
IL-12 Modulates Expression of Hypersensitivity Pneumonitis1

Gunnar Gudmundsson,2 Martha M. Monick, and Gary W. Hunninghake

Hypersensitivity pneumonitis (HP) is a granulomatous, inflammatory lung disease caused by inhalation of organic Ags, most
commonly thermophilic actinomycetes. Only a minority of individuals exposed to these Ags develops disease, suggesting that host
factors are important for the expression of HP. We compared the expression of HP in a sensitive strain of mice, C57BL/6, and in
a resistant strain of mice, DBA/2. They were exposed to the thermophilic bacteriaSaccharopolyspora rectivirgula(SR) or to saline
alone for 3 consecutive days/week for 3 wk. After exposure to Ag, C57BL/6 mice, but not DBA/2 mice, developed granulomatous
inflammation with an increase in lung index (lung weight). Both strains had similar amounts of Ag delivered to the lungs after
intranasal installation, as determined with 14C-labeled Ag. Both also had similar increases in total bronchoalveolar cells after Ag
exposure, but the C57BL/6 mice had more lymphocytes. Compared with the resistant strain, the sensitive strain had a significantly
greater Ag-induced increase in IL-12 and IFN-g gene expression. DBA/2 mice resembled sensitive, C57BL/6 mice if they received
IL-12 augmentation therapy at the time of Ag exposure. These findings were not limited to lung, since both unstimulated and
SR-stimulated spleen cells from C57BL/6 mice released significantly more IL-12 than cells from DBA/2 mice. However, spleen cells
from DBA/2 mice made more IFN-g when exposed to IL-12, than cells from C57BL/6 mice. These results suggest that the IL-12
response to Ag may modulate in part the expression of HP. The Journal of Immunology,1998, 161: 991–999.

H ypersensitivity pneumonitis (HP)3 is a syndrome caused
by repeated inhalation of and sensitization to an organic
Ag (1–6). The most common Ags are thermophilic ac-

tinomycetes that cause farmer’s lung disease, but multiple other
organic Ags can cause HP (1). There is widespread exposure to
these Ags, but the number of individuals who develop the disease
is relatively low. It has been estimated that between 5 and 15% of
an exposed population will develop HP (2). This observation
strongly suggests that host factors are important in the expression of
clinical disease. The reason for individual sensitivity is unknown.

In prior studies, we used a well-described murine model to study
HP. In this model, mice exposed to the actinomycete,Sacchar-
opolyspora rectivirgula(SR; previously namedMicropolyspora
faeniandFaeni rectivirgula), via nasal inhalation, develop diffuse
bronchoalveolitis and form granulomas in the lung (7,34). Using
this model, we evaluated the role of IL-10 in modulating the effect
of the proinflammatory cytokines, IFN-g, IL-1, and TNF. Mice
that could not produce IL-10 had more severe inflammatory
changes in the lung than wild-type littermates, and they exhibited
increased Ag-induced expression of the IFN-g, IL-1, and TNF

genes. When IL-10 was replaced, IL-10 knockout mice resembled
their wild-type littermates (34). In another study, using IFN-g
knockout mice (GKO), we showed that IFN-g is necessary for
granuloma formation in HP. The GKO mice did not develop the
granulomatous inflammation. Replacement of IFN-g in the GKO
mice resulted in expression of HP in lung similar to that in wild-
type littermates (7). The observations of these studies suggested
that expression of a Th1-type immune response might determine
the clinical expression of HP.

To further evaluate factors that might determine the expression
of a Th1-type immune response and expression of lung disease in
HP, we took advantage of prior studies that showed that various
strains of mice have differences in susceptibility to developing HP
(8–11). C57BL/6 mice are sensitive and DBA/2 mice are resistant
to developing HP. Our hypothesis for these studies was that these
mouse strains differ in their expression of one or more Th1-type
cytokines in response to inhaled Ag and that this determines in part
the expression of HP. We confirmed that, compared with resistant
mice, a sensitive strain develops a more severe granulomatous in-
flammatory response in the lung with higher lung weights. The
sensitive mice also express increased amounts of lung IL-12 and
IFN-g mRNA. Associated with these changes, they exhibit more
lung TGF-b, collagen I, and fibronectin mRNAs and greater
amounts of lung hydroxyproline. When given augmentation ther-
apy with IL-12, the resistant mice resemble sensitive mice. The
strain differences observed in these mice were not limited to lung,
since spleen cells from sensitive mice make more IL-12 than cells
from the resistant mice, but DBA/2 mice make more IFN-g when
stimulated with IL-12. These observations suggest that the IL-12
response to Ag determines in part the expression of HP in this
murine model.

Materials and Methods
Animals

C57BL/6 and DBA/2 mice were purchased from Harlan Sprague-Dawley
Laboratories (Indianapolis, IN). Female mice, weighing 18 to 24 g, were
used for these studies. They were housed in an Ag-free and virus-free
environment at the University of Iowa Animal Care Unit and maintained
on standard mouse chow and water ad libitum. All animal care and housing
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requirements set forth by the National Institutes of Health Committee on
Care and Use of Laboratory Animal Resources were followed, and animal
protocols were reviewed and approved by the Institutional Animal Care
and Use Committee.

Antigen

Ag was prepared from a strain of SR obtained from American Type Culture
Collection (catalogue no. 29034, Rockville, MD). It was grown in a tryp-
ticase soy broth in a 55°C shaking incubator for 4 days, centrifuged, and
rinsed with distilled water three times. It was then homogenized and ly-
ophilized. Ag was resuspended in pyrogen-free saline. A limulus amebo-
cyte lysate assay from Sigma (St. Louis, MO) showed that this material
was endotoxin free. Ag was also prepared, as described above, and grown
in medium containing14C-labeled amino acids (DuPont-New England Nu-
clear Research Products, Boston, MA).

Induction of HP

HP was induced by installing 30mg of SR Ag in saline, intranasally, under
light anesthesia, as we previously described (7,34). The material was ap-
plied at the tip of the nose and inhaled involuntarily. This was performed
for 3 consecutive days/week for 3 wk. This dose of Ag and the timing of
exposures were chosen after preliminary studies showed that these methods
were optimal for distinguishing between sensitive and resistant strains. To
evaluate whether resistance to Ag was dose dependent, groups of mice
were also treated with 90mgof Ag. Mice were sacrificed by pentobarbital
injection at various time points after the last exposure.

Bronchoalveolar lavage

After death, a 20-gauge catheter was inserted into the trachea. Bronchoal-
veolar lavage (BAL) samples were obtained by washing the lungs with
three 1-ml aliquots of 0.9% saline. After centrifugation, BAL cell pellets
were washed and resuspended in HBSS, and total cell counts were enu-
merated using a Coulter counter (Coulter, Hialeah, FL). Cytospin prepa-
rations were fixed and stained using Diff-Quick staining (Baxter, McGaw
Park, IL). Differential cell counts were made on 200 cells using standard
morphologic criteria to identify the cells as neutrophils, eosinophils, lym-
phocytes, or macrophages (7).

Flow cytometry

Flow cytometry was performed with a Becton Dickinson FACScan (Bec-
ton Dickinson, San Jose, CA). CellQuest software (Becton Dickinson) was
used for acquisition and analysis of data. A bitmap gate was placed around
the lymphocyte population on the basis of forward and orthogonal light
scatter. Cells falling within the lymphocyte gate were then analyzed in a
FITC vs phycoerythrin dual parameter histogram, and percentages were
generated with quadrant statistics. FITC-conjugated rat anti-mouse CD4
Ab and phycoerythrin-conjugated rat anti-mouse CD8a Ab were obtained
from PharMingen (San Diego, CA). IgG isotype standards were also ob-
tained for controls.

Lung index (weight)

Lungs were removed, trimmed of extraneous tissue, rinsed, and weighed.
Lung indexes were calculated as described by Wilson et al. (8): lung in-
dex 5 [(lung weight/body weight)3 test animal]/[(lung weight/body
wight) 3 control animal].

Histologic evaluation

Lungs were perfused with 2% paraformaldehyde through the heart and
trachea and fixed in 2% paraformaldehyde-PBS. The sections were em-
bedded in paraffin, cut in 5-mm-thick sections, and stained with hematox-
ylin and eosin. The sections were evaluated by light microscopy. A histo-
logic score for each lung was determined according to the following
criteria: 05 no lung abnormality, 15 presence of inflammation and gran-
ulomas involving,10% of the lung parenchyma; 25 lesions involving 10
to 30% of the lung; 35 lesions involving 30 to 50% of the lung; and 45
lesions involving.50% of the lung (7). The slides were evaluated without
knowledge of the type of mouse or exposure to Ag. The area covered by
an eyepiece grid (0.993 0.99 mm using3100 magnification) was judged
to be normal or abnormal. An average of 200 fields were evaluated for each
mouse (7).

Northern analysis

Total lung RNA was prepared using the guanidine thiocyanate (GITC)
extraction and cesium chloride centrifugation method of Chirgwin et al.
(12), as modified by Maniatis et al. (13). The RNA was fractionated on a

1.5% agarose gels containing 2.2 M formaldehyde by the method of Le-
hrach and co-workers (14). The gels were stained with ethidium bromide
and destained overnight in 0.1% ammonium acetate to assess RNA integ-
rity and equivalent loading.Escherichia coli23S and 16S mRNA served as
standards. Subsequently, the RNA was transferred to GeneScreen Plus
(New England Nuclear, Boston, MA) following the manufacturer’s spec-
ifications and then UV cross-linked to the nylon membrane. Fixed mem-
branes were prehybridized for 12 to 24 h at 42°C in a solution of 50%
formamide, 1 M NaCl, 13 Denhardt’s solution, 0.05 M Tris (hydroxy-
methyl) aminomethane (Tris), 1% SDS, and 10% dextran sulfate. The
membranes were hybridized with fresh solution at 42°C with a32P-labeled
cDNA probes for murine TNF, IL-1, and IL-12, obtained from Clontech
(Palo Alto, CA). TGF-b1 probe was obtained from American Type Culture
Collection (Rockville, MD). Other probes were generously provided as
noted: murinea1(I) procollagen provided by Dr. Benoit deCrombrugghe
and rat fibronectin by Dr. Richard Hynes. Following hybridization, the
filters were washed twice at room temperature in 13 SSC, followed by two
rinses at 65°C in 13 SSC/1% SDS, and a final room temperature wash in
0.13 SSC. Hybridized membranes were then exposed to radiographic film.

RT-PCR

In prior studies (7), we noted that IFN-g mRNA cannot be detected in
mouse lung by Northern analysis. Thus, we used the method of RT-PCR to
detect this mRNA. Total lung RNA was prepared as described above. It
was then treated with DNase and reverse transcribed using murine Molo-
ney leukemia virus reverse transcriptase (MMLVRT) enzyme in a total
reaction volume of 50ml. PCR was performed on the resultant cDNA,
using primers specific for IFN-g (purchased from Clontech) and the PCR
products were analyzed on a 3% agarose gel and visualized with an
ethidium bromide stain. The PCR product was then transferred from the
agarose gel to a membrane, hybridized with the appropriate32P-labeled
cDNA probe, and analyzed following autoradiography.

Hydroxyproline studies

The total lung hydroxyproline was determined as previously described
(15). Briefly, lung was homogenized with cold TCA followed by hydro-
chloric acid. Chloramine-T was added, followed by perchloric acid and
p-dimethyl-aminobenzaldehyde. Color change was assessed by spectro-
photometry and compared with hydroxyproline standard.

IL-12 augmentation therapy

Recombinant murine IL-12 was purchased from Genzyme (Cambridge,
MA). It had a sp. act. of 53 105 U/mg. The material was diluted in PBS
with 1% BSA. Groups of DBA/2 mice were given an i.p. injection of 200
ng of IL-12 (or diluent) in 0.2 ml of diluent daily just before each exposure
to Ag for the first 2 wk of the 3-wk period that the animals were exposed
to Ag.

FIGURE 1. Changes in lung weight (lung index). Mice were exposed to
either low dose Ag or saline as described inMaterials and Methods. Four
days after the last exposure, mice were sacrificed, and lung index was
quantitated as described inMaterials and Methods. On the ordinate is a
quantitation of the lung index, and the type of mouse is indicated on the
abscissa. Data are expressed as the mean6 SEM for four to six animals in
each group. There was a significant difference between Ag-exposed DBA/2
mice and C57BL/6 mice (p , 0.003).
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IL-12 and IFN-g release from spleen cells

Spleens were removed from naive C57BL/6 and DBA/2 mice and single
cell suspensions isolated in RPMI 1640 medium (Life Technologies, Grand
Island, NY) containing 1% FCS (HyClone, Logan, UT). Cells were washed
twice, suspended at 53 106 cells/ml in RPMI 1640 medium containing 5%
FCS, and subsequently plated in aliquots of 1 ml in 12-well plates. To
induce cytokine release, cells were stimulated with 1mg/ml of SR Ag. As
a positive control, we used Con A (25mg/ml). In some instances, cells were
primed with 100 U/ml of rIFN-g (Genzyme) for 24 h and then stimulated
with 1 mg/ml of LPS obtained from Sigma as an additional positive control.
Abs to IL-10 (Genzyme; 1mg/ml) and IL-4 (Genzyme; 1mg/ml) were also
used. Plates were then incubated for 24 h at 37°C in 5% carbon dioxide.
Supernatants were harvested, and IL-12 was measured by ELISA (Gen-
zyme). Cells were also stimulated with 5mg/ml of SR Ag, 1mg/ml of
recombinant mouse IL-12 (Genzyme), or both. Supernatants were har-
vested, and IFN-g was measured by ELISA (Genzyme). To insure that
there were equal numbers of adherent cells in the spleen populations of
C57BL/6 and DBA/2 mice, these experiments were repeated using only
adherent cells. In these studies, 153 106 cells were allowed to adhere to
the plate for 1 h. Subsequently, nonadherent cells were removed. The ad-
herent cells were then stimulated as described above, and supernatants
were harvested after 24 h. The protein content of the wells was determined
with the Coomassie blue method (16). For these studies, IL-12 and IFN-g
release is expressed as picograms of IL-12 or IFN-g per microgram of
protein.

Statistics

Statistical analysis was performed using an unpaired (two-tailed)t test.
Values are expressed as the mean6 SEM. The 95% confidence limit was
taken as significant (p , 0.05). Calculations were performed using the
StatView 4.01 (Abacus Concepts, Berkeley, CA) statistical analysis
program.

Results
Comparison of histology and lung index in sensitive and
resistant strains of mice

C57BL/6 mice, but not DBA/2 mice, had an increase in lung index
after exposure to low dose Ag (30mg), as shown in Figure 1. They
also had a greater amount of granulomatous inflammatory changes
after exposure to Ag, as illustrated in Figure 2. The C57BL/6 mice
had more diffuse inflammatory changes with granuloma formation,
while the DBA/2 mice tended to have peribronchial lymphocytic
infiltration, as shown in Figure 3. These results are quantitated in
Figure 4. These differences between C57BL/6 and DBA/2 mice
were dose dependent. When C57BL/6 and DBA/2 mice were ex-
posed to 90mg of SR, no change was seen in the histology score
for C57BL/6 mice compared with that using the lower dose of Ag.

FIGURE 2. Expression of hy-
persensitivity pneumonitis in
C57BL/6 and DBA/2 mice ex-
posed to low dose Ag or saline as
described inMaterials and Meth-
ods. A, C57BL/6 mice exposed to
saline alone.B, C57BL/6 mice ex-
posed to Ag.C, DBA/2 mice ex-
posed to saline alone.D, DBA/2
mice exposed to Ag. Representa-
tive hematoxylin- and eosin-
stained histology sections are
shown (magnification,3100).

FIGURE 3. Higher magnification of lesions in C57BL/6 and DBA/2 mice exposed to low dose Ag, as described inMaterials and Methods. A, C57BL/6
mice exposed to Ag.B, DBA/2 mice exposed to Ag. Representative hematoxylin- and eosin-stained histology sections are shown (magnification,3600).
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However, DBA/2 mice expressed more granulomatous inflamma-
tion in the lungs with the higher dose of Ag than with the lower
dose of Ag. With the higher dose of Ag, the histology score of the
DBA/2 mice was not different from that of the C57BL/6 mice (not
shown).

Comparison of Ag delivery to lungs of sensitive and resistant
strains of mice

To exclude the possibility that the differences in susceptibility to
HP seen in the mice were due to different amounts of Ag delivered
to the lungs, we exposed the sensitive and resistant mice to Ag
labeled with14C and counted the radioactivity in lung homoge-
nates. There was not a significant difference between the two
strains of mice (not shown).

Comparison of BAL cells in sensitive and resistant strains of
mice

Both C57BL/6 and DBA/2 mice had an increase in inflammatory
cells in BAL fluid 4 days after exposure to low dose Ag, as shown
in Figure 5. The number of cells in BAL fluid in the two strains
was not different. After Ag exposure, most of the cells were mac-
rophages, but the C57BL/6 mice had more lymphocytes, as shown
in Table I. These lymphocytes were more commonly CD41 than
CD81 cells. These observations suggest that both strains of mice
respond to low dose Ag, but the response to Ag in the resistant

mice does not trigger a granulomatous inflammatory response that
can be detected histologically. In Figure 6A is shown the time
course for cells in BAL fluid from the day of exposure to SR until
7 days after exposure. Both strains had the greatest number of cells
on the day of exposure, and then the numbers of cells decreased
with time. As shown in Figure 6B, neutrophils were most promi-
nent immediately after exposure, and the numbers decreased over
time. There was a more sustained neutrophil response in the
DBA/2 mice during the first 3 days after exposure. There were also
significantly more lymphocytes in the C57BL/6 mice on days 1
and 3 after the last exposure (results not shown). These observa-
tions suggest that more lymphocytes are recruited into the lungs of
sensitive mice than resistant ones.

Comparison of peripheral blood leukocytes in sensitive and
resistant strains of mice

Table II compares total leukocyte counts and differential counts in
C57BL/6 and DBA/2 mice. There was no difference in the num-
bers of cells, including lymphocytes, between the two strains nor
was there any difference in the percentages of CD41 cells and
CD81 cells.

FIGURE 4. Quantitation of inflammation and granulomas. Mice were
exposed to saline alone or low dose Ag as described inMaterials and
Methods. Amounts of inflammation and granulomas were evaluated as de-
scribed inMaterials and Methodsand are quantitated on the ordinate. The
type of mouse and exposure to Ag are indicated on the abscissa. Data are
expressed as the mean6 SEM for four to six animals in each group. There
was a statistically significant difference between Ag-treated DBA/2 mice
and C57BL/6 mice (p , 0.005).

FIGURE 5. Cells in BAL fluid. C57BL/6 and DBA/2 mice were ex-
posed to either low dose Ag or saline alone as described inMaterials and
Methods. Four days after the last exposure, bronchoalveolar cells were
isolated and quantitated as described inMaterials and Methods. On the
ordinate is a quantitation of the cells, and the type of mouse and the ex-
posure to saline or Ag are indicated on the abscissa. Data are expressed as
the mean6 SEM for six animals in each group. There was a significant
difference between the Ag-treated and the saline-exposed mice in both
C57BL/6 mice (p , 0.001) and DBA/2 mice (p , 0.002). There was no
difference between Ag-exposed C57BL/6 and DBA/2 mice.

Table I. Comparison of cells in BAL fluida

Macrophages Neutrophils Eosinophils Lymphocytes CD4 (%) CD8 (%)

C57BL/6:sab 3.16 0.2 0.056 0.02 06 0 0.056 0
(98)c (0.6) (0) (0.4)

C57BL/6:ag 9.66 0.2 0.86 0.1 0.36 0.05 2.36 0.1d 336 7 4.76 0.7d

(74) (6) (2) (18)
DBA/2:sa 1.86 0.1 0.056 0.01 06 0 0.056 0.01

(98) (1) (0) (1)
DBA/2:ag 8.56 0.3 1.16 0.1 0.16 0.1 1.26 0.25 436 1.5 86 0.4

(78) (10) (1) (11)

a Mean number of cells3 104 6 SEM derived from six individual mice per group.
b Sa5 animals exposed to saline and ag5 animals exposed to SR antigen.
c Mean percentage of cells.
d p , 0.05 between ag-exposed C57BL/6 and DBA/2 mice.
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Proinflammatory cytokine gene expression in sensitive and
resistant mice

Both C57BL/6 and DBA/2 mice had similar increases in lung TNF
and IL-1 mRNAs after low dose exposure to Ag. In contrast, the
C57BL/6 mice had a greater increase in IL-12 and IFN-g mRNAs
compared with DBA/2 mice (Figs. 7 and 8). These cytokine
mRNAs were also evaluated at other time points from 1 day after

the last exposure to 7 days after the last exposure. Only the time
point with the peak expression of mRNAs is shown for both strains
of mice. These results show that both sensitive and resistant strains
of mice respond to Ag by increasing expression of mRNAs for the
proinflammatory cytokines IL-1 and TNF. This by itself does not
appear to trigger granuloma formation in the resistant strain of
mice. Sensitive, C57BL/6 mice develop a greater up-regulation of
IL-12 and IFN-g mRNAs compared with DBA/2 mice, and this is
associated with the development of a granulomatous inflammatory
response in the lung. These observations are consistent with our
prior studies, which showed that IFN-g is necessary for granuloma
formation in HP (7). With higher doses of Ag (90mg), the IL-12
responses are comparable in the two strains of mice (Fig. 9), sug-
gesting that DBA/2 mice are able to make IL-12.

Differences in expression of extracellular matrix proteins in
sensitive and resistant strains of mice

C57BL/6 mice had greater amounts of hydroxyproline in the lungs
after low dose Ag exposure compared with DBA/2 mice as shown
in Figure 10. They also had increased expression of mRNAs for
collagen I, fibronectin, and TGF-b (Fig. 11). These observations

FIGURE 6. A, Cells in BAL fluid. C57BL/6 and DBA/2 mice were
exposed to low dose Ag as described inMaterials and Methods. On the day
of the last exposure and up to 7 days after the last exposure, bronchoal-
veolar cells were isolated and quantitated as described inMaterials and
Methods. On the ordinate is a quantitation of the cells, and the time since
last exposure and the type of mouse are indicated on the abscissa. Data are
expressed as the mean6 SEM for three animals in each group. There was
not a significant difference between the C57BL/6 mice and the DBA/2 mice
for any time point.B, Percentage of neutrophils in BAL fluid. C57BL/6 and
DBA/2 mice were exposed to low dose Ag as described inMaterials and
Methods. Four days after the last exposure, bronchoalveolar cells were
isolated and quantitated as described inMaterials and Methods. On the
ordinate is the percentage of cells, and the time since last exposure and the
type of mouse are indicated on the abscissa. Data are expressed as the
mean6 SEM for three animals in each group. There was a significant
difference between the C57BL/6 mice and the DBA/2 mice for days 1 and
3 (p , 0.05).

FIGURE 7. Northern analysis of IL-12, IL-1, and TNF mRNA in
C57BL/6 and DBA/2 mice treated with low dose Ag or saline. C57BL/6
mice expressed more IL-12 mRNA after exposure to Ag than did DBA/2
mice, but both C57BL/6 and DBA/2 mice expressed comparable amounts
of IL-1 and TNF mRNAs after exposure to Ag. Ethidium bromide staining
demonstrates equal loading of RNA (n 5 3).

Table II. Peripheral blood leukocyte countsa

Total Cells Neutrophils Monocytes Eosinophils Lymphocytes CD4 (%) CD8 (%)

C57BL/6 (3.406 0.18) 266 1.7 126 0.9 16 0.4 616 2.3 19.46 1.8 10.26 1.2
(0.9) (0.4) (0.03) (2.07)

DBA/2 (3.626 0.55) 266 2.2 116 1.25 0.56 0.3 62.56 3.0 25.46 4.4 9.36 2.8
(0.94) (0.4) (0.02) (2.26)

a Numbers represent mean percentages6 SEM derived from four individual mice per group. Numbers in parentheses
represent the mean numbers of cells3 109/L.
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suggest that the response to Ag in sensitive mice, but not that in
resistant mice, results in changes in extracellular matrix proteins.

IL-12 augmentation therapy

IL-12 is a potent inductor of IFN-g production. Therefore, we
evaluated whether administration of exogenous IL-12 would per-
mit a resistant strain of mice to respond to low dose Ag and de-
velop HP. Groups of DBA/2 mice were treated (as described in
Materials and Methods) with IL-12 during Ag exposure. DBA/2
mice that received IL-12 developed significantly more granuloma-
tous inflammation than DBA/2 mice exposed to Ag but not given
IL-12 (Fig. 12). Mice exposed to saline alone or given IL-12 alone
did not have detectable amounts of inflammation. These observa-
tions suggest that IL-12 is important for the development of a
granulomatous inflammatory response in this murine model of HP.

IL-12 and IFN-g production by spleen cells

We next determined whether there were systemic differences in
production of IL-12 in sensitive and resistant mice. When spleen
cells from naive C57BL/6 and DBA/2 mice were exposed to SR
Ag, the cells from the C57BL/6 mice produced significantly more
IL-12 than those from the DBA/2 mice (Fig. 13A). Baseline, un-
stimulated release of IL-12 was also greater in the C57BL/6 mice.
Both also responded to stimulation with Con A and to LPS after
cells had been primed with IFN-g. However, the absolute amount
of IL-12 was, again, significantly lower in the DBA/2 mice. This

was also true if only adherent spleen cells were evaluated, and the
data were expressed as IL-12 per milligrams of cell protein as
shown in Figure 13B.

When spleen cells were exposed to IL-4 Abs in addition to SR,
there was no significant difference between cells from DBA/2 mice
or C57BL/6 mice in IL-12 production (Fig. 14A). When cells were
exposed to Abs to IL-10 along with SR, cells from C57BL/6 mice
made more IL-12 as shown in Figure 14B. This further supports
the importance of IL-10 as an anti-inflammatory cytokine in
C57BL/6 mice as we have previously shown.

As shown in Figure 15, cells from both C57BL/6 and DBA/2
mice responded to stimulation by IL-12 by making IFN-g. These
observations suggest that the production of IL-12 itself, and not
responses downstream of IL-12, distinguishes the sensitive mice
from the resistant mice.

FIGURE 8. Quantitation of IFN-g mRNA in C57BL/6 and DBA/2 mice
treated with low dose Ag or saline. C57BL/6 mice have increased IFN-g
mRNA after exposure to Ag, while DBA/2 mice do not. Quantitation of
glyceraldehyde-3-phosphate dehydrogenase (G3PDH) mRNA demon-
strates equal loading of RNA (n 5 3).

FIGURE 9. Northern analysis of IL-12 mRNA in C57BL/6 and DBA/2
mice treated with high dose Ag or saline. Both C57BL/6 and DBA/2 mice
expressed comparable amounts of IL-12 mRNAs after exposure to Ag.
Ethidium bromide staining demonstrates equal loading of RNA (n 5 3).

FIGURE 10. Amounts of hydroxyproline in C57BL/6 and DBA/2 mice
after exposure to low dose Ag. On the ordinate is the percent increase in
hydroxyproline in animals exposed to Ag compared with the control value.
The type of mouse is indicated on the abscissa. Data are expressed as the
mean6 SEM for five animals in each group. There is a significant differ-
ence between the two groups (p , 0.001).

FIGURE 11. Northern analysis of collagen I, fibronectin, and TGF-b
mRNAs in C57BL/6 and DBA/2 mice. C57BL/6 mice express increased
amounts of collagen I, fibronectin, and TGF-b mRNAs compared with
DBA/2 mice after exposure to low dose Ag. Ethidium bromide staining
demonstrates equal loading of RNA (n 5 3).
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Discussion
In these studies we used a murine model of HP to compare the
responses to low doses of inhaled Ag in sensitive and resistant
strains of mice. The sensitive strain (C57BL/6) had a higher lung
index, suggesting increased permeability, and a more severe gran-
ulomatous inflammatory response in the lung compared with the
resistant strain of mice (DBA/2). When we further compared sen-
sitive and resistant strains of mice, we found that similar amounts
of Ag are delivered to the lungs in sensitive and resistant strains of
mice; both strains had a similar increase in BAL cells, excluding
lymphocytes; and both strains had similar increases in lung IL-1
and TNF mRNAs. These observations suggest that both strains of
mice respond in some manner to Ag. The sensitive, C57BL/6 mice
differed from the resistant, DBA/2 mice in that they had a greater
increase in lung IL-12 and IFN-g mRNAs with Ag exposure. The
sensitive mice also expressed more TGF-b, collagen I, and fi-
bronectin mRNAs in their lungs after Ag exposure. There also was
more hydroxyproline in the lungs of Ag-exposed, sensitive mice.
When given augmentation therapy with IL-12, the resistant mice
resembled sensitive mice in their response to low dose Ag. With
larger doses of Ag, there was a similar response to Ag in the two
strains of mice. To determine whether the differences between sen-
sitive and resistant strains were limited to lung, we performed sim-
ilar studies with spleen cells. Spleen cells from DBA/2 mice pro-
duced less IL-12 than cells from C57BL/6 mice, but they produced
more IFN-g when stimulated with IL-12. These observations, as an
aggregate, suggest that the IL-12 response to Ag determines at
least in part the development of HP in these two strains of mice.

It is well documented in humans that there are different suscep-
tibilities to developing HP. It has been estimated that in farmers
lung disease between 5 and 15% of individuals that are exposed to
Ag develop clinical disease (1, 2). Many individuals have precip-
itating Abs against thermophilic bacteria, suggesting exposure, but
they are asymptomatic (1–4). Some of these individuals and some
that do not have precipitating Abs have lymphocytic alveolitis
when BAL is performed (17). These observations suggest that ex-
posed, asymptomatic subjects also respond in some manner to Ag.
The reasons for the differences in clinical susceptibility to Ag are
not well understood, but they are important in understanding the
pathogenesis of HP.

Previous studies have identified differences in susceptibility to
HP in various strains of mice. Wilson and colleagues used a lung

index to screen several mouse strains for susceptibility to HP. They
found that several mouse strains had an increase in lung index,
suggesting the development of HP. Among these were C57BL/6
and C3H/He strains. DBA/2 mice had no change in lung index,
suggesting resistance (8). Histology of lung tissue was not per-
formed in this study. The findings of this study were used to select
strains of mice for the present study. Donnelly and associates stud-
ied the influence of MHC genes on the expression of HP in mice.
They found that mice expressing the k and b MHC haplotypes
developed more severe lesions than mice expressing d or q hap-
lotypes even when the MHC genes were expressed on a common
genetic background (9). A study by Rossi et al. showed similar
results with OVA-induced lung disease in mice (10). C57BL/6
mice have a b haplotype, and DBA/2 mice carry the d
haplotype (11).

The Th1 and Th2 subsets of T cells are defined on the basis of
their pattern of production of cytokines (18). Th1 cytokines in-
clude IL-2, IL-12, and IFN-g. Th2 cytokines include IL-10, IL-4,
IL-5, and IL-6. In a murine model of experimental HP, Schuyler
and associates showed that Th1 cells were able to adoptively trans-
fer HP (19). We have previously shown that IFN-g is important in
the pathogenesis of HP (7). When mice that do not produce IFN-g
are exposed to Ag, they do not develop granulomatous inflamma-
tion. In addition, IL-10 dampens the expression of IFN-g and the
development of HP in wild-type mice (34). Thus, Th1 responses
are likely to be important in HP.

FIGURE 12. Quantitation of inflammation and granulomas in DBA/2
mice with and without IL-12 therapy. DBA/2 mice were exposed to Ag and
given IL-12 replacement therapy as described inMaterials and Methods.
Amounts of inflammation and granulomas are quantitated on the ordinate.
Replacement therapy is indicated on the abscissa. Data are expressed as the
mean6 SEM for three animals in each group. There is a significant dif-
ference between the two groups (p , 0.02).

FIGURE 13. A, IL-12 production by spleen cells from C57BL/6 and
DBA/2 mice. Cells were unstimulated or stimulated with SR, Con A, or
both IFN-g and LPS as indicated on the abscissa. IL-12 release is quanti-
tated on the ordinate. Data are expressed as the mean6 SEM for three
animals in each group. There is a significant difference between the two
strains for all groups (p , 0.02).B, IL-12 production by adherent spleen
cells from C57BL/6 and DBA/2 mice. Cells were unstimulated or stimu-
lated with SR, Con A, or both IFN-g and LPS as indicated on the abscissa.
On the ordinate is shown the ratio of IL-12 release per milligram of protein.
Data are expressed as the mean for three animals in each group. There is
a significant difference between the two strains for all groups (p , 0.05).
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IL-12 is important for regulating many Th1 responses (20, 21).
It can be produced by T cells, macrophages/monocytes, and neu-
trophils and is important for both the induction and the mainte-
nance of Th1 responses (20–22). It is also produced by APCs, such
as dendritic cells and skin Langerhans’ cells (21). The major cel-
lular targets of IL-12 are T cells, NK cells, and B cells (22). A
major effect of IL-12 on these cells is augmentation of the pro-
duction of IFN-g (23). One consequence of a dampened IL-12
response to Ag might be insufficient IFN-g to support the devel-
opment and/or maintenance of granulomatous lung disease. The
observations of this study would be consistent with this hypothesis.
In support of this hypothesis is a study by Caruso and colleagues
(24). They observed, using the hapten trinitrophenol, that T cells
from mice with the k MHC haplotype produce high levels of
IFN-g, while T cells from mice with the d haplotype produce low
levels of IFN-g, on re-exposure to the Ag.

The reason for the lack of an IL-12 response to low dose Ag in
DBA/2 mice is not clear. It does not appear to be due to a total
absence of a cellular response to Ag, because these mice do de-
velop a lymphocytic alveolitis. They, therefore, resemble asymp-
tomatic humans who have lymphocytic alveolitis after Ag expo-
sure (17). The level of response in the DBA/2 mice is clearly dose
related, since the DBA/2 mice develop granulomatous inflamma-
tion when exposed to higher concentrations of Ag. A total lack of

response by macrophages to low dose Ag also does not appear to
be a reason for the difference, since both strains of mice express
similar amounts of IL-1 and TNF mRNAs in response to Ag. IL-1
and TNF are both known to be important components of the gran-
ulomatous response to Ag (25). It is likely that the lack of a gran-
ulomatous inflammatory response in DBA/2 mice is due to a defect
in the production of IL-12, since DBA/2 mice develop lung disease
similar to that in sensitive mice when given IL-12 augmentation
therapy. In addition, spleen cells from DBA/2 mice are able to
make IFN-g when stimulated with IL-12, and combined stimula-
tion with both IL-12 and SR leads to greater IFN-g production than
stimulation with IL-12 alone. Our findings that spleen cells from
DBA/2 mice release less IL-12 in response to stimulation with SR,
Con A, or combined stimulation with IFN-g and LPS support the
hypothesis that the response to Ag in DBA/2 mice is related to an
intrinsic defect in the production of IL-12. This could be due to
intrinsic differences in the IL-12 gene itself that result in different
levels of expression (26) or to an alteration in upstream factors that
regulate expression of the gene.

There also may be a relationship between the type of Ag and the
induction of a Th1- or Th2-type response. This is suggested by a
study by Rempel and associates, who observed that C57BL/6 mice
develop a Th2 response when immunized with OVA. When given
IL-12, these animals increase the production of IFN-g and modify
the response to Ag (27). In other studies, treatment with IL-12 has
also been shown to change the response to Ag. In murine models
of bacterial and fungal infections, treatment with IL-12 increased
morbidity and mortality (28). The same has been shown in auto-
immune disease models (29).

The cytokine environment at the time of stimulation is also
thought to be important for the differentiation of the type of Th cell
response. To support this, Williamson and associates have recently
shown, in a model of graft-vs-host disease (GVHD), that C57BL/6
mice develop an acute, lethal Th1-mediated GVHD, but DBA/2
mice develop a Th2-dependent chronic GVHD. If C57BL/6 mice
are treated with anti-IL-12 Abs, they switch to a Th2 response
(30). The dose of Ag can also play a role in determining the type
of immune response. This has been demonstrated in a model of
Leishmania majorinfection (31) and in a model of herpes simplex
virus infection (32, 33). Our studies, which show that exposure to
IL-12 at the time of Ag exposure or an increase in the dose of Ag
can change the response of resistant mice to Ag, are consistent
with these prior studies.

FIGURE 14. A, Effects of IL-10 Abs on IL-12 production by spleen
cells from C57BL/6 and DBA/2 mice. Cells were unstimulated or were
stimulated with SR, and IL-10 Abs were added as indicated on the abscissa.
IL-12 release is quantitated on the ordinate. Data are expressed as the
mean6 SEM for three animals in each group. There is a significant dif-
ference between the two strains for IL-10 Abs alone or with SR (p ,
0.005).B, Effects of IL-4 Abs on IL-12 production by spleen cells from
C57BL/6 and DBA/2 mice. Cells were unstimulated or were stimulated
with SR, and IL-4 Abs were added as indicated on the abscissa. IL-12
release is quantitated on the ordinate. Data are expressed as the mean6
SEM for three animals in each group. There is a significant difference
between the two strains for the control group and the SR-stimulated group
( p , 0.05).

FIGURE 15. IFN-g production by spleen cells from C57BL/6 and
DBA/2 mice. IFN-g is quantitated on the ordinate, and the type of stimu-
lation is indicated on the abscissa. Data are expressed as the mean6 SEM
for three animals in each group. There is a significant difference between
the two strains when spleen cells were stimulated with SR and IL-12 (p ,
0.001) or with IL-12 alone (p , 0.02).
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Whatever the mechanisms that determine sensitivity to HP in
these strains of mice, the present studies suggest that this murine
model will be useful to further dissect the genetics and/or mech-
anisms of susceptibility to HP. The observations are highly rele-
vant to human disease, since there are marked individual differ-
ences in the expression of clinical disease in individuals exposed to
inhaled organic Ags.
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