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IgG Subclass Responses in Experimental Silicosis

David N. Weissman,! Ann F. Hubbs,” Shu-Hai Huang,? Charles F. Stanley,”

Yongyut Rojanasakul? &3 Joseph K. H. Ma’

Silicosis is a crippling fibrotic lung disease induced by inhaling crystalline silica.
In addition to fibrosis, silica inhalation by humans is associated with a number
of immunological effects including increased levels of serum immunoglobulins
(in particular IgG), increased prevalence of autoantibodies, and autoimmune dis-
case. Recent studies using rodent models have shown that experimental silicosis
is associated with a T-helper (Tw)1 pattern of T-cell activation in the lungs and
lung-associated lymph nodes after silica inhalation, which are also the sites of in-
creased IgG production. We therefore hypothesized that the subclass distribu-
tion of IgG production occurring in experimental silicosis would suggest Ty11 ac-
tivation as the primary stimulus for IgG production. Using an ELISPOT assay,
we found increased IgG-secreting spot-forming cells of all IgG subctasses in lung-
associated lymph nodes taken from silica-exposed rats 3 to 4 months after aerosol
exposure to silica. Neither Ty1- nor Th2-dependent IgG subclass-secreting cells
were selectively enhanced. Our findings suggest that T 1 activation alonc does

not account for increased production of IgG in experimental silicosts.
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Introduction

Silicosis is a crippling lung disease induced by in-
halation of crystalline silica.! Chronie silicosis de-
velops over a period of years, as retained intrapul-
monary crystalline silica induces a sequence of events
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including inflammation, production and deposition
of extracellular matrix proteins, and, ultimately, end-
stage pulmonary fibrosis.*** Stimulation of macro-
phages by silica and subsequent cytokine network-
ing between macrophages, lymphocytes, neutrophils,
fibroblasts, and potentially other cell types is an im-
portant mechanism for fibroblast stimulation and the
development of pulmonary fibrosis.>-

An additional likely result of silica-induced cy-
tokine networking not necessarily underlying fibro-
sis 1s immune dysfunction, both systemic and in the
lung.*? Clinical manifestations of immunologic dys-
function associated with chronic silicosis include
autoimmune diseases, such as progressive systemic
sclerosis, increased prevalence of autoantibodies, and
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increased susceptibility to pulmonary mycobacterial
infections, such as tuberculosis.

A proposed mechanism for silica-associated im-
mune dysfunction is induction of a T-helper (Ty)1
pattern of lymphocyte activation within the lungs and
lung-associated lymph nodes (LALN).20-2 Tyl
lymphocyte activation has been documented in the
lungs and LALN of silica-exposed mice!®*! and in
the LALN of silica-exposed rats.!< In mice, intra-
pulmonary transcription and translation of the Tyl
cytokine interferon (JFN)-v is increased in experi-
mental silicosis. In rats, experimental silicosis leads
to increased transcription and translation of IFN-y
within LALN, while transcription and translation of
the T2 cytokine IL-10 is decreased.

In addition to T-lymphocyte activation, experi-
mental silicosis in rats is also associated with B lym-
phocyte activation that is characterized by increased
production of immunoglobulin, particularly IgG,
within the Jungs and LALN." T-cell activation po-
tentially underlies B-cell activation and IgG pro-
duction, as T cells and their cyrokines profoundly
affect both level and subclass diseribution of IgG
production by B cells.**!* Cytokines regulate the
distribution of IgG subclass production by selec-
tively inducing transcriptional activation of the
constant heavy (Cry) genes encoding particular sub-
class Cy regions. Cy gene activation in turn makes
switch regions accessible to switch recombinases. In
the mouse, the Tyl cytokine IFN-y preferentially
induces production of IgG2a and, under certain
conditions, IgG3 by B cells. The Ty2 eytokine 1L-
4 preferentially induces production of IgG1 and
IgE.** The situation in the rat is less well charac-
terized, but available data are consistent with Tl
and T2 cells supporting different patterns of rat
IgG subclass production. 67

On the basis of these considerations, the major hy-
pothesis underlying this study was that inhalation of
crystalline sitica would initiate a scquence of events
leading not only to fibrosis, but also to immune dys-
function. Furthermore, that the subclass distribution
of 1gG response induced by experimental silicosis
would be compatible with a Th1 pattern of T-cell ac-
tivation. Qur findings showed increased serum I[gG
and increased secretion of IgG by cells from LAELN
and lungs in experimental silicosis. However, the pat~
tern of IgG subclass production observed by us could
not be accounted for solely by T;1 activation.
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Materials and Methods
Animals

Male Fischer F344 rats were purchased from Charles
River Laboratories, Wilmington, MA, USA. Rars
weighed 150-175 g upon arrival and were housed in
filter-topped polycarbonate cages and kept in
HEPA-filtered laminar flow animal isolators. Ani-
mals were allowed food and water ad libitum and
held for 2 weeks prior to use. All protocols involv-
ing the use of animals were approved by the West
Virginia University Institutional Animal Care and
Use Committee.

Aerasol Exposures

Exposures were conducted as reported for a well
documented experimental model of silicosis,** The
model was specifically chosen for its ability to repro-
duce the pulmonary manifestations of human silico-
sis. Rats were exposed to aerosols of either oi-quartz
(Min-U-511 «5; US Silica Products, Berkeley Springs,
WYV, USA) or diluent air 5 hours per day for 8 days
(Tuesday-Friday, then Monday-Thursday). Expo-
sures were performed in horizontal flow chambers and
dusts were aerosolized using a TSI 9310 fluidized bed
aerosol generator {TSY, St. Paul, MN, USA).18 The
exposure systern generated silica aerosols at a con-
centration of 39 mg/m?. Evaluation of the aerosol by
cascade impactor documented that the mass median
aerodynamic diameter (MIMAD) of silica was 0.95
pm, with a geometric standard deviation of 1.7 pm.

Experimental Protocol

In general, responses to experimental silicosis were
documented using two-way comparisons of findings
in the silica- and air-exposed groups. Animals were
evaluated at 3 to 4 months after exposure, a time in-
terval after exposure to silica known to be associated
with increased levels of serum IgG.!* Induction of
pulmonary inflammation was documented by eval-
uation of inflammatory parameters in bronchoalve-
olar lavage (BAL). Serum IgG response was docu-
mented by ELISA. Anatomic and subclass distribu-
tions of IgG-secreting cells after exposure to silica
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was documnented using an ELISPOT assay that enu-
merated cells making various IgG subclasses as IgG
subclass spot-forming cells (SFC).1° SFC were meas-
ured in the Jung, LALN, and spleen.

Samples and Cell Populations

Rats were sacrificed by i.p. injection of Ketamine/Xy-
lazine followed by cardiac exsanguination. Blood was
saved and serum prepared from clotted blood. For
each rat, two parathymic lymph nodes (referred to
here as LALN and llustrated in Bice et al.2%) were
identified, removed, and placed together in cold
RPMI 1640 supplemented with 25 mM HEPES, 50
pg/mL gentamycin and 2 mM L-glutamine (RPMI,
Gibco, Grand Island, NY, USA). Lymph node cell
populations were obtained by passing the lymph
nodes through a dounce tissue homogenizer, Re-
sulting cell suspensions were pelleted by centrifu-
gation at 500x g for 10 minutes at 4 °C, washed
twice in RPMI, and suspended in RPMI contain-
ing 10% heat-inactivated fetal calf serum (CRPMI,
HyClone Laboratories, Logan, UT, USA).

Lungs were perfused with normal saline via the
right ventricular outflow tract until oligemic. Ani-
mals were further exsanguinated by transection of
the aorta. Bronchoalveolar lavage was performed by
tracheal cannulation, followed by infusion of 5 mL
normal saline and recovery by gentle suction. Five
such aliquots were instilled and recovered. Lavage
fluid recovered from each rat was centrifuged (500x
g for 10 min), and the resulting cell pellet was re-
suspended in RPMI for determination of differen-
tial cell counts.

For animals used to measure pulmonary SFC,
BAL was not performed. Instead, left lungs were re-
moved, dissected free of major airway, rinsed with
normal saline to remove residual blood, and finely
minced in cold RPMI. Lung mince was dissociated
into a cell suspension by passage through a stainless
steel screen (Cellector, 100 mesh; Thomas Scientific,
Swedesboro, NJ, USA). Cells were pelleted by cen-
trifugation and washed twice in RPMI. Pulmonary
interstitial cells were enriched for mononuclear cells
by density gradient centrifugation (Histopaque-
1083; Sigma Diagnostics, St. Louis, MO, USA).
Cells at the gradient interface were harvested, washed

twice in RPMI, and then suspended in CRPML.
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Spleen cell suspensions were made by pressing
spleens between two microscope slides in a Petri
dish filled with cold RPMI, and then suspending the
cells released by repeated aspiration through a sterile
Pasteur pipettc. The resulting cell suspension was pel-
leted by centrifugation and then washed twice in
RPMI. Splenic mononuclear cells were separated
from contaminants such as red blood cells by density
gradient centrifugation (Histopaque-1083, Sigma).
Cells at the gradient interface were harvested, washed
twice in RPMI, and then suspended in CRPMI.

Cell populations were enumerated using a Coul-
ter Counter. Cell differentials were performed by
counting cells on cytocentrifuge preparations stained
with Diff-Quik”™ (American Scientific Products,
McGaw Park IL, USA). Cell viabilities were deter-
mined by trypan blue exclusion.

Measurement of Serum IgG

IgG levels were measured in serum using a sandwich
enzyme-linked immunosorbent assay (ELISA). Goat
anti-rat IgG (1 pg/mL; Kirkegaard & Perry Labo-
ratories, Gaithersburg, MD, USA) was used as a cap-
ture antibody. Standards were prepared from rat IgG
(Sigma). Goat anti-rat IgG peroxidase conjugate di-
luted 1:250 in PBS/BSA (Kirkegaard & Perry) was
used as a detecting antibody. The chromogenic sub-
strate used was 2,2'-azino-di[3-ethyl-benzthiazoline
sulfonate] (ABTS; Kirkegaard & Perry). Color de-
velopment was measured using an automated ELISA
plate reader at a wavelength of 405 nm (Bio-tek In~
struments, Winooski, VT, USA) and immunoglob-
ulin concentrations determined by comparison of
sample color development to standard curves (Ki-
neticalc, Bio-tek).

Quantification of B Cells

B-lymphocyte subpopulations of cells obtained from
LALN were quantified by flow cytometry (FAC-
Scan, Becton Dickinson, San Jose, CA, USA). Im-~
munofluorescence staining was performed using a
fluorcscein isothiocyanate (FITC)-conjugated mon-
oclonal antibody (Clone OX-33; Pharmingen, San
Diego, CA, USA). Lymphocyte populations were
identified by forward and side scatter and percent
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lymphocytes binding the monoclonal antibody by
fluorescence intensity. Gate settings for analysis of
fluorescence intensity were determined using cells
stained with an irrelevant FITC-conjugated mono-
clonal antibody (Pharmingen).

Measurement of IgG-Secreting Cells by ELL sePor

Assays were performed in nitrocellulose-bottomed
Mitlititer-HA plates (Millipore, Bedford, MA,
USA). The following capture antibodies were used:
goat antirat IgG (for [gG-SFC; Kirkegaard & Perry);
mouse monoclonal antirat IgG1 (for IgG1-SPF,
clone R(G11/39.4), 1aG2a (for 1g(G2a-SPF, clone
RG7/1.30), or IgG2b (for IgG2b-SPF; clone
RG7/11.1) (al! from Pharmingen); or mouse mono-
clonal antirat IgG2e¢ (for IgG2¢-SPF; clone
MARG2C-3) (Sigma). Plates were coated with cap-
ture antibodies diluted in Hank's balanced salt solu-
tion (HBSS), 100 pL/well, 4 °C, overnight. Next,
plates were emptied and washed three times with
HBSS and blocked with CRPMI, 100 pL/well,
37 °C, for 30 minutes. Wells were emptied and 100
ul. cell suspension in CRPMI was added to each
well. For IgG and each of the IgG subclasses, du-
plicate cultures were performed using each of the fol-
lowing number of cells per welk: 2 x 105, 109, 5 x 104,
and 10* Culture plates were incubated at 37 °C, 5%
CO; for 4 hours. Cell suspensions were removed, the
plates washed three times with PBS/Tween, and the
membrane at the bottom of each plate was blotted
dry. To visualize spots created on the membrane by
individual IgG-secreting cells, plates were incubated
with goat antirat Ig(G-alkaline phosphatase conjugate
(Southern Biotechnology Associates, Bitmingham,

AL, USA), washed, and then incubated with the
chromogenic substrate 5-bromo-4-chloro-3-indolyl
phosphate/-nitroblue tetrazolium salt (BCIP/ NBT,
Kirkegaard & Perry). Color development was
watched and when spots were sufficiently developed,
the plate was washed with water and allowed to dry.
Spots were counted using a dissecting microscope
and the results were expressed as SFC/10% cells.

Statistics

Results are expressed as means # standard errors ex-
cept where indicated. Two-way comparisons be-
tween silica-exposed and air-exposed groups were
performed using unpaired ¢ tests for normally
distributed data or Mann-Whitney rank sum tests
for data that were not normally distributed (Sigma-
stat statistical software, SPSS, Chicago, IL, USA).
Differences were considered significantly different at
a level of p < 0.05.

Results

Cell Populations Recovered After Silica or
Air Exposure

Silica exposure markedly affected cell recoveries
from lung and LALN, but not spleen (Table 1).
LALN were especially affected. They were markedly
enlarged and total cell recovery from LALN was in-
creased almost 32-fold. In all cases, greater than 98%
of LALN cells were lymphocytes. Silica exposure af-
fected the relative percentage of LALN cells that
wete B cells. The percentage of LALN B cells in-

TABLE 1. Impact of Silica Exposure on Cell Recoveries®

BAL Lung LALN Spleen
Air 13202 3707 74215 5428
Silica 22.0x3.00 1262240 236 2 18" 5129

Note: BAL, bronchoalveolar lavage; LALN, lung-associated lymph node. Values

are x10°,
* n =5 per group for all comparisons,

b Silica and air groups different, <0.05.
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creased significantly, from 16.4% * 2.3% in air-
exposed rats to 28.5% * 1.2% in silica~exposed rats.

Silica exposure also affected the numbers and
types of cells recovered from the lungs (Tables 1-3).
BAL cells increased 17-fold, with an increased rel-
ative percentage of neutrophils and a decreased rel-
ative percentage of alveolar macrophages. How-
ever, because of the marked increase in the total
numbers of cells recovered, the total numbers of
alveolar macrophages, lymphocytes, and neutrophils
were all significantly increased in BAL in the silica-
exposed animals.

Silica exposure markedly affected the number
and type of cells recovered from lung tissue after en-
zymatic digestion and density gradient centrifuga-
tion. The total number of cells recovered were in-
creased 3.4~fold relative to saline controls (Table 1).
Silica exposure was associated with an increased rel-
ative percentage of neutrophils, which came at the
expense of a decreased relative proportion of lym-
phocytes (Table 3). However, because of the in-
crease in the total number of cells recovered, the to-
tal number of all cell types recovered were signifi-
cantly increased after silica exposure.

TABLE 2. Impact of Silica Exposure on BAL

Cell Difterentials
AM (%)  Lymph(%)  PMN (%)
Air 88.4+1.3 113212 032041
Silica 18.8 = 0.9* B.6+15 72.6 £1.9

Note: AM, alveolar macrophage; Lymph, lymphocytes; PMN,
polymorphonuclear cells (reutrophils).
* Silica and air groups different, p < 0.05.

TABLE 3. Impact of Silica Exposure on Lung

Mince Cell Differentials

MAC (%) Lymph (%) PMN (56)
Air 52.9:+3.2 459+ 35 1207
Silica 50.3 £ 2.2 19.1:1.9* 304+ 1.7

Note: MAC, macrophages; lymph, lymphocytes; FMN,
polymorphenuclear cells {(neutrophils).
A Silica and air groups different, p < 0.05.
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FIGURE1. Serum IgG concentrations in silica- and air-
exposed rats sacrificed 3—4 months after exposure. Each
bar represents mean + SEM of 15 experiments. *Silica and
air groups different (p < 0.05).

IgG and IgG Subclass Responses to Silica or
Air Exposure

Silica exposure was associated with a significant in-
crease in serum IgG concentrations (Fig. 1). IgG-
SFC were significantly increased in both LALN and
lung cell populations of silica-exposed animals (Figs.
2 and 3). IgG-SFC were increased 24-foldin LALN
cells (which were >98% lymphocytes) and 22-fold
when normalized to lung lymphocytes.
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FIGURE 2. IgG and IgG subclass spot-forming cells
(SFC) in lung-associated lymph node (LALN] cell popu-
lations of silica- and air-exposed rats sacrificed 34 months
after exposure, Each bar represents mean £ SEM of five ex-
periments, *Silica and air groups different (p < 0.05).
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FIGURE 3. IgG spot-forming cells (SFC) in lung in-
terstitial cell populations of silica- and air-exposed rats sac-
rificed 3-4 months after exposure. Each bar represents
mean + SEM of five experiments. “Silica and air groups

different (p < 0.05).

SFC numbers for each of the IgG subclasses
were significantly greater in LALN from silica-
exposed than air-exposed animals (Fig. 2). IgG1-
SFC were increased 18-fold; IgG2a-SFC, 10-fold;
1gG2b-SFC, 28-fold; and IgG2c-SFC, 8-fold.

In contrast to lung and LALN, no significant in-
creases in IgG-SFC or IgG subclass-SFC were
noted in spleen-cell populations from silica-exposed
rats (Fig. 4).
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FIGURE 4. IgG and IgG subclass spot-forming cells
(SFC) in spleen cell populations of silica- and air-exposed
rats sacrificed 3—4 months after exposure. Each bar rep-
resents mean + SEM of fiveexperiments. *Silica and air
groups different (p < 0.05).
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Discussion

In order to examine the relationships between ex-
perimental silicosis and dysregulated immunoglobu-
lin production, we used a rat model that has been doc-
umented to be a good approximation of human sili-
cosis. 2222 In this model, rats develop silicotic changes
in lung and LALN over a period of months after ei-
ther quartz or cristobalite aerosol inhalation. We
have previously reported that the model is also asso-
ciated with elevations in serum IgG, which is a
prominent feature of immune dysregulation occurring
in humans exposed to silica.*3 The current study con-
firms these findings, as silica-exposed rats exhibited
significant increases in both serum IgG and IgG-SFC
per 10* LALN and lung cells. The increase in total
IgG-SFCs per LALN was especially impressive, as
there was a 24-fold increase per 10* LALN cells and
a 32-fold increase in total LALN cells, suggesting a
768-fold increase in IgG-SFC per LALN.

In humans, mice, and rats, toral IgG can be di-
vided into 4 subclasses. Nomenclature used to de-
scribe these subclasses can be misleading, because
names used to describe the subclasses do not imply
any sort of homology in structure or function with
other species. The pattern of IgG subclass produc-
tion in each of these species is influenced by T cells
and their cytokines. Based on differing patterns of
cytokine secretion, two types of Tiyuype, cell subsets
have been identified: Ty1 and T2.23 Ty1—but not
Tr2—cells produce IL-2, IFN~y, and lymphotoxin
{TNF-B). Ty2—but not Tgyl—cells produce IL-4,
IL-5, IL-6, and IL-10. In humans, IL-4 supports
production of IgE and IgG4; IL-10 may act as a
switch factor for Ig(s1 and Ig(3; and IFN-y sup-
ports IgG2 production. 1324 In mice, IL-4 supports
production of IgG1 and IgE, while II'N-y supports
production of IgG2a and IgG3.1%

The effects of Tyl and T2 responses on B-cell
class switching and production of the various IgG sub-
classes in rats is less well characterized than in humans
or mice.'®?7 As already noted, the names of the four
rat IgG subclasses (IgG1, IgG2a, IgG2b, and IgG2c)
do not imply any sort of homology with the four IgG
subclasses of mice (IgG1, IgG2a, 1gG2b, IgG3). On
the basis of patterns of antigen responsiveness, it has
been proposed that mouse IgG1 correlates with rat
IgG2a, mouse IgG2(a+b) correlates with rat IgG2b,
and mouse IgG3 correlates with rat IgG2c.%
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Rat IgG1 does not have a pattern of antigen re-
sponsiveness correlating with any of the murine IgG
subclasses.?® However, published data strongly sug-
gest that production of rat IgG1 is supported by T2
responses and suppressed by Ty1 responses. In one
report, IL-12 treatment in vivo, which promotes Ty1
responses and suppresses T2 responses, suppressed
IgG1 alloantibody responses to blood transfusion.
Furthermore, treatment of recipient rats with neu-
tralizing anti-IFN-y antibody abrogated suppression
of IgG1 responses.!? In another report, treatment of
rats with IL-10 in vivo, which promotes T2 re-
sponses and suppresses Tr1 responses, upregulated
IgG1 antibody responses to bovine peripheral nerve
myelin in 2 model of experimental autoimmune neu-
ritis (EAN).?® Thus, current evidence strongly sug-
gests that production of IgG1 in the rat depends
upon TH2 activation. We found an 18-fold increase
in IgG1-SFC per 10* LALN cells in silica-exposed
rats, suggesting increased T2 effect in vivo.

As already noted, rat IgG2a has been proposed to
correlate with mouse IgG1.2° Because mouse IgG1
production is supported by T2 cells and cytokines,
by analogy one might expect rat IgG2a to be simi-
larly regulated. However, current evidence suggests
that regulation of rat IgG2a production is more
complicated, requiring both IL-4 and IFN-y for
optimal production of Ig(G2a to occur. Requirement
for IL~-4 is suggested by in vitro studies where LPS
plus IL-4 was able to reconstitute IgG2a production
by B cells derived from T cell-immunodeficient
rats.2¢ Requirement for IFN-y is suggested by ex-
periments showing that in vivo treatment with neu-
tralizing anti-IFN-y antibody decreases Ig(G2a al-
loantibody responses to blood transfusion.!” Fur-
thermore, in 2 model of EAN, treatment with 1L-10
decreases Ig(G2a responses to bovine peripheral nerve
myelin.'® We found that IgG2a-SFC from the
LALN of silica-exposed rats were increased 10-
fold, a situation compatible with the presence of both
IL-4 and IFN-y sufficient for increased production
of this IgG subclass.

Rat IgG2b and IgG2c production appear to be
preferentially supported by Tyl cells and IFN-y.
Treatment with IL-12 has been found to markedly
increase IgG2b and IgG2c alloantibody responses to
blood transfusion.!? In the case of IgG2b, treatment
with neutralizing anti-IFN-y antibody partially
blocked the IL-12 effect. In the case of IgG2c, treat-
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ment with neutralizing anti-IFN-y antibody com-
pletely blocked the IL-12 effect. In the current study,
we found a 28-fold increase in IgG2b-SFC and an
8-fold increase in IgG2¢-SFC per 104 LALN cells,
suggesting induction of a Ty1 effect in vivo.

Conclusions

In summary, the current study confirms the pres-
ence of increased serum IgG in experimental sili-
cosis and is consistent with LALN and lung as sites
for increased IgG production. Furthermore, the
pattern of IgG subclass production occurring in
LALN of silica-exposed animals does not suggest
that increased IgG production is the result of only
Tw1 or Ty2 lymphocyte activation. Instead, the
pattern of IgG subclass production is consistent ei-
ther with activation of both Tl and T2 re-
sponses; or induction of responses such as cytokine
networking that augment production of both Ty 1-
and Ty2-dependent IgG subclasses by B cells; or
both. In this regard, a number of cytokines that can~
not be categorized by the Tyl or T2 scheme but
can markedly affect immunoglobulin production by
B cells {such as [L-1B, TNF-q, IL-6, and TGF-J)
are important participants in the cytokine net-
working induced by silicosis.5-827-30
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