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Interleukin-13 (IL-13) has emerged as a major cyto-
kine mediator of fibroblast activation and pulmonary
fibrosis. Normal (from noninflamed lung), Thl-type
(induced by the pulmonary embolization of purified
peptide derivative-coated beads in mice sensitized to
purified peptide derivative), and Th2-type (induced
by the pulmonary embolization of Schistosoma man-
soni egg antigen-coated beads in mice sensitized with
S. mansoni eggs) primary fibroblast cell lines all exhib-
ited constitutive gene expression of two receptor chains
that bind and signal IL-13-mediated cellular events: IL-
4Ra and IL-13Ral. However, all three fibroblast cell
lines exhibited divergent synthetic and proliferative re-
sponses to the exogenous addition of either recombi-
nant IL-13 or a chimeric protein comprised of IL-13 and
a truncated version of Pseudomonas exotoxin (IL13-
PE), which targets and kills IL-13 receptor overexpress-
ing cells. The exogenous addition of IL-13 to Thl-type
and Th2-type fibroblast cultures significantly increased
the cellular expression of IL-13Ra2, which may func-
tion as an IL-13 decoy receptor. After a 24-hour expo-
sure to IL-13, the total collagen generation and cellular
proliferation by Th2-type fibroblasts were significantly
higher than that observed in similar numbers of normal
and Thl-type fibroblasts. In addition IL13-PE, which
binds with highest affinity to IL-13Ra2, exhibited down-
regulatory effects on proliferation and matrix genera-
tion expression by Th1- and Th2-type, but not normal,
fibroblasts. Thus, these data demonstrate that fibro-
blasts derived from murine pulmonary granulomas ex-
hibit divergent expression of functional IL-13 receptor
and this expression dictates the responsiveness and sus-
ceptibility to recombinant I1-13 and IL-13 immunotoxin,
respectively. (Am J Patbol 2003, 162:1475-1486)

Considerable research has been directed toward under-
standing the cellular and molecular mechanisms through
which fibroblasts are activated during pulmonary fibrosis,
and recent reviews on this topic can be found else-
where.”® Transforming growth factor (TGF)-B is re-
garded as the premier pathological cytokine in chronic
pulmonary fibrosis because of its enhanced presence in
clinical idiopathic pulmonary fibrosis (IPF)*° and its po-
tent role in experimental fibrosis under a number of con-
ditions.®~® Interestingly, data published recently sug-
gested that the synthesis of TGF-B during experimental
pulmonary fibrosis was regulated by interleukin (IL)-13,2
a Th2-type cytokine whose actions were believed to be
limited to that of immune cell regulation.® Furthermore,
IL-13 is pertinent to IPF given that levels of this cytokine
are markedly up-regulated in alveolar macrophages'®
and overall the cytokine pattern of this disease is more
Th2-type (ie, IL-4 and IL-13) than Th1-type [ie, IL-12 and
interferon (IFN)-vy]." "' Detailed studies of IL-13 receptor
expression by pulmonary fibroblasts during IPF have yet
to appear in the literature, but isolated primary human
fibroblasts from a number of normal and diseased tissues
express functional 1L-13 receptors.’*~'® The most com-
mon functional IL-13 receptor on nonhematopoietic cells
such as fibroblasts is comprised of the IL-4Ra and IL-
13Ra1 subunits,””'® explaining, in part, why IL-4 and
IL-13 have similar effects on these cells.’®2%2" The
shared effects of IL-13 and IL-4 on fibroblasts presum-
ably reflects the fact that both cytokines similarly activate
the JAK2 tyrosine kinase-dependent signal transduction
pathway.'® However, some IL-13-dependent and IL-4-
independent effects have also been observed in fibro-
blasts.?? Furthermore, fibroblasts express the IL-13Ra?2
subunit,"”#3 which has ~100-fold higher affinity for IL-13
than IL-13Ra1%*2® and possibly function as a decoy
receptor because of its short cytoplasmic region.
Exploration of the therapeutic potential associated with
the high-affinity IL-13Ra2 decoy receptor has garnered
attention because of recent data showing that a soluble
version of this receptor, slL-13Ra2-Fc, effectively antag-

Supported by the National Institutes of Health and the Biomedical Re-
search Council of the University of Michigan Medical School.

Accepted for publication January 21, 2003.

Address reprint requests to Dr. Cory M. Hogaboam, Ph.D., Department
of Pathology, University of Michigan Medical School, 1301 Catherine Rd.,
Ann Arbor MI 48109-0602. E-mail: hogaboam@med.umich.edu.

1475



1476  Jakubzick et al
AJP May 2003, Vol. 162, No. 5

onized the profibrotic actions of IL-13 in the liver.2627 In
addition, the cellular internalization of IL-13Ra2 does not
elicit cell-signaling events, a feature that is optimal for
receptor-directed cytokine immunotoxin therapies.?®
Along this line, we recently demonstrated that the intra-
nasal delivery of a cytokine toxin chimera comprised of
human IL-13 and a mutated form of Pseudomonas exo-
toxin A (IL13-PE) significantly reduced Aspergillus fumiga-
tus-induced peribronchial®®®° and S. mansoni-induced
granulomatous®' fibrosis in vivo. Thus, the aim of the
present study was to further characterize the in vitro ex-
pression of IL-4Re, IL-13Ra1, and IL-13Ra2 subunits by
purified pulmonary fibroblast cell lines derived from non-
inflamed lung or from lung granulomas skewed toward a
Th1-type or a Th2-type cytokine pattern. In these exper-
imental models, the Th1-type granuloma is characterized
by modest pulmonary fibrosis in contrast to the Th2-type
granuloma.®® The impact of IL-13 and IL13-PE on the
synthetic and proliferative properties of these fibroblast
cell lines was examined. We previously demonstrated
that normal, Thi-type, and Th2-type fibroblasts exhibited
distinct chemokine and cytokine synthetic characteristics
that are maintained long term in culture.®32* The data
shown herein demonstrate that IL-13 has a significant
impact on the synthetic and proliferative properties of
granuloma fibroblasts, but not normal fibroblasts, and the
IL-13-responsiveness of granuloma fibroblasts renders
them targets of IL-13-based immunotoxin therapy.

Methods and Materials

Lung Granuloma Models
Thl-Type or Type 1 Granulomas

Specific pathogen-free, female CBA/J mice (6 to 8
weeks; Jackson Laboratories, Bar Harbor, ME) were sen-
sitized by intraperitoneal and subcutaneous injection of
complete Freund'’s adjuvant (Sigma Chemical Company,
St. Louis, MO) diluted 1:1 with normal saline (100 ul per
injection site). At day 16 after complete Freund’s adjuvant
injections, groups of five mice were injected intrave-
nously with 3000 Sepharose 4B beads covalently cou-
pled to purified peptide derivative (PPD) antigens sus-
pended in 500 ul of normal saline.

Th2-Type or Type 2 Granulomas

Specific pathogen-free, female CBA/J mice (6 to 8
weeks; Jackson Laboratories) were sensitized by the
intraperitoneal injection of 5000 freshly isolated S. man-
soni eggs suspended in 500 wl of normal saline. At day
16 after the intraperitoneal injection, groups of five mice
were intravenously injected with 3000 Sepharose 4B co-
valently coupled to S. mansoni egg antigen suspended in
500 wl of normal saline.

Isolation and Culture of Primary Pulmonary
Fibroblast Lines

Whole lungs from mice with Th1-type (PPD-induced) or
Th2-type (S. mansoni-induced) granulomas were pre-

pared as previously described in detail 232 Briefly, each
mouse was euthanized at day 8 after bead embolization
by a sodium pentobarbital overdose, and whole lung
samples were dissected free from the thoracic cavity.
The whole lung samples were then finely dispersed on
sterile steel mesh and the dispersed cells were then
placed into 150-cm? cell culture flasks (Corning Inc.,
Corning, NY) containing Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 15% fetal bovine
serum (DMEM-15). Normal fibroblasts were obtained
from other groups of five noninflamed, specific pathogen-
free mice according to the same protocol. All three pri-
mary lung cell lines were maintained in DMEM-15 at 37°C
in a 5% CO, incubator and were serially passaged a total
of five times to yield pure populations of lung fibroblasts
as previously described.3® Our previous characterization
of these primary fibroblast cell lines are described in
detail elsewhere 3334

Preparation of RNA and cDNA from Fibroblast
Cell Lines

Before each experiment, the purified fibroblast lines were
added to 24-well tissue culture plates at a cell density of
1 X 10° cells/well. Twenty-four hours after plating, fibro-
blasts were exposed to fresh DMEM-15 or DMEM-15 to
which 10 ng/ml of IFN-y (R&D Systems, Minneapolis, MN)
or 10 ng/ml of IL-13 (R&D Systems) had been added.
After 24 hours, TRIzol Reagent (Invitrogen Life Technol-
ogies, Carlsbad, CA) was subsequently added to each
well and total RNA was then prepared according to the
manufacturer’s instructions. The purified RNA was sub-
sequently reverse-transcribed into cDNA using a BRL
reverse transcription kit and oligo (dT) 12-18 primers.
The amplification buffer contained 50 mmol/L KCI, 10
mmol/L Tris-HCI (pH 8.3), and 2.5 mmol/L MgCl.,.

Gene Array Membranes

Non-Rad GEArray gene array membranes from SuperAr-
ray Inc. (Bethesda, MD) were used to analyze changes in
gene profiles for various interleukin receptors, extracel-
lular matrix- and apoptosis-associated factors. The pro-
cedures implemented were those supplied by the man-
ufacturers. Briefly, cDNAs from all three fibroblast cell
lines were created using biotin labeled 16-dUTP, and
each gene array membrane was hybridized with the bi-
otin-labeled cDNAs for ~12 hours or overnight. Each
gene array membrane was subsequently washed,
blocked, and incubated with alkaline phosphatase-con-
jugated to streptavidin. After a subsequent incubation
with CDP-star chemiluminescent substrate for 2 minutes,
the gene array membranes were then exposed to X-ray
film. Analysis of the spots was then completed using
Scanalyse (Eisen Lab, Stanford University, Stanford, CA)
and GEArray analyzer (SuperArray Inc.).



Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR) Amplification

Specific oligonucleotide primers were added (200 ng/sam-
ple) to the buffer, along with 1 ul of reverse-transcribed
cDNA sample. The following murine oligonucleotide prim-
ers (5’ to 3’ sequences) were used for RT-PCR analysis:
IL-4 receptor a sense, CCGCACTTCCACGTGTGA,; IL-4 re-
ceptor a antisense, CTGAAGTAACAGAACAGGC; IL-13 re-
ceptor a1 sense, GAATTTGAGCGTCTCTGTCGAA; IL-13
receptor a1 antisense, GGTTATGCCAAATGCACTTGAG.
These mixtures were then first incubated for 4 minutes at
94°C and amplified using the following cycling parame-
ters: IL-4Ra: cycled 38 times at 94°C for 45 seconds,
55°C for 45 seconds, and elongated at 72°C for 60 sec-
onds; IL-13Ra1: cycled 38 times at 94°C for 45 seconds,
66°C for 60 seconds, and elongated at 72°C for 60 sec-
onds. After amplification the samples were separated on
a 2% agarose gel containing 0.3 ug/ml of ethidium bro-
mide and bands visualized and photographed using a
translucent UV source.

Real-Time TagMan PCR Analysis

IL-13Ra2 gene expression was analyzed by real-time
quantitative RT-PCR procedure using an Abi Prism 7700
sequence detection system (Applied Biosystems, Foster
City, CA). The cDNAs from each fibroblast line at 24
hours after exposure to media, IFN-vy, or IL-13 were ana-
lyzed for IL-13Ra2 and GAPDH (an internal control). All
primers and probes used were purchased from Applied
Biosystems. IL-13Ra2 gene expression was normalized
to GAPDH before the fold change in IL-13Ra2 expression
was calculated. The fold increases in IL-13Ra2 gene
expression were calculated via the comparison of gene
expression in all of the fibroblast cell lines (with or without
cytokine exposure) to that of untreated normal fibro-
blasts. IL-13Ra2 gene expression in untreated normal
fibroblasts was given an arbitrary value of 1.

Immunohistochemical Analysis

Purified fibroblast lines were added to 8-well Labtek
(Nunc Inc., Naperville, IL) tissue culture plates at a cell
density of 1 X 10* cells/well. Twenty-four hours after
plating, fibroblasts were exposed to fresh DMEM-15
alone or DMEM-15 to which 10 ng/ml of IFN-y (R&D
Systems) or 10 ng/ml of IL-13 (R&D Systems) had been
added. After 24 hours, the fibroblasts were fixed with 4%
paraformaldehyde and stained according to the proce-
dures supplied with the Cell and Tissue Staining Kit from
R&D Systems. After fixation with 4% paraformaldehyde,
the fibroblasts were blocked for 15 minutes. After rinsing,
cells were incubated overnight with receptor-specific pri-
mary antibodies directed toward murine IL-4Rea, IL-
13Ra2, or an appropriate isotype-matched nonimmune
control antibody, labeled (—Ab) on immunohistochemis-
try figures (R&D Systems). Fibroblasts were then washed
and incubated with a biotinylated secondary antibody for
1 hour. These fibroblasts were then washed thoroughly
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and high sensitivity streptavidin (HSS)-horseradish per-
oxidase was added for a total of 30 minutes. In the final
step, alveolar epithelial cell chromogen was added for 2
minutes, after which the fibroblasts were rinsed with dis-
tiled water and counterstained with hematoxylin. Aque-
ous mounting medium was used to hold glass coverslips
in place over the stained fibroblasts and microscopic
images (X400 magnification) were captured using a
digital camera.

Fibroblast Proliferation Analysis: Effects of
IL13-PE

Fibroblast proliferation was assessed in 24-well plates via
[®H]thymidine incorporation. In the first experiment,
typel, type 2, and normal fibroblasts were plated at a
density of 1 X 10° cells/well, allowed to adhere overnight
and to quadruplet wells the following was added:
DMEM-15 alone, DMEM-15 plus 200 ng/ml of IL13-PE, or
DMEM-15 plus 1000 ng/ml of IL13-PE. These culture
plates were incubated for 24 hours at 37°C in a 5% CO,
incubator. In the second experiment, purified type1, type
2, and normal fibroblasts were plated at 1 X 10* cells/well
and allowed to adhere overnight. The lower fibroblast
density was used in these studies because all three
fibroblast cell lines were exposed to 10 ng/ml of IFN-vy or
IL-13 for 24 hours before the addendum of 100 wl of
DMEM-15 alone or the same volume of DMEM-15 con-
taining 200 ng/ml of IL13-PE for another 24 hours. These
culture plates were incubated for the duration of the
experiment at 37°C in a 5% CO, incubator. Four hours
before the conclusion of both experiments, 10 uCi of
[®H]thymidine was added to each well and the plates
were incubated at 37°C. Subsequently, fibroblasts were
then washed three times with phosphate-buffered saline
and to each well 1 ml of 1% Triton X-100 for 30 minutes.
The Triton X-100-treated fibroblast samples were then
added to 5-ml scintillation vials, 3 ml of scintillation fluid
was added, and the vials were analyzed in a Beckman
scintillation counter (model LS 5801; Beckman Instru-
ments, Fullerton, CA).

Statistical Analysis

All results are expressed as mean = SEM (SE). One-way
analysis of variance and Tukey-Kramer multiple compar-
isons test were used to reveal statistical differences be-
tween the normal, type 1, and type 2 fibroblasts; P < 0.05
was considered statistically significant.

Results

Normal, Type 1, and Type 2 Fibroblasts
Strongly Express the IL-13Ra1 Gene Relative to
Gene Levels for Other Interleukin Receptors

Qur first experiment addressed whether cultured normal,

type 1, and type 2 fibroblasts expressed unique reper-
toires of cytokine receptors. GEArray gene analysis of
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Figure 1. GEArray analysis of cytokine receptor gene expression in tissue cultures of primary normal, type 1, and type 2 fibroblast lines. SuperArray analysis
demonstrated a strong expression of the functional IL-13 receptor, IL-13Ra1, in all three fibroblast populations. The template for this SuperArray appears next to

the membranes.

constitutive cytokine receptor expression by normal, type
1, and type 2 fibroblasts is shown in Figure 1. Weak gene
expression for gp160 (a subunit of the IL-6 receptor) was
detected in all three fibroblast cell lines whereas IL-10
and IL-18 receptor gene expression were observed in
type 1 and type 2 but not normal fibroblasts. Strong
constitutive IL-13Ra1 gene expression was observed in
normal, type 1, and type 2 fibroblasts relative to the
housekeeping gene expression for B-actin and GAPDH
(Figure 1). This gene array analysis suggested that un-
treated normal and granuloma fibroblasts strongly ex-
press the gene for a key receptor subunit necessary for
responsiveness to 1L-13.

IL-13 Does Not Modulate the Gene Expression
of IL-4Ra and IL-13R«1 in Normal, Th1-Type,
and Th2-Type Fibroblasts

RT-PCR analysis was used next to determine whether the
fibroblast cell lines expressed IL-4Ra, another receptor
subunit that binds 1L-13,2%3¢ and whether gene expres-
sion for this receptor and IL-13Ra1 were affected by
exposure to 10 ng/ml of IL-13 for 24 hours. We also
examined the effects of IFN-y on the expression of both
IL-13 receptor subunits in light of the evidence that this
Th1 cytokine can regulate cellular responsiveness to IL-
13.37 As shown in Figure 2, IL-13Ra1 gene expression
was similar in the fibroblast cell lines under basal condi-
tions and cytokine treatment. IL-4Ra was mostly ex-
pressed in type 1 and type 2 fibroblasts compared to
normal fibroblasts. In addition, exposure to IFN-y and
IL-13 for 24 hours did not dramatically effect IL-4Ra gene
expression in type 1 and type 2 fibroblasts. However,
either cytokine treatment of normal fibroblasts appeared
to lower IL-4Ra gene expression. These data suggested
that IL-4Ra expression varied between normal and gran-
uloma fibroblasts. Whereas, IL-13Ra1 gene expression is
constitutively expressed on all fibroblast cell populations
and cytokine treatment does not alter its constitutive ex-
pression.

IL-13 Modulates the Gene Expression of
IL-13Ra2 in Th1-Type and Th2-Type
Fibroblasts

IL-13Ra2 is a nonsignaling decoy receptor®® that has
been previously described in cultured human synovial
fibroblasts.?® IL-13Ra2 acts as a potent inhibitor of IL-13
binding to its cell surface receptor leading to the initial
suggestion® and later demonstration®®?” that it modu-
lates the effects of IL-13 in vivo. The results from a quan-
titative analysis of IL-13Ra2 gene expression using Tag-
Man real-time PCR are summarized in Figure 3. The
IL-13Ra2 gene expression in untreated normal fibro-
blasts was assigned an arbitrary value of 1 and the fold
increases in IL-13Ra2 gene greater than this baseline are
shown for each fibroblast population and its correspond-
ing treatment. In normal fibroblasts, the exogenous addi-
tion of either IFN-vy or IL-13 (both at 10 ng/ml) for 24 hours
modestly increased IL-13Ra2 gene expression between
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Figure 2. RT-PCR analysis of B-actin, IL-13Ra1, and IL-4Ra gene expression
in tissue cultures of primary normal (N), Thl-type (T1), and Th2-type (T2)
fibroblast lines. Gene expression of IL-13Ra1 was constitutively expressed on
all three fibroblast populations whereas IL-4Ra expression varied between
normal, type 1, and type 2 fibroblast populations.
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Figure 3. Real-time TagMan PCR in tissue cultures of primary normal, Th1-
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sion in untreated normal fibroblasts. IFN-7y or IL-13 treatments had little effect
on the gene expression of IL-13Ra2 in normal fibroblasts, but both cytokines
markedly altered the expression of this IL-13 receptor subunit in Th1l- and
Th2-type fibroblasts.

twofold and threefold. In Th1-type fibroblasts, the expres-
sion of IL-13Ra2 was increased 20-fold more than that
measured in normal fibroblasts under similar baseline
conditions. The exogenous addition of IFN-y increased
whereas exogenous IL-13 decreased the gene expres-
sion of IL-13Ra2 in type 1 fibroblasts. Untreated type 2
fibroblasts expressed 50% less IL-13Ra2 gene expres-
sion compared with untreated normal fibroblasts. Inter-
estingly, the exogenous addition of either IFN-y or IL-13
markedly increased IL-13Ra2 gene expression 18- and
371-fold, respectively, more than that detected in un-
treated normal fibroblasts. Taken together, these data
showed that IL-13 decoy receptor gene expression dif-
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fered markedly between the normal, type 1, and type 2
fibroblasts, and these cells exhibited divergent expres-
sion of this receptor in response to IFN-y and IL-13.

Immunohistochemical Localization of IL-4R o
and IL-13Ra2 on Normal, Th1-Type, and
Th2-Type Fibroblasts

Immunohistochemical analysis of IL-4Ra and IL-13Ra2
protein expression confirmed that normal, type 1, and
type 2 fibroblasts expressed both receptor subunits of
the IL-13 receptor. Because of the lack of a specific
antibody directed against mouse IL-13Ra1, we were un-
able to examine the expression of this receptor subunit in
the fibroblast cell lines. Coinciding with the RT-PCR anal-
ysis, Thi-type (T1) fibroblasts strongly expressed IL-4Ra
under baseline (M) conditions unlike the normal (N) and
type 2 (T2) fibroblast lines (Figure 4). IL-4Ra protein
expression did not seem to be altered in type 1 fibro-
blasts after a 24-hour exposure to either IFN-y or IL-13. In
contrast, the IFN-y and IL-13 treatments markedly en-
hanced the expression of IL-4Ra protein in normal fibro-
blasts, and both cytokines strongly up-regulated this re-
ceptor in type 2 fibroblasts (Figure 4). As summarized in
Figure 5, no constitutive fibroblast-associated IL-13Ra2
protein expression was noted in normal (N), type 1 (T1),
or type 2 (T2) fibroblasts. Exposure of normal fibroblasts
to either 10 ng/ml of IFN-vy or IL-13 for 24 hours induced
IL-13Ra2 protein expression on all fibroblast populations.
This immunohistochemical analysis confirmed that nor-
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Figure 4. Immunohistochemical analysis of IL-4Ra in tissue cultures of primary normal (N), Thl-type (T1), and Th2-type (T2) fibroblast lines. T1 fibroblasts
strongly expressed IL-4Ra under basal conditions (M) compared to N and T2 fibroblasts. Cytokine treatments enhanced IL-4Ra protein expression on all three
fibroblast populations. —Ab is an abbreviation representing the control antibody used.
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Figure 5. Immunohistochemical analysis of IL-13Ra2 in tissue cultures of primary normal (N), Thl-type (T1), and Th2-type (T2) fibroblast lines. Protein
expression of IL-13aR2 under basal conditions (M) was not present in any of the fibroblast populations. Cytokine treatments induced IL-13Ra2 protein expression
on all three fibroblast populations. —Ab is an abbreviation representing the control antibody used.

mal, type 1, and type 2 fibroblasts exhibited cell-associ-
ated expression of IL-4Ra and IL-13Ra2 and the expres-
sion of both subunits in these cells were altered by the
exogenous addition of either IFN-vy or IL-13.

Contrasting Effects of IL-13 and IL13-PE on the
Proliferation of Normal, Th1-Type, and
Th2-Type Fibroblasts

Exaggerated, uncontrolled fibroblast proliferation is a
prominent feature of experimental Th2-type granuloma-
tous responses and IPF for which no adequate therapies
currently exist.®® In light of the paucity of therapeutics
that effectively regulate fibroblast proliferation, we exam-
ined in the present study whether lung fibroblast prolifer-
ation could be modulated using an IL-13-based immuno-
toxin approach.3® IL13-PE has been previously used to
target a number of cancerous cell types in vitro*© and in
vivo. 412 More recently we have observed that IL13-PE
significantly reduces peribronchial®® and granuloma-
tous®' fibrosis in vivo. In the present study, we observed
that IL13-PE treatment had a dose-dependent inhibitory
effect on the proliferation of type 1 and 2, but not normal,
fibroblasts (Figure 6). IL13-PE had the greater inhibitory
effect on Th1-type fibroblasts as evidenced by the 57%
decrease in type 1 fibroblast proliferation after exposure
to 200 ng/ml of IL13-PE and a larger 68% decrease in the
proliferation of these fibroblasts after exposure to 1000
ng/ml of IL13-PE. Taking into consideration that the
[®H]thymidine incorporation by type 2 fibroblasts ex-
posed to media alone was ~189-fold and fourfold higher

than that observed in similarly exposed normal and type
1 fibroblasts, respectively, the reduction in type 2 fibro-
blast proliferation was ~13% at the lower dose of IL13-PE
and 26% at the higher dose of IL13-PE. These data
highlighted that even in the context of aggressive fibro-
blast proliferation as observed in type 2 fibroblasts,
IL13-PE significantly inhibited fibroblast growth.

Further examination of IL13-PE’s inhibitory effect on
fibroblast proliferation is summarized in Figure 7. In these
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Figure 6. Dose-dependent effect of IL13-PE on cellular proliferation in tissue
cultures of primary normal, Thl-type, and Th2-type fibroblast lines. Fibro-
blasts were incubated for 24 hours with DMEM-15 alone (control), DMEM-15
plus 200 ng/ml of IL13-PE, or DMEM-15 plus 1000 ng/ml of IL13-PE. Four
hours before the conclusion of the experiment, 10 uCi of [?H] thymidine was
added to each well. IL13-PE treatment significantly inhibited, in a dose-
dependent manner, the proliferation of Thl- and Th2-type but not normal
fibroblasts. ¥ P = 0.001 compared with untreated (media alone) normal
fibroblasts. *, P = 0.05; **, P = 0.001 compared with untreated Thl- or
Th2-type fibroblasts.
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Figure 7. Effect of 200 ng/ml of IL13-PE on cellular proliferation in tissue
cultures of primary normal, Thl-type, and Th2-type fibroblast lines. Fibro-
blasts were incubated for 24 hours with 10 ng/ml of IFN-y or IL-13 for 24
hours before the addition of 100 ul of DMEM-15 alone (control) or the same
volume of DMEM-15 containing 200 ng/ml of IL13-PE for another 24 hours.
Four hours before the conclusion of the experiment, 10 pCi of [*H] thymidine
was added to each well. The proliferation of Thl- and Th2-type but not
normal fibroblasts was inhibited after exposure to IL13-PE. ***, P = 0.001
compared with Thl-type fibroblasts exposed to media alone. ¥, P =< 0.05 com-
pared with Th2-type fibroblasts exposed to media alone. ***, P = 0.001 com-
pared with Thl-type fibroblasts exposed to the same cytokine in the absence
of TL13-PE treatment (control). *, P = 0.05 compared with Th2-type fibroblasts
exposed to the same cytokine in the absence of IL13-PE treatment (control).

experiments, normal, type 1, and type 2 fibroblasts were
exposed to media alone or media plus IFN-y, media plus
IL-13 (both cytokines at 10 ng/ml) for 24 hours before the
addition of 200 ng/ml of IL13-PE for an additional 24
hours. Regardless of the culture conditions, IL13-PE did
not affect [°H]thymidine incorporation by normal fibro-
blasts. Exposure of type 1 fibroblasts to IL-13, but not
IFN-vy, significantly increased the proliferation of these
cells. The inclusion of IL13-PE into cultures of type 1
fibroblasts reduced [®H]thymidine incorporation by 80%
(media alone), 71% (IFN-y treatment), and 85% (IL-13
treatment). In cultures of type 2 fibroblasts, only IL-13, not
IFN-vy, treatment significantly increased the proliferation
of these cells above the baseline levels. After IFN-y or
IL-13 treatment, IL13-PE reduced fibroblast proliferation
by 27% and 28%, respectively. The inclusion of IL13-PE
into cultures of Th2-type fibroblasts exposed to media
alone reduced their proliferation by 10%. Thus, these
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data confirmed the inhibitory effect of IL13-PE on the
proliferation of type 1 and type 2 fibroblasts.

IL13-PE Treatment Significantly Altered
Extracellular Matrix-Associated Gene Expression
in Normal, Type 1, and Type 2 Fibroblasts

We next examined whether IL13-PE treatment modulated
the expression of genes associated with extracellular
matrix deposition and degradation using a specific GE-
Array, and these data are summarized in Table 1. Fibrotic
lung disease appears to result, in part, from an increase
in matrix deposition and a concomitant imbalance in the
expression and/or activity of proteases that regulate this
process.*®> When compared to normal fibroblasts, procol-
lagen 1 gene expression was increased more in the type
1 and type 2 fibroblasts (Table 1). Interestingly, Th1-type
fibroblasts exhibited a greater increase in a number of
factors that regulate extracellular matrix deposition in-
cluding thrombospondin-1, urokinase (uPA), tissue inhib-
itor of metalloproteinase (TIMP-1), and hyaluronidase
gene expression compared with normal fibroblasts. In
contrast, only hyaluronidase gene expression was in-
creased in Th2-type fibroblasts compared with normal
fibroblasts. These data suggested that Th1-type, but not
Th2-type, fibroblasts expressed a number of factors crit-
ical for modulating the deposition of extracellular matrix.
This observation is in keeping with in vivo observations
showing that Th1-type granulomas exhibit little fibrosis or
fibroblast activation.®* On examining total soluble colla-
gen levels in cultured normal, type 1, and type 2 fibro-
blasts, type 2 fibroblasts contained significantly greater
quantities of collagen under basal conditions compared
with normal and type 1 fibroblasts (data not shown).
Furthermore, IL-13 cytokine treatment significantly in-
creased collagen secretion in type 2 fibroblasts com-
pared to the cytokine-treated normal and type 1 fibro-
blasts.

The treatment of all three fibroblast cell lines for 24
hours with 200 ng/ml of IL13-PE had a profound effect on
the expression of a number of extracellular matrix-asso-

Table 1. Extracellular Matrix-Associated Genes Up-Regulated in Thl (T1)- and Th2 (T2)-Type Fibroblasts Compared with
Untreated Normal (N) Fibroblasts
Gene name T1 versus N T2 versus N N (PE versus media) T1 (PE versus media) T2 (PE versus media)

Collagen 1at 1.6 2.3 2.6 2.8 15
Fibronectin 0.6 0.9 3.0 2.2 1.3
Collagenase-like A Down Down 0.0 0.0 Up
MMP-13 0.0 0.0 Up Up Up
Thrombospondin 1 1.7 0.3 6.5 0.0 0.1
uPA Up 0.0 1.0 1.9 Up
PAI-1 0.6 Down 1.2 1.0 45.6
tPA 0.7 0.2 1.0 1.5 3.2
MMP-3 (stromlysin) 0.0 0.0 Up 0.0 Up
MMP-7 (matrilysin) 0.0 0.1 0.5 Up 56.3
TIMP-1 2.3 0.5 1.2 1.3 2.0
TIMP-2 1.3 0.2 1.7 0.6 55
Hyaluronidases Up Up Up 7.8 Down

All three fibroblast cell lines were also analyzed in the presence and absence of IL13-PE (PE versus media) treatment. Data shown indicate fold
induction in gene expression compared with normal fibroblasts (column 1 and 2) or compared with untreated fibroblasts cell lines (columns 3 to 5).



1482  Jakubzick et al
AJP May 2003, Vol. 162, No. 5

Table 2. Apoptosis-Associated Genes Up-Regulated in Thl (T1)- and Th2 (T2)-Type Fibroblasts Compared with Untreated Normal

(N) Fibroblasts

Gene name T1 versus N T2 versus N N (PE versus media) T1 (PE versus media) T2 (PE versus media)
Apafi 0.8 2.2 0.01 14 8.4
APRIL 0.04 0.03 4.5 25 107.9
Bad 0.1 0.2 0.0 1.7 54
Bax Up Up 3.8 1.8 6.2
Bcl2 0.04 0.2 0.4 0.2 1.2
Bid Down Down 3.2 Up Up
Casp1 0.0 0.05 0.01 64.8 132.3
Casp3 0.4 247.5 Up 1.5 Down
Casp8 0.2 0.7 3.8 2.4 5.6
Casp9 Down Down 3.4 1.5 Up
TRAIL-R/DR5 Up Up 3.8 1.6 18.7
TRAIL Down 0.9 4.4 1.5 6.2
Tramp/Apo-3/DDR3 0.1 1.1 2.8 1.1 0.3
Tnfsf12 (Apo-3L) 0.01 Down 0.04 0.5 Up
CD40 0.06 Down 11.4 Down Up
Fas antigen Down 0.4 Up 1.5 Up
Fas ligand 60 0.5 3.8 Up Up
p53 0.4 0.7 1.1 1.0 8.1

All three fibroblast cell lines were also analyzed in the presence and absence of IL13-PE (PE versus media) treatment. Data shown indicate fold
induction in gene expression compared with normal fibroblasts (column 1 and 2) or compared with untreated fibroblasts cell lines (columns 3 to 5).

ciated genes (Table 1). IL13-PE treatment stimulated in-
crease for matrix metalloproteinase-13 (MMP-13 or inter-
stitial collagenase) gene expression in all three fibroblast
cell lines. In addition, collagenase-like A, MMP-3 (also
known as stromelysin) and MMP-7 (also known as matri-
lysin) were markedly increased in type 2 fibroblasts after
IL13-PE treatment. Interestingly, the increases in the ma-
jor endogenous regulators of MMPs, TIMP-1 and TIMP-2
were, by comparison to changes in MMPs, modest.
Thrombospondin-1 is a major activator of latent TGF-8,**
and IL13-PE treatment of type 1 and type 2 fibroblasts
down-regulated or inhibited the gene expression of this
profibrotic factor. Other major regulators of the pulmo-
nary fibrotic process such as uPA, and tissue plasmino-
gen activator (tPA) and plasminogen activator inhibitor-1
(PAI-1) were selectively up-regulated by IL13-PE in type
2 fibroblasts (Table 1). Together, this gene array analysis
suggested that IL13-PE strongly up-regulated the gene
expression of proteases necessary for the degradation of
tissue matrix in all three lung fibroblast lines.

IL13-PE Treatment Significantly Increased
Apoptosis-Related Gene Expression in Type 1
and Type 2 Fibroblasts

Recent studies by Kawakami and colleagues*® showed
that IL13-PE treatment induced apoptotic cell death in
head and neck cancer cell lines. In the present study, we
assessed whether IL13-PE had a similar effect in the
three primary lung fibroblast cell lines. Data from specific
GEArray apoptosis gene arrays is summarized in Table 2.
The analysis of changes in gene expression between
normal fibroblasts and the type 1 and type 2 fibroblasts
revealed some interesting differences between these cell
lines. First, it was apparent that both granuloma fibro-
blasts lines expressed markedly higher gene levels of the
proapoptotic factor Bax, whereas gene expression for the
anti-apoptotic Bcl-2 was markedly decreased in both

lines compared with untreated fibroblasts. Second, the
gene expression of the proapoptotic effector caspase-3
was greater than 200-fold higher in type 2 fibroblasts
compared with normal fibroblasts. Third, the gene ex-
pression for the receptor for tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) was increased greater
in both granuloma fibroblast lines compared with the
normal fibroblast line. Finally, type 1, but not type 2,
fibroblasts exhibited ~60-fold higher gene expression for
Fas-ligand (Fas-L) compared with normal fibroblasts.
These data suggested that both granuloma fibroblast
lines expressed higher gene levels of proapoptotic fac-
tors that presumably reflects the augmented activation
levels of these cells more than that in normal fibroblasts.

The effects of IL13-PE on gene expression for pro- and
anti-apoptotic genes are also summarized in Table 2.
IL13-PE treatment for 24 hours altered gene expression in
all three fibroblast lines, but the greatest changes were
observed in the type 2 fibroblast cells. For example,
several of the genes involved in the Fas/tumor necrosis
factor proapoptotic pathway were up-regulated in nor-
mal, type 1, and type 2 fibroblasts exposed to IL13-PE.
Although, two anti-apoptotic factors including APRIL (a
proliferation-inducing ligand) and CD40 were also mark-
edly increased in type 2 fibroblasts after IL13-PE treat-
ment, Bcl-2 gene expression was modestly affected in
these cells after the same treatment. However, Bcl-2
gene expression was decreased in normal and type 1
fibroblasts after IL13-PE treatment compared with the
appropriate untreated fibroblast line (Table 2). Thus, it
was apparent that the gene expression for proapoptotic
factors was increased in type 1 and type 2 fibroblasts
compared with control fibroblasts, and the IL13-PE treat-
ment further increased the expression of a number of
proapoptotic factors in all three fibroblast lines, but this
increase was much more dramatic in the Th2-type fibro-
blasts. However, IL13-PE-treated Th2-type fibroblasts



also exhibited marked gene expression for two potentially
important anti-apoptotic factors.

Discussion

IL-13 has recently joined the ranks of immunomodulatory
cytokines that exert major profibrotic effects in the
lung®29:46-48 and liver.?2” The profibrotic effect of IL-13
in the lung is postulated to involve irreversible fibroblast
activation, triggered either directly’*° or indirectly
through TGF-B.%°° Regardless of its mode of action, a
recently published Affymetrix gene array analysis of hu-
man lung fibroblasts demonstrated that IL-13 has major
stimulatory effects on a multitude of genes that contribute
to lung remodeling or fibrotic events.®' Considering that
our previous studies showed that primary fibroblast cell
lines derived from normal mouse lung, a Thi-type (type
1) pulmonary granulomatous response and a Th2-type
(type 2) pulmonary granulomatous response differentially
respond to the exogenous addition of 1L-4,°%3% in the
present study we primarily examined the impact of IL-13
on the synthetic and proliferative properties on these cell
lines. The data provided herein show that receptor sub-
units that recognize and bind IL-13, namely IL-4Ra and
IL-183Ra2, are expressed at varying levels in all three lung
fibroblast cell lines, whereas IL-13Ra1 is constitutively
expressed in all three cell lines. The expression of these
receptor subunits was demonstrated at the gene and
protein level. Unlike normal fibroblasts, both type 1 and
type 2 fibroblast cell lines generated significantly greater
amounts of collagen and proliferated much more aggres-
sively in response to IL-13 (data not shown). Among the
fibroblast lines examined, type 2 fibroblasts exhibited the
greatest baseline collagen generation and cell prolifera-
tion rate, presumably reflecting the highly fibrotic nature
of the S. mansoni-induced granulomatous response.?®2”
Most importantly, the present study showed that IL13-PE,
an IL-13 immunotoxin, effectively inhibited the exuberant
synthetic and proliferative properties of type 1 and type 2
but not normal fibroblasts. Thus, the present study dem-
onstrated that major functions of lung fibroblasts are al-
tered by IL-13, particularly after these cells have partici-
pated in inflammatory events characterized by little (ie,
type 1) or copious (ie, type 2) lung fibrosis.

The high-affinity IL-13Ra2, in its monomeric form, ap-
pears to be a silent or decoy IL-13 receptor®® and these
properties have been exploited therapeutically to inhibit
hepatic fibrosis because of S. mansoni eggs.?® In the
present study, we observed that IL-13Ra2 protein was
not constitutively expressed on the cell surface of any of
the fibroblast cell lines, despite the increased gene ex-
pression for this receptor subunit in type 1 compared with
untreated normal fibroblasts. We also observed a dis-
crepancy between our TagMan PCR analysis showing
that IL-13Ra2 gene expression was strongly induced by
IL-13 compared to IFN-y in type 2 fibroblasts and the
immunohistochemical analysis showed the opposite IL-
13Ra2 protein profile. One explanation for these discrep-
ancies may relate to the propensity of mouse IL-13Ra2,
but not human IL-13Ra2, to be released in a soluble form
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from the cells that express it.>®> Accordingly, untreated
type 2 cells may release soluble IL-13Ra2 on gene trans-
lation. It is also conceivable that the release of IL-13Ra2
by the untreated or cytokine-stimulated cells may in turn
lead to their dramatic up-regulation in IL-13Ra2 gene
expression. Previous studies have shown that IL-13Ra2
protein is rapidly mobilized from intracellular stores to the
cell surface after cellular exposure to IFN-y.2” This pos-
sibility is the focus of additional studies addressing the
regulation of IL-13Ra2 protein expression and release by
lung fibroblasts.

Previous studies have documented that fibroblasts
from various tissue sources express functional IL-13 re-
ceptor(s) that promote the induction of cytokines (ie, IL-6,
granulocyte colony stimulating factor, granulocyte mac-
rophage colony stimulating factor, and TGF-B) and ad-
hesion molecules (ie, B1 integrin and VCAM-1).14.16:22
IL-13 has also been shown to induce gene expression for
procollagen 3a1,*° and to inhibit cytokine-induced
MMP-1 and MMP-3 production while it concomitantly en-
hanced TIMP-1 generation.*® Using GEArray gene chip
analysis, we observed that all three fibroblast cell lines
differed in their expression of extracellular matrix-associ-
ated genes both before and after IL13-PE treatment.
Recent studies have documented that IL-13 is a potent
inducer of collagen production in vivo in the lung® and in
vitro in skin and keloid fibroblasts.*® Previous in vitro
studies have also shown that IL-13 inhibits proteases that
degrade extracellular matrix (ie, MMP-1 and MMP-3)
while enhancing specific tissue inhibitors of these pro-
teases (ie, TIMP-1 and TIMP-2).%° This imbalance in pro-
tease regulation by the pulmonary fibroblast is thought to
favor the excess accumulation of extracellular matrix dur-
ing pulmonary fibrotic events.®? In the present study it
was apparent that IL13-PE treatment markedly enhanced
the gene expression of a number of extracellular matrix-
specific proteases including collagenases, matrix metal-
loproteinases, and hyaluronidases, but this fusion protein
also up-regulated a number of tissue inhibitors or regu-
lators of these factors such as TIMP-1 and TIMP-2 in type
2 fibroblasts. IL13-PE treatment of both type 1 and type 2
fibroblasts down-regulated the gene expression of the TGF-
B-activating factor thrombospondin-1. Thrombospondin-1
is prominently expressed in the lungs of IPF patients.>® The
significance of the concomitant up-regulation of pro- and
anti-fibrotic factors after IL13-PE treatment is not appre-
ciated at present but it is possible that the increased
activity of metalloproteinases would prevent or reverse
the increased deposition of extracellular matrix, particu-
larly that associated with Th2-type lung diseases.®® A
balance of pro- and anti-fibrotic proteases is critical be-
cause excess protease® or anti-protease®® activity has
been associated with excessive pulmonary fibrosis in-
duced by the anti-neoplastic drug bleomycin. Further-
more, the in vivo profibrotic effects of IL-13 observed in
IL-13 transgenic mice was dependent on the activity of
extracellular matrix proteases.® Several genes associ-
ated with the plasminogen activation system were also
examined in the present study. This system is comprised
of a number of factors including uPA, tPA, and PAI, and
it is well established that the activation of these factors is
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necessary to maintain the fibrinolytic system in the lung,
and any disruption to the normal activity of the fibrinolytic
system seems to exacerbate experimental fibrosis.®®%”
Interestingly, uPA gene expression was up-regulated in
type 1 fibroblasts compared with normal and type 2
fibroblasts, but the treatment of type 2 fibroblasts with
IL13-PE induced uPA gene expression from that ob-
served in untreated Th2-type fibroblast. Thus, the pre-
dominate effect of IL13-PE on the cultured fibroblast cell
lines, particularly the type 2 line, was the induction of
potent regulators/modulators of extracellular matrix dep-
osition suggesting that this immunotoxin may provide
clear beneficial effects in the context of pathological fi-
brotic events in the lung.

A number of previous studies suggest that the dys-
regulation of apoptotic pathways may explain, in part, the
pathogenesis of a number of chronic lung diseases in-
cluding IPF.>® Our interest in the effect of IL13-PE on the
induction of genes associated with apoptotic pathways in
lung fibroblasts stemmed from a previous study in which
it was shown that IL-13 immunotoxin induced cytotoxicity
in tumor cell lines via its ability to up-regulate proapop-
totic and down-regulate anti-apoptotic factors in these
cells.*® In this previous study, it was observed that Bax (a
proapoptotic factor) was up-regulated while Bcl-2 (a sup-
pressor of cell death) was down-regulated in these tumor
lines after their exposure to IL13-PE.*® The GEArray anal-
ysis of untreated normal, type 1, and type 2 fibroblasts
revealed some intriguing features of the granuloma fibro-
blasts. Compared with normal fibroblasts, Th1- and Th2-
type fibroblasts expressed markedly greater levels of
genes encoding for Bax and TRAIL receptor. The TRAIL
receptor binds the tumor necrosis factor-related pro-
apoptotic ligand TRAIL, a potent inducer of fibroblast
apoptosis.®® Also of note was the marked level of FasL
gene expression in Thi-type, but not Th2-type, fibro-
blasts compared with normal fibroblasts. In the lung, it is
thought that cells up-regulate FasL to monitor and regu-
late local immune activity.*® The inclusion of IL13-PE into
cultures of lung fibroblasts markedly up-regulated the
expression of a number of proapoptotic factors, but the
most pronounced changes were observed in cultures of
type 2 fibroblasts. Examples of important proapoptotic
factors in fibroblasts include Apaf-1°° and its co-factor
caspase 9,°" and p53,°" and all three genes that were
increased in type 2 cells, but not in the other two fibro-
blast lines after IL13-PE treatment. Overall, it appeared
that IL13-PE was a potent inducer of apoptosis-related
genes in Th2-type fibroblasts, but it was apparent from
the proliferation studies that these cells were much less
susceptible to the inhibitory effects of the fusion cytotoxin
compared with the Thi-type fibroblasts. Further investi-
gation is underway to explore this resistance in greater
detail, and we will be focusing on two anti-apoptotic
factors that are strongly or selectively induced by IL13-PE
in Th2-type fibroblasts: APRIL®? and CD40.% APRIL con-
fers protection from TRAIL-induced apoptosis whereas
CD40 confers protection from tumor necrosis factor-a-
and Fas-induced apoptosis.®®®* Qur previous studies of
untreated Th2-type fibroblasts have revealed that the
surface expression of CD40 is 100-fold higher on these

cells compared with that expressed on normal and Th1-
type fibroblasts (unpublished data).

In conclusion, these findings demonstrate the impact
of IL-13 on the synthetic and proliferative properties of
granuloma fibroblasts. Despite the activation of these
cells in very different cytokine milieus in the lung, IL-13
affected their generation of collagen, proliferation and
increased the receptor gene expression for the high-
affinity 1L-13 receptor subunit, IL13Ra2. The responsive-
ness of these cells to IL-13 also meant that these cells
could be targeted directly with an IL-13 immunotoxin.
Given the encouraging clinical findings from the use of
cytokine immunotoxins in the treatments of cancer,®*® it is
conceivable that IL13-PE may also be a relevant therapy
in the treatment of debilitating lung fibrotic diseases such
as IPF.
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