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IFN-g expression increases during the inflammatory response after
bleomycin injury in mice. IFN-g deficiency attenuates lung inflam-
mation and fibrosis. Because IFN-g stimulates class II transactivator
(CIITA) expression, which activates major histocompatibility class
(MHC) II and represses collagen expression, it was hypothesized that
CIITA mediates IFN-g action after bleomycin injury. To test this
hypothesis, two CIITA mouse lines, one carrying a mutation of the
leucine-rich region of CIITA (CIITA C2/2) and one with a deletion
extending into the GTP-binding domain (CIITA G2/2), were used.
IFN-g treatment of lung cells isolated from both strains of mice
induced mutant CIITA expression, which did not activate MHC II
transcription. Collagen expression was similar in both mutant mouse
strains and comparable to C57BL/6 (wild-type) mice. When mice
were exposed to intratracheal bleomycin, both strains of CIITA
mutant mice retained body weight and altered inflammation at 14
days after bleomycin injury compared with bleomycin-treated wild-
type mice. However, there was no difference in fibrosis as judged by
histology, mRNA, and protein expression of lungs. Bronchoalveolar
lavage cells from CIITA C2/2 and C57BL/6 lungs were examined at
3, 7, and 14 days after bleomycin injury. CD4 mRNA expression in
bronchoalveolar lavage cells was down-regulated, whereas IL-4 and
IL-10 expression was up-regulated, in CIITA C2/2 mice, indicating
a diminished, skewed Th2 response. The expression of IFN-g was the
same in all mice tested. Combined, our data suggest that CIITA
mutations altered the immune response without affecting fibrosis.
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Idiopathic pulmonary fibrosis is a progressive disease character-
ized by alveolar epithelial cell injury and hyperplasia, inflamma-
tory cell accumulation, myofibroblast hyperplasia, deposition of
extracellular matrix (ECM), and scar formation within the lung
(1). The progression in human disease is not known because
when patients seek medical treatment for symptoms the disease
process is generally advanced, with little evident inflammation.
Bleomycin-induced injury in the lungs is a well established model
for studying the progression of pulmonary fibrosis (2).

Class II transactivator (CIITA/NLR1) is the first recognized
member of the NLR family (3, 4). Mutations in CIITA cause the
immunodeficiency bare lymphocyte syndrome (5), in which
patients have no major histocompatibility class II (MHC II)
proteins, resulting in increased susceptibility to infection. CIITA,
referred to as a master regulator of MHC II, is the only member of
the NLR family that functions in the nucleus as a transcription
regulator. CIITA has several isoforms that are constitutively
expressed in immune cells in addition to being induced by IFN-g

in multiple nonimmune cell types, including fibroblasts and
smooth muscle cells, where it activates MHC II expression (6,
7). CIITA represses several genes in macrophages and dendritic
cells such as IL-4 (8), IL-10 (9), E-cathepsin (10), MMP-9 (11),
plexin (12), various thyroid-specific genes (13), and FasL (14).
Most importantly, CIITA represses collagen transcription in
mesenchymal cells through the N-terminal acidic domain and
the proline/serine/threonine (PST) domain of CIITA (15, 16).

Mice with CIITA mutations have low levels of MHC II (17,
18). Our studies indicate that mice (herein referred to as CIITA
C2/2) with a C-terminal deletion of the leucine-rich region
(LRR) are hypomorphic mutants that express lowered amounts
of a truncated CIITA protein, which loses its function as an
activator of MHC II but maintains its function as a repressor of
collagen transcription (6). A second mouse with a deletion in the
GTP binding domain (herein referred to as CIITA G2/2) had
reduced MHC II expression (17) and greater susceptibility to
infection (19). Because IFN-g contributes to bleomycin-induced
lung inflammation and fibrosis (20–22) and CIITA is activated by
IFN-g, CIITA could be a mediator in bleomycin-induced disease.
To examine the role of CIITA, CIITA mutant mice and C57BL/6
control mice were subjected to intratracheal bleomycin instillation.
Combined, our data suggest that CIITA mutations altered the
immune response to bleomycin injury without affecting fibrosis.

MATERIALS AND METHODS

Mice

Wild-type (WT) (C57BL/6) and CIITA hypomorphic mutant (C2tatm1Ccum,
herein referred to as CIITA C2/2) mice (6, 18) were obtained from
Jackson Laboratory (Bar Harbor, ME). The CIITA mutant mouse (17)
(herein referred to as CIITA G2/2) was obtained from Dr. Jenny Ting
(University of North Carolina). All mice were genotyped with pub-
lished primers, and homozygous mice were used for experiments.

Plasmids

The col1a2-luciferase construct (pH20) (23) contains sequences from
2221 to 154 bp of mouse col1a2 promoter fused to the luciferase
reporter gene. The MHC II promoter fused to the luciferase reporter
gene was a gift from Dr. Jenny Ting (12).

Bleomycin Experiments

Adult (8-wk-old) CIITA or C57BL/6 mice were anesthetized with
isoflurane and treated with bleomycin (0.1 U/100 mL saline/20 g mouse)
or saline (0.14 M NaCl) by intratracheal instillation as described pre-
viously (24). Animals were killed at 3 to 14 days after bleomycin
instillation. Mice were weighed at time points indicated after instillation.
Lungs were prepared as described previously (24). Approximately 10 to
20 sections were prepared from each block by serial sectioning. When
appropriate, the right lung was placed in RNALater (Ambion, Foster
City, CA) and processed for RNA.

Bronchoalveolar Lavage Cell Analysis

After anesthetizing mice, bronchoalveolar lavage (BAL) were collected
using two 1-ml aliquots of PBS. Cells were centrifuged and resuspended
in 1 ml PBS. Cells were pelleted and used for RNA isolation, and the
BAL fluid (BALF) was used to analyze active TGF-b.
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Active BALF TGF-b Analysis

In brief, 2 3 104 mink lung epithelial cells stably transfected with a
plasminogen activator inhibitor-1 promoter–luciferase construct plated
at a density of 2 3 104 per 96-well plate in complete DMEM until
adherent (z3 h) (25). BALF (100 ml) or hrTGF-b (50–1,000 pg/ml)
standard was added to each well with media without serum in triplicate
and incubated at 378C for 20 hours. Cell lysates were read on an auto-
injecting plate reader (BioTek, Winooski, VT) using 100 mL of luciferase
assay substrate (Promega, Madison , WI). The average luciferase unit of
BALF replicates were translated into active TGF-b concentrations using
the average of standard triplicates and reported as picograms per
milliliter.

Collagen Extraction and Sircol Assay for Collagenous Protein

Lungs were minced, homogenized, and subjected to neutral salt
extraction in RIPA buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 1%
NP-40, 0.5% deoxycholate, and protease inhibitors) for 24 hours with
agitation by rotation at 48C. Homogenates were pelleted by centrifu-
gation, extracted in 0.5 N acetic acid, and stirred for 24 hours at 48C.
An equivalent amount of supernatant, relevant to the mass of tissue
used in the extraction, or rat-tail collagen (standard) was precipitated
and quantified using Sircol reagent (Biocolor, Carrickfergus, UK) per
the manufacturer’s protocol.

Statistical Analysis

Data are presented as mean values 6 SE. Statistical analyses of
parametric group data were performed by ANOVA with post hoc
comparisons by the method of Scheffé. A probability value of P , 0.05
was considered significant. Nonparametric group data (disease scores,
histology) were performed using the Mann-Whitney test.

RESULTS

Collagen Gene Expression Is Repressed by IFN-g WT

and CIITA-Deficient Cells

Our earlier results (15, 26) suggest that CIITA is critical for IFN-
g–induced repression of collagen transcription by human lung
fibroblasts, yet the CIITA C2/2 deficient mice with a deletion of

the 13th and 14th exons coding for the C-terminal LRR domain
(18) (Figure 1A) produced a truncated CIITA protein that
maintains its ability to repress collagen (6). A second mouse line
(kindly supplied by Dr. Jenny Ting), called CIITA G2/2, with
a mutation in the CIITA gene spanning the GTP-binding domain,
was examined because it was reported that these mice show no
detectable CIITA mRNA (17). To test whether these mice are
true knockouts, lung fibroblasts were isolated from homozygote
CIITA G2/2 and compared with lung fibroblasts from WT and
homozygote CIITA C2/2 mice. Experiments were performed
using cells between the third and sixth passages. When cells
reached confluence, they were treated with and without IFN-g
and analyzed for CIITA, MHC II, and collagen gene expression
using real-time PCR. Real-time PCR was able to detect IFN-
g–induced CIITA mRNA in lung fibroblasts with no significant
difference between the two CIITA-deficient fibroblasts using
previously described primers (6) between the 5th and 6th exons
upstream of the GDP binding domain deletion (Figure 1A). The
genotype of these animals indicated that they were homozygous
for the GTP domain deletion. There was significantly (25%) more
CIITA steady-state mRNA expressed by WT fibroblasts than
either of the CIITA mutant cell lines (Figure 1B).

IFN-g activated MHC II expression in WT lung fibroblasts
but did not activate MHC II expression in CIITA C2/2 or
CIITA G2/2 lung fibroblasts (Figure 1C). On the other hand,
IFN-g reduced collagen type I expression by approximately
40% in all lung fibroblasts (Figures 1D and 1E). There was
significantly more collagen mRNA expression in the CIITA
G2/2 deficient cells than in the C57BL/6 cells.

IFN-g Represses the Collagen Promoter but Does Not

Activate the MHC II Promoter in Lung Fibroblasts Isolated

from CIITA C2/2 and CIITA G2/2 Mice

A CIITA molecule with a GTP-binding domain deletion was
hypothesized to repress collagen promoter activity but not to
activate the MHC II promoter, similar to the CIITA molecule

Figure 1. Expression of class II transactivator (CIITA),

major histocompatibility class (MHC II), and collagen

type I mRNA in wild-type (WT) and CIITA hypomor-

phic mice. (A) Diagram of the CIITA mutation in CIITA
C2/2 (top) and CIITA G2/2 mouse DNA (bottom).

The CIITA repression domains of collagen are acidic

domain (AD) and proline/serine/threonine (PST) do-
main (light gray). The leucine-rich region (LRR) (black)

is deleted in the CIITA C2/2 mouse, and the GDP

binding domain (dark gray) is deleted in the CIITA

G2/2 mouse. (B–E ) Lung fibroblast cells isolated from
WT C57BL/6 (white bars), CIITA C2/2 (light gray bars),

or CIITA G2/2 (dark gray bars) were treated with or

without IFN-g as indicated. The mRNA levels of CIITA

(B), HLA-DRa (MHC II) (C ), col1a1 (D), and col1a2 (E )
were determined by real-time PCR. Data are presented

as relative mRNA levels compared with WT samples

performed in triplicate (mean 6 SD). Statistical analysis

by ANOVA with post hoc comparisons by Scheffé. **P ,

0.01; ***P , 0.001. A representative experiment out of

three repeats is shown. Cell isolation and tranfection

methods as described in online supplement.
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with the C-terminal deletion in the LRR, because the repression
domains are in the N-terminal portion of the molecule (6, 15).
To test this hypothesis, lung fibroblasts from C57BL/6, CIITA
C2/2, and CIITA G2/2 cells were transfected with COL1A2
or MHC II promoter luciferase constructs and treated with and
without IFN-g. IFN-g repressed collagen promoter activity but
failed to activate MHC II promoter activity in CIITA C2/2
and CIITA G2/2 cells (Figure 2). There was no difference
between the two CIITA mutant cell lines, suggesting that both
lines expressed mutant CIITA that could repress collagen
without activation of MHC II.

CIITA Hypomorphic Mice Have Attenuated Weight Loss after

Bleomycin Exposure

To understand the role of CIITA during inflammation and
fibrosis, mice were challenged with intratracheal instillation of
bleomycin. Because IFN-g deficiency attenuates bleomycin-
induced lung inflammation (22, 27) and induces CIITA expres-
sion in lung fibroblast cells, experiments were performed to
directly evaluate whether CIITA mediates pulmonary inflamma-
tory response to bleomycin using both lines of CIITA hypomor-
phic mice and C57BL/6 control mice. Four experiments were
conducted with four or five mice per group. Mice were weighed at
instillation and several times before harvest at 14 days. The
control mice lost significantly (P , 0.01) more weight than either
of the CIITA hypomorphic lines of mice 14 days after bleomycin

treatment (Table 1). At this dosage of bleomycin, there were no
differences in mortality among groups.

CIITA Hypomorphic Mice Have Attenuated Lung Disease

at 14 Days after Bleomycin Injury

Lungs were examined for the pathologic response to bleomycin
after 14 days. Sections of lungs were stained with Masson’s
trichrome stain or with picrosirius red, which stains all collage-
nous proteins (Figure 3B). The disease index, an estimate of the
proportion of the lung that is diseased, was used to describe the
extent of the disease process (Figure 3A) (28). This process was
performed by two investigators on Masson’s stained sections. The
disease index takes into consideration the percentage of lung area
involved with mononuclear cell infiltration, interstitial thicken-
ing, distortion of lung architecture, and abnormal ECM. The
CIITA mutant mice had significantly fewer patches of interstitial
thickening and alveolar inflammation with less architectural
distortion, typically involving an average of 23 to 27% of lung
area. This was significantly less (P 5 0.002) than the more wide-
spread inflammatory changes that were present in C57BL/6 lungs
(54% of lung area) (Figure 3A). The saline-treated mice showed
no discernable inflammation or distortion of lung architecture
(data not shown). This supports that hypothesis that CIITA
deficiency attenuates bleomycin response.

CIITA Mutant Mice Have Fewer Macrophages and T Cells

in Lungs than Control Mice

Lungs were immunostained with antibodies specific for activated
macrophage (F4/80), T cell (CD3), and leukocyte common
antigen (CD45) cell surface markers and counterstained with
hematoxylin. Pictures were taken of all tissue on the slide, and the
red stain and total area of lung on each slide was quantified using
Image-Pro Plus software (MediaCybermetrics, Bethesda, MD).
F4/801 macrophages were clearly detected in the bleomycin-
treated lungs (Figure 4A). There were strongly stained macro-
phages in fibrotic areas of WT lung (Figure 4A, arrowhead) and
within the interstitial regions that were missing in the CIITA
mutant lungs. The CIITA mutant bleomycin-treated lungs had
significantly less staining of F4/801 macrophages, which corre-
lated with the disease scores. There were few detectable CD3-
stained T cells in the CIITA mutant bleomycin-treated lungs,
although there was visible staining (3–6%) in the C57BL/6
bleomycin-treated lungs (Figure 4B). On the other hand, there
was strong CD45 staining of all lungs, especially surrounding
blood vessels and capillaries (Figure 4C). CD451 cells were
present in saline-treated lungs, and recruitment of CD451 cells
increased after bleomycin injury in all strains of mice, with no
significant differences between WT and CIITA mutant mice.
Recruitment of CD451 cells was equivalent, although there were
reductions in the T-cell and macrophage subsets analyzed.

CIITA Mutant Mice Have Equivalent Fibrosis and Collagen

to Control Mice at 14 Days after Bleomycin Injury

To detect alterations in ECM, higher-magnification images of
lungs stained with Masson’s trichrome were analyzed for blue
ECM staining using Image-Pro Plus. Bleomycin-treated lungs
contained more ECM than untreated lungs; however, there were
no significant differences in the amount of ECM between CIITA
mutant and control animals (Figure 5C). Sections stained for
collagen with picrosirius red, which measures all collagenous
proteins, also showed no difference in the amount of collagen
between bleomycin-treated C57BL/6, CIITA C2/2, or CIITA
G2/2 lungs (data not shown). Adjacent sections were incubated
with collagen a1(I) antibody and counterstained with hematox-
ylin (Figure 5A). Analysis of the slides indicated that there was

Figure 2. IFN-g represses a collagen promoter activity but does not

activate MHC II promoter activity in CIITA hypomorphic mice. (A)

Collagen promoter (col1a2) or (B) an MHC II promoter (DRA300) was
transfected in triplicate, along with a GFP plasmid, into lung fibroblast

cells isolated from WT C57BL/6 (white bars), CIITA C2/2 (light gray

bars), or CIITA G2/2 (dark gray bars), followed by treatment with
IFN-g for 24 hours. Luciferase activities were normalized for protein

concentration and GFP fluorescence. A representative experiment out

of three repeats is shown. Cell isolation and transfection methods as

described in online supplement.

TABLE 1. WEIGHT AND SURVIVAL RATE BEFORE AND
14 DAYS AFTER BLEOMYCIN TREATMENT

Mouse strain Exposure n

Pre-exposure

Weight (g)

Post-exposure

Weight (g) Survival

C57bl/6 Bleomycin 15 20.7 6 1.0 16.2 6 0.9 ** 17/19

Saline 9 22.5 6 1.2 24.5 6 1.1 11/11

CIITA C-/- Bleomycin 15 22.6 6 1.1 20.3 6 1.1 15/18

Saline 14 23.4 6 0.8 24.6 6 0.9 11/11

CIITA G-/- Bleomycin 12 20.5 6 0.6 20.0 6 0.7 12/14

Saline 10 21.5 6 0.8 22.1 6 0.9 10/10

Results are presented as mean 6 SE. Weight data were analyzed by one-way

ANOVA with post comparisons by the method of Scheffé; **P . 0.01.
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56 to 63% collagen type I in the bleomycin-treated lungs from all
three strains of mice (Figure 5B). Saline-treated lungs contained
37 to 41% collagen type I. These data suggest that bleomycin-
induced fibrosis in was similar at 14 days in all strains of mice.

To analyze whether newly synthesized uncrosslinked collagen
content was similar in CIITA mutant mice compared with control
mice, proteins from lungs were extracted from bleomycin- and
saline-treated mice at 14 days after bleomycin injury. Collagen
content in the left lobe was measured by the Sircol method, which
is specific for all collagenous proteins. Collagen increased upon
bleomycin treatment. However, there were no differences in the
amount of acid-extracted collagen among CIITA mutant and
control mice (Figure 5D). To determine whether collagen mRNA
increased, mRNA was extracted from the right lobe of lung tissue.
The mRNA for collagen increased at 14 days after bleomycin
treatment. There was no difference in collagen mRNA produced
among the two CIITA mouse strains compared with WT mice

(Figure 5E). This supports the morphological data that no
attenuation of fibrosis occurs as a result of CIITA mutations.

On the other hand, MHC II expression was not detected by
qRT-PCR (CT values ranged from 35 to 40) in CIITA mutant
mice, whereas MHC II expression was detected in C57BL/6 mice
(CT values in the 20s), suggesting that the CIITA mutations were
loss-of-function mutations for MHC II transcription activation
but not for collagen repression.

CIITA Mutant Mice Have Equivalent Amounts of Active TGF-b

in BALF at all Time Points

TGF-b, which can be measured in BALF, plays an important role
in fibrosis (29) and collagen transcription in vivo (24). Because
IFN-g down-regulates TGF-b during fibrosis (30), which could be
mediated by CIITA, active TGF-b1 concentrations in BALF
from CIITA lungs were compared with WT mice at 3, 7, and
14 days after treatment with saline or bleomycin. There were

Figure 3. CIITA hypomorphic mice have less disease but

equivalent fibrosis compared with WT mice. (A) Histolog-
ical sections from the right caudal, left central, and left

hilar regions of lung were coded using a quantitative scale

(0–100%) of lung area involved with abnormal cellular

infiltration, interstitial thickening, or architectural distor-
tion of native lung architecture. The average disease index

(6 SE) was graphed for bleomycin (B) and saline (S) lungs

from C57BL/6 (white bars), CIITA C2/2 (light gray bars),

and CIITA G2/2 (dark gray bars). N 5 the number of
lungs analyzed. Data were analyzed by nonparametric

group data using Mann-Whitney test. (B) Representative

histological sections of bleomycin-treated lungs stained

with Masson’s trichrome (left panels) and picrosirus red
(right panels). Masson’s trichrome 5 blue, ECM; red, cells.

Picrosirus 5 red, all types of collagen.

Figure 4. CIITA hypomorphic

mice have fewer T cells and
macrophages in bleomycin-

treated lungs compared with

WT mice. Representative histo-

logical sections of bleomycin-
treated lungs stained with

antibody to (A) F4/80 (1:50),

(B) CD3 (1:100), and (C ) CD45

(1:250). Red staining material
is antibody stain. Slides were

counterstained with hematoxy-

lin. Nine pictures covering the
entire slide were analyzed for

red and total lung area using

Image-pro plus. The average

percent red 6 SE from three
or four animals was graphed

(right panels). Statistical analysis

by ANOVA with post hoc com-

parisons by Scheffé. **P , 0.05.
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marked, yet equivalent, increases in BALF TGF-b1 in bleomycin-
treated mice (Figure 6A) at 7 and 14 days after bleomycin in-
jury, in keeping with the unaltered fibrosis of these CIITA
mutant strains of mice. RNA extracted from lungs after BAL
cell removal was measured for TGF-b content at each time point
and in saline-treated lungs. The steady-state level of TGF-b was
similar in all stains of mice (data not shown).

Expression of CIITA in BAL Cells Is High in Control Mice,

whereas the Mutant CIITA Decreases with Time after

Bleomycin Treatment

Inflammatory cells, primarily macrophages, lymphocytes, and
neutrophils (25), accumulate in BALF after bleomycin treat-
ment. Because CIITA is constitutively expressed in most in-
flammatory cells, BAL cells were collected and counted at 3, 7,
and 15 days after bleomycin treatment at time of death. Because
CIITA G2/2 mice were indistinguishable from CIITA C2/2
mice, for this time study we focused on the commercially avail-
able CIITA C2/2 and C57BL/6 control mice (five animals per
group). There were equivalent numbers of BAL cells in the fluid
at 3 and 7 days. However, at 15 days after bleomycin treatment,
there were more cells recovered from the C57BL/6 (40.8 3 106 6

11.3 cells) compared with the CIITA C2/2 (18.1 3 106 6 9.9
cells) mice. In the normal C57BL/6 mice, there was high ex-
pression of CIITA at each time point (Figure 7A). Consistent
with our previous findings in fibroblasts, a truncated form of
CIITA mRNA was expressed by BAL cells from CIITA C2/2
mice. This form of CIITA mRNA was present at approximately

40% of normal levels in 3-day BAL cells and was further
decreased with time after bleomycin treatment.

In addition to constitutively expressed CIITA, in cells such as
B-cells, CIITA expression is also up-regulated by IFN-g. There-
fore, IFN-g expression was measured in BAL cells. There was
equivalent expression of IFN-g in control and CIITA mutant
BAL cells that decreased with time after bleomycin injury (Figure
7B). The time course of IFN-g expression was similar to that of
the expression of mutant CIITA, but WT CIITA expression was
higher throughout the time course.

IL-4 and IL-10 Were Highly Expressed by CIITA Mutant BAL

Cells, but their Temporal Expression Differed

CIITA may play a significant role in the transcription of cyto-
kines, such as IL-10 and IL-4, expressed by Th2 cells (9, 31).
Because CIITA has been demonstrated to repress these cytokines
(32), steady-state mRNA expression levels of cytokines were
evaluated in BAL cells at different times after bleomycin
treatment. IL-10 expression in CIITA C2/2 BAL cells was
significantly elevated above WT at every time point and did not
decrease with time, similar to the expression of WT CIITA
mRNA (Figure 7C). IL-4 expression in CIITA mutant BAL cells
was significantly higher than WT cells at 3 days and decreased
with time after bleomycin treatment (Figure 7D), similar to IFN-
g mRNA expression. Overall, IL-4 and IL-10 expression was
higher in CIITA mutant BAL cells compared with WT cells.

Because it has been reported that CIITA mutant mice have
fewer CD4 T cells in circulation (18) and because bleomycin
injury primarily recruits CD4 cells (27), CD4 expression in BAL

Figure 5. Fibrosis is not al-

tered in CIITA hypomorphic

mice. (A) Representative histo-
logical sections of bleomycin

(Bleo)-treated lungs stained

with antibody to collagen

a1(I) (1:200) and counter-
stained with hematoxylin. Red

staining is collagen. (B) A

graph of percent collagen by
antibody staining in bleomycin-

(B) and saline-treated (S) lungs

at 14 days after bleomycin in-

jury. Six pictures of each lung
were analyzed. N 5 number

of lungs. (C ) A graph of per-

cent ECM from Masson’s

stained slides in bleomycin-
(B) and saline-treated (S) lungs

at 14 days after bleomycin in-

jury. Six pictures of each lung

were analyzed. N 5 the num-
ber of lungs analyzed. (B and

C ) C57BL/6 (white bars); CIITA

C2/2 (light gray bars); CIITA
G2/2 (dark gray bars). (D)

Proteins were acid extracted

from lungs 14 days after bleo-

mycin (B) or saline (S) instilla-
tion as described in MATERIALS

AND METHODS. Collagen was

measured by Sircol assay,

which measures all collage-
nous proteins. (E) RNA was extracted from lungs 14 days after bleomycin (B) or saline (S) treatment, and COL1A1 mRNA was measured and
normalized to 18S RNA. Each sample was measured in triplicate. In D E, data were analyzed by ANOVA with post hoc comparisons by the method

of Scheffé.
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cells and remaining lung tissue was measured (Figure E1, see the
online supplement.). There was significantly less CD4 mRNA
expression at every time point in BAL cells or lung tissue in all
treatments by CIITA C2/2 mice compared with C57BL/6
control mice.

DISCUSSION

Our earlier publications (6, 15, 26, 33, 34) demonstrate that
IFN-g–induced CIITA in fibroblasts activates MHC II and
represses collagen transcription. Collagen repression is primar-
ily through the N-terminal portion of the molecule in an acidic
domain and in the PST domain (15, 16, 33). The PST domain
interacts with co-repressor molecules on the collagen promoter
in a phosphorylation-dependent manner and suppresses CIITA
activity (33, 35). A CIITA C2/2 hypomorphic mouse containing
a deletion of the C-terminal LRR domain of CIITA maintains the
ability to repress collagen gene expression but has a loss-of-
function for activating MHC II expression (6). Our results
demonstrate that the CIITA G2/2 mouse containing the targeted
deletion of the GTP-binding domain in CIITA (17) has a very
similar phenotype to the CIITA C2/2 mouse in a bleomycin-
induced pulmonary fibrosis model. Although the original research
(17) claims that there is no mutant CIITA mRNA, the mutant
CIITA mRNA is expressed by cultured lung fibroblasts (Figure 1),
BAL cells (Figure 7), and lung tissue extracted from these mice
(data not shown). A small amount of mutant CIITA protein with
predicted size is detectable from IFN-g–treated fibroblast cell
extracts (data not shown), which may be sufficient to repress
collagen transcription during inflammation and IFN-g stimulation.
Cultured lung fibroblast cells with mutant CIITA maintain the
ability to repress collagen but lose the ability to activate MHC II, as
judged by mRNA expression (Figure 1), protein (data not shown),
and transcription assays (Figures 2). This suggests that the CIITA
mutant mice after injury have altered inflammatory responses due
to the loss of MHC II with little change in fibrogenesis.

IFN-g null mice have attenuated bleomycin disease, although
there is controversy as to whether IFN-g deficiency alters fibrosis
(22, 27). Because CIITA is induced in a variety of cell types,
including lung fibroblasts upon stimulation by IFN-g, we hypoth-
esized that CIITA may mediate changes in the lungs during

Figure 6. CIITA hypomorphic mouse has equivalent amounts of active

BALF TGF-b and lung TGF-b expression to WT mice. BALF was collected
from WT (white bars) or CIITA C2/2 (gray bars) mice at 3, 7, and 15

days and added to mink lung epithelial cells as described in MATERIALS

AND METHODS. Luciferase activity was measured in triplicate and plotted

against a standard curve to generate TGF-b concentrations (pg/ml).
Triplicate concentrations of TGF-b for WT (white bars) or CIITA C2/2

mice (dark gray bars) were combined for each time point (n 5 5).

Figure 7. CIITA hypomorphic mouse

BAL cells express higher levels of IL-4

and IL-10 cytokines than in WT mice.
BAL cells collected from WT (white bars)

or CIITA C2/2 (gray bars) mice at 3, 7,

and 15 days as described in MATERIALS AND

METHODS. RNA was extracted from BAL
cells and analyzed by QRT-PCR in tripli-

cate for (A) CIITA, (B) IFN-g, (C) IL-10,

and (D) IL-4 mRNA levels. One represen-

tative experiment out of three is shown.
WT (white bars) or CIITA C2/2 (gray

bars); n 5 5 animals per group. Data

were analyzed by ANOVA with post hoc

comparisons by the method of Scheffé.
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bleomycin injury. In support of this hypothesis, both strains of
CIITA mutant mice had lower weight loss, fewer deaths, and
lower disease scores on histological examination of bleomycin-
diseased lungs than C57BL/6 control mice, similar to IFN-
g–deficient mice. There were fewer T cells and macrophages
present in bleomycin-diseased CIITA mutant lungs. Attenuation
of disease may be due to altered inflammatory cell response as
a result of incapacitated CIITA.

Inflammatory cells, primarily monocyte/macrophages along
with lymphocytes and neutrophils, accumulate after bleomycin
injury (25). This process is not altered by CIITA mutations
because CD45-stained cells are equivalent (Figure 4C). Mono-
cytes differentiate into proinflammatory macrophages (M1)
through a classical pathway involving IFN-g stimulation (36). A
subset of macrophages becomes MHC II producing APC cells
between 3 to 5 days after bleomycin treatment when IFN-g is
produced (37). Antiinflammatory macrophages (M2) are alter-
natively activated by IL-4 (and IL-13), whereas IL-10 deactivates
macrophages at later stages. The CIITA mutant mice had no
detectable MHC II mRNA in bleomycin-treated lungs. BAL
cells produced higher amounts of IL-4 and IL-10 after bleomycin
treatment (9, 31). Most importantly, there are fewer F4/801

macrophages in bleomycin-treated lungs in the CIITA mutant
mice even though recruitment of CD451 blood cells is equiva-
lent. The damaged WT lungs have cells with high levels of F4/80,
which are missing in the CIITA damaged hypomorphic lungs
(Figure 4A). Other researchers have demonstrated that there are
F4/80 high-expressing macrophages that produce higher levels of
MHC II and F4/80 low-expressing macrophages that express IL-4
(38). The CIITA hypomorphic mice may have a less activated
subpopulation of macrophages in bleomycin-treated lungs.

IFN-g is a cytokine that is produced primarily by CD41

T-helper Th1 cells during bleomycin injury along with natural
killer and a few B cells (22). Investigators have postulated that
polarized T cells regulate organ fibrosis, with the CD4 Th2 cells
being considered profibrotic (39, 40). CIITA deficiency increases
IL-10 (9) and IL-4 (31), lowers CD4 T-cell population (18), and
drives Th1 to Th2 differentiation (41). Our results confirm that
CD4 expression in BAL cells and in lung are lower (data are
provided in the online supplement), with fewer CD31 T cells
(Figure 4B) in the CIITA mutant fibrotic lung than in control
lungs.

Most importantly, although CIITA hypomorphic diseased
lungs have lower disease scores, fewer inflammatory BAL cells,
and decreased accumulation of macrophages and T cells in lungs,
there was equivalent fibrosis, collagen deposition, collagen pro-
tein, and collagen mRNA compared with WT lungs at 15 days
(Figure 5). There is significant up-regulation of IL-10 and IL-4
levels in CIITA hypomorphic mice after bleomycin instillation up
to 14 days, with no significant change in overall fibrosis (Figures 5
and 7). This is intriguing because, although it is generally agreed
that IL-10 and IL-4 promote an antiinflammatory agenda during
bleomycin-induced pulmonary fibrosis, controversy remains re-
garding their roles in the fibrogenic process (42, 43). The
discrepancy could be attributed to different genetic background
of animals used, the time window of observation (14 versus 28 d),
and the dosages of bleomycin (and hence the magnitude of the
initial inflammatory response). IL-4 by itself fails to stimulate
collagen production in lung fibroblast cells, suggesting that IL-4
probably affects fibrogenesis in an indirect manner, likely through
stimulating TGF-b from alveolar epithelial cells (44). Because
TGF-b levels did not vary significantly in BALF or the lungs
(Figure 6), it is reasonable to postulate that up-regulated IL-4
levels are insufficient to cause additional TGF-b release. Finally,
pulmonary fibrosis progresses in a milieu of cytokines and growth
factors.

In summary, although CIITA mutant mice had altered im-
mune responses to bleomycin injury, there was no change in
fibrosis in these mice, suggesting that their altered responses
are not coupled to lung fibrosis. Alternatively, because these
mice do produce small quantities of IFN-g–induced mutant
CIITA with the collagen repression domain, we do not preclude
the possibility that the mutant form of CIITA actively represses
collagen in vivo just as well as the WT CIITA. These data suggest
that there may be forms of CIITA that repress collagen synthesis
without altering the immune response. It is of great interest to
determine if the repression domain of CIITA will alter the fibrotic
process without increasing the immunological profile in idio-
pathic pulmonary fibrosis.
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