*+ 12.8*
TiO, (n = 11) 3.06+ 3.22
Air (n = 11)

0.72+ 0.34* 28.4* 14.5* 0.457* 0.245** 0.186+ 0.088* 17.0=4.6* 7.1+3.0* 2.6+ 1.8* 7.7+ 2.9
0.21+0.51 9.57+7.44 0.331+0.257 0.108-0.125 3.2£24 3.1+x23 0.055* 0.067 0.021* 0.013
224+ 1.39 0.064*= 0.040 9.81+5.73 0.190* 0.093  0.052+ 0.032 2.31+ 0.85 2.28+ 0.85 0.016*= 0.009 0.018+ 0.021

Note. Data expressed as meanstandard deviation. Alb, albumin; RCE, relative coefficient of excretion; PAM, pulmonary alveolar macrophage; LYM,
lymphocyte; PMN, neutrophil.
* Significantly different from TiQ and air groupsp < 0.05; **significantly different from air groupp < 0.05.

rats were markedly greater than those of sham (air)-expos$tifold increase in lymphocyte numbers. Significantly in-
and TiO-exposed rats. Albumin concentrations were approkreased recovery of interstitial pulmonary total cells, macro-2
imately 3-fold greater in the BAL fluids of silicotic rats than inphages, and neutrophils was noted in the silica-exposed groug
the two control groups. Relative coefficient of excretion forelative to the two comparison groups. Neutrophil recoveryg
BAL 1gG (RCE IgG) was significantly greater in the silicawas particularly increased. No significant differences in spleery
group than the air group, and about 50% greater in the silicall recoveries were noted between the three groups.
group than the Ti@ group, although that difference did not No differences were noted in the relative proportion of B
attain statistical significance. RCE IgM was significantlgells in lymphocyte populations derived from LALN, lung, or
greater in the silica group than in either of the comparis@pleen of the three exposure groups (Table 4).
groups. Interstitial cell populations derived from LALN, lung, and

BAL cell counts also differed between the silica group anspleen were examined for their ability to produce IgG and IgM£:
the two control groups (Table 1). Total cell recovery anih vitro (Figs. 5 and 6). For each organ, IgM production pet 10
recovered alveolar macrophages, lymphocytes, and neutrophjifaphocytes did not differ between the three exposure group
were all significantly and markedly increased in the silicéFig. 5). 1gG production per fOlymphocytes also did not
group relative to the TiQand air groups.

After pooling data from the three study groups, weak to TABLE 2
moderate but statistically significant correlations were noted Correlations between Immunoglobulins and Inflammatory
between several cellular measures of BAL inflammation and Cellular Constituents of BAL
immunoglobulin levels in serum and blood (Table 2). After
normalization by log transformation, serum IgG correlated VS. r P

significantly with BAL total cells, lymphocytes, and neutro—l_Og (serum IgG)

rojumod

phils, but not macrophages. Log-transformed serum IgM con-

BAL total cells 0.424 0.018*
centrations correlated weakly but significantly with BAL lym- BAL macrophages 0.254 0.168
phocytes. BAL RCE IgG did not correlate significantly with BAL lymphocytes 0.485 <0.01*
any BAL cellular parameters, although trends for weak corre- BAL neutrophils 0459  <0.01
lations with total cells and neutrophils were present. RCE Ighf9 (Serum 1M BAL total cells 0.306 0.005
correlated significantly with BAL total cells and neutrophils. In BAL macrophages 0273 0137
contrast to the weak to moderate correlations with serum and BAL lymphocytes 0.362 0.046*
BAL immunoglobulins, BAL total cells correlated strongly BAL neutrophils 0.256 0.164
with cell numbers recoverable from LALM & 19;r = 0.907, Log (RCE1gG+ 1)
p < 0.001). BAL total cells 0.329 0.071
BAL macrophages 0.260 0.158
BAL lymphocytes 0.224 0.225
Interstitial Cell Populations and in Vitro Immunoglobulin BAL neutrophils 0.340 0.062
Production Log (RCE IgM + 1)
BAL total cells 0.379 0.036*
Characteristics of cell populations derived from LALN, BAL macrophages 0.185 0.318
lung, and spleen are shown in Table 3. More cells were BAL lymphocytes 0.318 0.081
BAL neutrophils 0.463 <0.01*

recovered from LALN and lungs of silica-exposed rats than

LALN and lungs from either Ti@ or air-exposed rats. Expan

Note.RCE, relative coefficient of excretiom; = 31.

sion of LALN cell populations was largely due to an almost * Significant at a level op < 0.05.
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TABLE 3
Cell Populations Derived from LALN, Lung, and Spleen

Total Cells Mono/Mac Lymph PMN
Group (x10°% (x10° (X 10° (x10°
LALN Silica (n = 13) 141.7+ 99.0* 29+ 3.6 137.7+ 97.9* 0.378+ 0.610
TiO, (n = 12) 5.28+ 2.51 0.17+£ 0.23 5.09+ 2.36 0.0068+ 0.011
Air (n = 9) 5.39*+ 2.31 0.15+ 0.11 5.23+ 2.28 0.0052+ 0.009
Lung Silica (n= 8) 118.2+ 61.8* 55.4+ 29.4* 33.4+27.9 26.0+ 13.2*
TiO, (n = 5) 31.3+ 16.8 142+ 7.1 15.0+ 8.6 211+ 1.69
Air (n = 5) 31.2+7.0 145+ 5.0 14.6= 3.0 1.93+ 1.16
Spleen Silica (n= 13) 57.5+ 43.7 0.71+ 0.80 55.9+ 42.7 0.50+ 0.56
TiO, (n = 15) 48.7+ 38.2 0.49+ 0.58 47.0* 36.4 0.13+ 0.34 o
Air (n = 13) 53.6+ 27.7 0.55+ 0.69 52.3£ 27.9 0.31+ 0.43 %
=]
Note.Data expressed as meanstandard deviation. Mono/Mac, monocyte/macrophage; Lymph, lymphocyte; PMN, neutrophil; LALN, lung-associated Iymgh
node. Q
®
* Significantly different from TiQ and air groupsp < 0.05. e
o
3
differ for lymphocytes obtained from LALN or spleens of thesilica inhalation (Driscollet al., 1991). TiQ was used as a _g

three exposure groups (Fig. 6). IgG production pet Ldg control dust, because at relevant doses it is nonfibrogenic an
lymphocytes was significantly greater in the silica-exposédils to induce histopathological lesions such as those cause
group than in either the TiGexposed group or the air-exposedy quartz. In general, the TiGexposed group exhibited fea

group. Although a trend was noted for increased IgG produgires that were not significantly different from those of the
tion in the TiO-exposed group relative to the air-exposeir-exposed group. Where trends existed suggesting differ
group, this difference did not attain statistical significance. Iggnces between the Ti@nd air groups such as in RCE IgG and
production per 10silica-exposed lung lymphocytes was alsgcg IgM, changes in the TiOgroup were not nearly as great
significantly greater than IgG production per°®lfilica-ex 45 in the silica-exposed group. These findings suggest th

posed LALN or spleen lymphocytes (Fig. 6). changes in serum and BAL immunoglobulins in experimenta@
silicosis were due primarily to silica exposure and not simply
the result of pulmonary dust overload. <

In order to examine relationships between experimental sil-S IN human silica exposure or silicotic disease, this exper-3
icosis and dysregulated immunoglobulin production, we used@ental model is associated with elevated serum immuno;
rat model that has been reported as a good approximationdibulins after silica exposure with increases in 1gG more g
human silicosis (Abshest al., 1989: Mohet al., 1992). In this pronounced than increases in IgM (Detlal., 1981; Idekt al.,
model, rats develop silicotic changes in lung and lung-asso&R290; Karniket al., 1990; Niganet al., 1990; Nagaokat al.,
ated lymph nodes over a period of months after either quartz#93). Interestingly, serum IgG levels increased over time ing
cristobalite aerosol inhalation. Our data confirm the relevang$ three groups, but levels in the silica-exposed group wereg
of the model to human disease, both from the standpoint @¥nsistently higher. Parallel increases in serum IgG noted in al&
histopathological changes and from the standpoint of pulmiree groups appear to be maturational, as the rats used in this
nary extracellular matrix protein accumulation. study were young (approximately 70 days old) at the time ofg

A TiO, aerosol-exposed group was used to help differentiag@posure. Serum IgG concentrations in humans do not react
between dust overload phenomenon and effects specificatiult levels until about 2 years of age (van Loghem, 1978). They

R

o
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DISCUSSION

aseasid

TABLE 4
B Cells as a Percentage of Lymphocytes Derived from Organs of Silica-, TiO,-, or Air-Treated Rats

LALN (%) Lung (%) Spleen (%)
Silica 35.9+ 7.7 (n=12) 22.7+11.6 (n=7) 41.8+ 11.9 (n= 11)
TiO, 34.2+9.2 (n=9) 18.6+ 5.1 (n= 6) 37.7+ 9.8 (n= 14)
Air 36.3+59(n=7) 19.5* 4.7 (n= 6) 38.1* 8.8 (n= 10)

Note.Data expressed as meanstandard deviation. LALN, lung-associated lymph node.
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400 — Moderate to weak but significant correlations noted between
(] silica various BAL cellular components, serum IgG and IgM levels,

Tioz and BAL RCE IgG and IgM suggest mechanistic relationships

Alr between pulmonary inflammation, production of immunoglob-

% ulin reaching the systemic circulation, and local pulmonary

L 1 immunoglobulin levels. It has been suggested that local pul-

7§ % monary antibody production in silicosis is the result of com-

(Davis, 1986). A variety of cytokines with potential impact on
immunoglobulin production, including ILA4, TNF-«, IL-6,
TGF-B, interferony, and IL-10 have been reported to play
important roles in responses to intrapulmonary deposition of
silica (Davis, 1986; Garret al., 1997; Huauxet al., 1998;
Jagirdaret al., 1996; Piguegt al., 1990; Vanheet al., 1995;
Daviset al., 1998). A variety of cell types including alveolar
macrophages, epithelial cells, fibroblasts, and infiltrating in-o
flammatory cell types such as granulocytes and lymphocyte§
4 5 %& s Vow s Va8 have the potential to engage in cytokine networking within theZ
LALN LUNG SPLEEN lung after silica exposure, with attendant collateral effects ong
FIG. 5. In vitro IgM production by lymphocytes derived from LALN, B-cell function.
lung, or spleen of silica-, Ti®, or air-exposed rats. Similar levels of IgM  Evaluation of interstitial cell numbers and ability to produce
production per 10 lymphocytes occur in each exposure group. Data agnmunoglobulinsex vivosuggest LALN as a particularly im-
expressed as mean SEM. portant site for increased 1gG and IgM production in experi-
mental silicosis. The massive enlargement in LALN and

LALN cell numbers associated with silica exposure are con-

current data suggest that serum IgG concentrations in normagkent with other reports (Friedetzley al., 1998; Garret al.,
Fischer F344 rats continue to increase at least until the age of

7 months, as our animals were exposed at about 2 months of 4qq

% plex cytokine networking during pulmonary inflammation

40 L

In Vitro IgM Production (ng / 10° lymphocytes)

apeojumod

[pJoyx0°19SX0})/

ino

. *
age and serum IgG levels monitored for another 5 months. ]:, silica L#

>

D

o

o

a

=4

Immunoglobulin determinations in BAL fluid also paralleled __ Tio? &

those reported in human BAL specimens from silica-exposeQ Air z

granite workers (Calhouet al., 1986) and silicosis resulting § 2

from a variety of occupational exposures (Lusuaedial., & e

1990). The main difference between this model and reporte# )

. . . . . o n

findings in human BAL was the greater magnitude of increase L% % a3

in BAL 1gG and IgM noted in the model system. Differencesg é 3

between the silica-exposed rats and the two control grougs 40 7 9

were far more marked than differences reported between silicg l %

exposed humans and controls (Calhatral., 1986; Lusuardi 8 P

et al., 1990). Several factors might have contributed to thig 2

difference from human findings, such as species differences, s

age at exposure, and severity of disease. Increased RCE | ©

and RCE IgM in BAL of silica-exposed animals relative to thes §

two control groups suggests that local production contributed o

to increased BAL IgG and IgM in the silica-exposed group. 4 5 /f/k 4 /é& 5 //é

However, RCE values alone cannot prove the presence of local LALN LUNG SPLEEN

production. Other possibilities, such as impaired clearancg:g. 6. in vitro IgG production by lymphocytes derived from LALN,
from the alveolar space of immunoglobulin reaching the lungnhg, or spleen of silica-, Ti@, or air-exposed rats. 1gG production by
by passive diffusion, cannot be ruled out. Indeed, significasilica-exposed lung lymphocytes is significantly increased relative to- M
elevations in BAL albumin levels in the silica group documelﬂir-exposed lung lymphocytes, and relative to silica-exposed LALN and

. L plenic lymphocytes. Number at the base of each bar denotes number of
increased pulmonary vascular permeability and suggest t@ﬂferiments. Data are expressed as megBEM; * silica lung data> TiO,

some proportion of BAL immunoglobulin reached the lung bynq air lung datap < 0.05;* silica lung data> silica LALN and spleen data;
passive transudation from blood (Burnett, 1986). p < 0.05.
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1997). Furthermore, increases in total number, but not relati®ernett, D. (1986). Immunoglobulins in the lunghorax41, 337-344.
proportion, of LALN B lymphocytes are also consistent witlCalhoun, W. J., Christman, J. W., Ershler, W. B., Graham, W. G. B., and
previous reports (Friedetzlgt al., 1998). In the current study, Davis, G. S. (19_86). Raised immu_noglobulin concentrations in bronchoal-
silica-exposed LALN lymphocyte populations outnumbered veolar lavage fluid of healthy granite workefchorax41, 266-273.

those of the control groups by approximately 35 times. T}Rﬁvis‘ G. S. (1986). Pathogenesis of silicosis: Current concepts and hypothe-
ability of silica-exposed LALN to produce Ig@x vivoon a Se,s'l‘ung 164, %39_154' )

per-cell basis was similar to that of the control groups. ThiViS: G- S., Pfeiffer, L. M., and Hemenway, D. R. (1998). Persistent over-

. . . . expression of interleukin-1 beta and tumor necrosis factor-alpha in murine
suggests an approximately 35-fold increase in potential for 19Ggjjicosis.J. Environ. Pathol. Toxicol. Oncol.7, 99—114.

prOdUCtIOI’l by ,LALN _‘?f the Slllca_eXposed group vivo. . Doll, N. J., Stankus, R. P., Hughes, J., Weill, H., Gupta, R. C., Rodriguez, M.,
Pulmonary interstitial lymphocyte numbers were also in- jones, R. N., Alspaugh, M. A., and Salvaggio, J. E. (1981). Immune

creased in silica-exposed animals relative to controls by aboutomplexes and autoantibodies in silicosis.Allergy Clin. Immunol 68,

2-fold, but this difference was not nearly as marked as in281-285.

LALN and not enough to attain statistical significance. Unlik@riscoll, K. E., Lindenschmidt, R. C., Maurer, J. K., Perkins, L., Perkins, M.,

LALN, increased specific activity for IgG production by lung a_nd.Higgins. J. (1991). Pulmonary response to inhaled silica or titanium

lymphocytes from silica-exposed rats was noted, despite sim30Xde- Toxicol. Appl. Pharmacoll11, 201-210.

ilar pI’OpOI’tiOﬂS of B cells among Iung Iymphocytes deriveﬁreedman, R. W., Toma, S. Z., and Lang, H. W. (1974). On filter analysis of

; . . . quartz in respirable coal dust by infrared absorption and x-ray diffraction.
from the three groups. A potential explanation might be in-, " & Hyg. Assoc. B5, 411-418.

Creas?d terminal dlfferentla'tlon of S|I|ca-expose.d. lung Iymphef’iedetzky, A., Garn, H., Kirchner, A., and Gemsa, D. (1998). Histopatholog-
cytes |.nto plasma (?e”S= which are the most efficient produc'er$ca| changes in enlarged thoracic lymph nodes during the development
of antibody. In this regard, plasma cells have a paracrinssilicosis in ratsimmunobiology199, 119-132.

dependence on IL-6 (Henderson and Calame, 1998) for whighn, H., Friedetzky, A., Davis, G. S., Hemenway, D. R., and Gemsa, D.%
increased gene expression occurs in the lungs in experiment&l997). T-lymphocyte activation in the enlarged thoracic lymph nodes of =
silicosis (Piguetet al., 1990). rats with silicosisAm. J. Respir. Cell Mol. Biol16, 309-316.

In summary, we have used a well-characterized rat modelttgnderson, A., and Calame, K. (1998). Transcriptional regulation during B
experimental silicosis to investigate altered immunoglobulincell developmentAnn. Rev. Immunoll6, 163-200.
levels in this disease. Increases in serum and BAL IgG ahdaux, F., Louahed, J., Hudspith, B., Meredith, C., Delos, M., Renauld, J. C..3
IgM mirror those seen in human disease Lung inflammation a§”d Lison, D. (1998). Role of interleukin-10 in the lung response to silica in &

L . mice. Am. J. Respir. Cell Mol. Biol18, 51-59.
measured by BAL appears related to the increased immuno-

G]
globulin levels present in serum and BAL. The most importa#‘ﬁel’ H., Seemayer, N. H., and Prugger, F. (1990). Autoimmunity phenomenag
) and alterations of humoral immunological responses in silicotic patients. In()

site of increased antibody production appears to be |ungyy international Pneumoconiosis Conference, Pittsburgh, 1988, Pub. No.%

—
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associated lymph node, although the data support increasesh-108 Part II, pp. 1455-1458. DHHS (NIOSH), Cincinnati, OH. @
antibody production in the lung as well. Jagirdar, J., Begin, R., Dufresne, A., Goswami, S., Lee, T. C., and Rom, W. Ny
(1996). Transforming growth factor-beta (TGF-beta) in silicogis. J. )
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