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Abstract

Endogenous IL-15 deficiency promotes lung fibrosis; therefore, we
examined the effect of induced IL-15 in restricting the progression
of lung fibrosis. Our objective in this work was to establish a novel
therapeutic molecule for pulmonary fibrosis. Western blot, qPCR,
and ELISA were performed on the lung tissues of IL-15–deficient
mice, and recombinant IL-15 (rIL-15)–treated CC10–IL-13 and
CC10–TGF-amice, and allergen-challenged CC10–IL-15 mice
were examined to establish the antifibrotic effect of IL-15 in lung
fibrosis. We show that endogenous IL-15 deficiency induces baseline
profibrotic cytokine and collagen accumulation in the lung, and
pharmacological delivery of rIL-15 downregulates Aspergillus
antigen–induced lung collagen, the profibrotic cytokines IL-13 and
TGF-b1, and a-SMA1 and FSP11 cells in mice. To confirm that
overexpression of IL-15 diminishes pulmonary fibrosis, we generated
CC10-rtTA-tetO7–IL-15 transgenic mice and challenged them with
Aspergillus antigen. Aspergillus antigen–challenged, doxycycline
(DOX)-treated CC10–IL-15 transgenic mice exhibited decreased
collagen accumulation, profibrotic cytokine (IL-13 and TGF-b1)
expression, and a-SMA1 and FSP11 cells compared with IL-
15–overexpressing mice not treated with DOX. Additionally, to
establish that the antifibrotic effect of IL-15 is not limited to allergen-

induced fibrosis, we showed that rIL-15 or IL-15 agonist
treatment restricted pulmonary fibrosis even in CC10–IL-13
and CC10–TGF-amice. Mechanistically, we show that T-helper cell
type 17 suppressor IL-15–responsive RORg1 T regulatory
cells are induced in DOX-treated, allergen-challenged IL-15–
overexpressing mice, which may be a novel pathway for restricting
progression of pulmonary fibrosis. Taken together, our data
establishes antifibrotic activity of IL-15 that might be a novel
therapeutic molecule to combat the development of pulmonary
fibrosis.
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Clinical Relevance

IL-15 gene deficiency promotes pulmonary fibrosis.
Overexpression of IL-15 protects against allergen- or cytokine-
induced pulmonary fibrosis. We report for the first time the
significance of T-helper cell type 17 suppressor RORg1

T regulatory cells in IL-15–mediated protection of pulmonary
fibrosis.

In the past decade, an increase in immune-
based diseases has been noted in both
developed and undeveloped countries
(1, 2). Several reports have indicated that

T-helper cell type 2 (Th2) and Th3 cells,
and their derived cytokines, play a role in
promoting allergic diseases, including
various pulmonary complications and

fibrosis (1, 2). Earlier reports indicated that
bronchial or interstitial fibrosis is the result
of the immune cells and structural cells
induced cytokines and growth factors,
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including transforming growth factor
(TGF)-a/b and IL-13. Notably, the roles
of both TGF-a/b and IL-13 have been
implicated in the accumulation and
propagation of fibroblasts and collagen, and
the progression of pulmonary fibrosis (3, 4).
Human and mouse lung fibroblasts have an
exceptional characteristics that produce
several mediators, including inhibitors of
metalloproteinases (5). It is well established
that the TGF family of molecules is a key
driving force in fibroblast-to-myofibroblast
differentiation. Allergen- or cytokine-
induced lung fibrosis is defined by the
overgrowth, hardening, and/or scarring
of various tissues, and is attributed to
excess deposition of extracellular matrix
components, including collagen. The
key cellular mediator of fibrosis is the
myofibroblast, when activated serves as the
primary collagen-producing cell. Lung
fibrosis involves complex mechanisms,
and clinical management using
antiinflammatory therapy alone has limited
effectiveness. Therefore, it is critical to
explore new therapeutic strategies to
restrict the progression of lung airway
and interstitial fibrosis. Currently, several
antiinflammatory medications are used to
treat airway inflammation in patients, but
these medications have no major effect on
protecting against the progression of
allergen- or cytokine-induced lung fibrosis
(6). IL-15 is critical for the generation and
maintenance of several innate naive and
memory T-cell subsets, including natural
killer cells (7–9). IL-15 also has a significant
role in antiviral immunity and protecting
against asthma and airway obstruction
(10, 11). We previously reported a critical
role of IL-15–responsive T regulatory
(Treg) cells in protecting against airway
inflammation (11). Furthermore, a
report implicated IL-15 deficiency in
exacerbating asthma in pediatric population
(9). Interestingly, even induced IL-15 was
observed after steroid treatment in human
asthma (10). Therefore, in this study, we
sought to establish the significance of IL-15
in restricting pulmonary fibrosis.

Our current study shows that IL-15
synchronizes pulmonary fibrosis induced
by allergens or cytokines. IL-15 is an
innate cytokine that is induced in several
allergic and nonallergic diseases. For
example, IL-15’s role in inhibiting
eosinophil apoptosis involves activating
the autocrine production of macrophage
colony–stimulating factor (12). Herein, we

demonstrate for the first time that IL-15 has
antifibrotic properties that protect mice from
developing lung fibrosis by downregulating
proinflammatory and profibrotic cytokines.
The current studies provide strong evidence
that IL-15 restricts the development of
fibrosis in allergen- and IL-13–induced
airways, as well as the TGF-a–induced
interstitial type of pulmonary fibrosis.

Methods

Mice
BALB/c mice were obtained from
Taconic Farms, Inc., and housed under
specific-pathogen-free conditions.
Doxycycline (Dox)-inducible CC10–IL-13
bitransgenic mice were previously used at
the Cincinnati Children’s Hospital and
Medical Center (CCHMC) and brought
to Tulane from Dr. Marc Rothernberg’s
laboratory. CC10–TGF-a mice were
obtained from Dr. William D. Hardie and
used at the CCHMC. IL-15 gene-deficient
mice were obtained from the laboratory of
De Freed Finkelman at CCHMC. All of the
mice were kept in a barrier faculty and used
according to the protocols and guidelines of
the Tulane University School of Medicine.
The details and generation of CC10–IL-15
transgenic mice were previously reported (11).

Allergen-induced Experimental
Asthma
A mouse model of allergic lung
inflammation was established using
methods described previously (11). In
brief, mice were lightly anesthetized with
isoflurane and then given 100 mg in 50 ml
Aspergillus fumigatus extract (GEER
Laboratories) or 50 ml normal saline alone
via intranasal route using a micropipette.
After instillation, the mice were held upright
for a few minutes. Aspergillus extract or saline
was administered three times a week for 3
weeks. All of the mice were killed 20–24
hours after the last intranasal challenge.

Fibroblast Analysis by Immunostaining
Rabbit anti-FSP1 antibody was
used to immunostain tissue sections
overnight at 48C, followed by secondary
biotinylated goat anti-rabbit horseradish
peroxidase–conjugated antibody (Santa
Cruz Biotechnology) for 1 hour at room
temperature. The tissue sections were
further developed with a nickel
diaminobenzidine–cobalt chloride solution

and counterstained with Nuclear Fast
Red.

Cytokine Estimation in Tissue and
Lung Lavage Fluid
Lung lavage fluid was centrifuged at 2503 g
for 5 minutes at 48C. Lung tissue was
collected in protein buffer (Invitrogen) and
homogenized. Cytokines were measured
using the R&D ELISA duo set kits (R&D
Systems, Inc.) for specific cytokines
according to the protocol provided by the
manufacturer.

Masson’s Trichrome Blue Collagen
Staining
Tissue sections obtained from the different
groups of mice were fixed with 4%
formaldehyde and embedded in paraffin.
Then, 5-mm sections were cut and placed
on positively charged glass slides. Tissue
sections were used to detect collagen using
Masson’s trichrome staining kit (Poly
Scientific R&D Corp.) according to the
protocol provided by the manufacturer.

Western Blotting for Expression
Analysis
Protein samples obtained from the
different treatment groups were
homogenized in lysis buffer, and 40 mg
of protein was separated on 8–15% SDS-
PAGE and transferred to polyvinylidene
difluoride membranes. The membranes
were then incubated with blocking
buffer and treated with primary antibodies
for collagen I, TGF-b, a-SMA, and
GAPDH at 48C overnight, followed by
three to four washes, and incubated
with horseradish peroxidase–conjugated
secondary antibodies obtained from
Santa Cruz Biotechnology. Blots were
then developed using an enhanced
chemiluminescence system provided by
Thermo Scientific.

RT-PCR Analysis
RNA was isolated from the lung by the
TRIZOL method (11). In brief, RNA
samples (500 ng) were subjected to reverse
transcription analysis using the iScript
cDNA synthesis kit (Bio-Rad) according to
the manufacturer’s instructions. Collagen-I,
collagen-III, a-SMA, TGF-b1 and GAPDH
were quantified by real-time PCR using the
CFX connect Real-Time System (Bio-Rad)
and SsoAdvanced Universal SYBR Green
Supermix (Bio-Rad). Results were
normalized with GAPDH amplified from
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the same cDNA mix and expressed as
relative expression compared with controls.
cDNA was amplified using the primers:
mCollagen-I, F- 59 TGTTCAGCTTTG
TGGACCTC-39; R-59-GGTTTCCACGT
CTCACCATT-39; mCollagen-III, F-59-
CAGGATCTGTCCTTTG CGAT-39; R-5-
CCCACTCCAGACTTGACATC-39; mSMA,
F-59-CCTGGAGAAGAGCTACGA A C-39;
R-5- CCCCTGACAGGACGTTGTTA-39;
mTGF-b1, F-59-GCAACAA TTCCTGG
CGTTAC-39; R-5- GCTGAATCGAAA
GCCCTGTA-39; mGAPDH, F-59-ACCCAG
AAGACTGTGGATGG-39; R-5-
CACATTGGGGGTAGGAACAC-3.

Flow-Cytometric Analysis of
RORg1CD41CD251Foxp31 Treg
Cells
Isolated mediastinal lymph node cells of
DOX- and no-DOX–treated CC10–IL-15
asthmatic mice were stained for cell-surface
markers with anti-CD45-FITC, anti-CD4-
PerCP, anti-RORg-PE, and anti-CD25-
PE-Cy7, followed by intracellular
Foxp3 staining (eBioscience) using
an anti-Foxp3-APC antibody. The
samples were analyzed using a
FACSCalibur flow cytometer (BD
Biosciences) (11).

Statistical Analysis
Statistical analysis was performed with
the use of GraphPad Prism software
(version 5). A nonparametric t test
or one-way ANOVA followed by a
Newman-Keuls post hoc test was
used as indicated. A P value of
,0.05 was considered statistically
significant.

Results

Endogenous IL-15 Deficiency Results
in TGF-b1 Induction and Collagen
Accumulation in the Murine Lung
A previous study examined the relationship
between serum IL-15 levels and lung
fibrosis in systemic sclerosis, and
the results suggested that IL-15 may
possess antifibrotic properties (13).
Therefore, we examined and compared
baseline TGF-b1 levels and
collagen accumulation in endogenous
IL-15–deficient mice and wild-type
(WT) mice. Our analysis showed that
baseline collagen accumulation
was increased in the lung tissue of

endogenous IL-15–deficient mice
compared with the WT mice (Figures
1A and 1B). We also observed increased
levels of total collagen and TGF-b1 in

the lungs of endogenous IL-15–deficient
mice compared with the WT mice
(Figures 1C and 1D). Furthermore, a
Western blot analysis validated the
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Figure 1. Analysis of baseline tissue remodeling in endogenous IL-15 gene–deficient (IL-152/2) mice.
(A and B) Baseline collagen deposition was examined using Masson’s trichrome staining of lung
tissue sections from 20-weeks-old naive wild-type (WT) and (C and D) IL-152/2 mice. (C) Total lung
collagen was assessed using Sircol reagent, and (D) transforming growth factor b1 (TGF-b1) levels
were assessed by ELISA. (E–G) Western blot analysis showed enhanced expression of TGF-b1 and
a-SMA in IL-152/2 mice (E), which was confirmed by performing GAPDH-normalized densitometry
(F and G). Data are expressed as mean 6 SD, n = 8 mice/group in each group, except for the
Western blot analysis. Scale bars: 100 mm. SMA= smooth muscle actin.
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induction of the profibrotic cytokines
TGF-b1 and a-SMA in endogenous
IL-15–deficient mice compared with WT
mice (Figure 1E). GAPDH-normalized
densitometry of TGF-b1 and a-SMA
analyses confirmed that lL-15 regulated
both of the examined profibrotic
cytokines (Figures 1F and 1G), which
encouraged us to examine its role
as a novel molecule in restricting
the progression of lung fibrosis.

Pharmacological Delivery of
Recombinant IL-15 Improves
Aspergillus fumigatus Extract–induced
Bronchial Fibrosis in Mice
Recently, we reported the importance of
IL-15 in Aspergillus extract–induced lung
airway disorder. Airway obstruction is
well associated with bronchial fibrosis in
chronic obstructive pulmonary disease
(14, 15). Therefore, we investigated the
role of IL-15 in the development of

Aspergillus-induced bronchial fibrosis
using an experimental mouse model of
asthma. First, we delivered intranasal
Aspergillus antigen according to
a previously established protocol to
induce experimental asthma in mice (11).
Second, we determined the role of IL-15
pharmacologically delivered into the
lungs of allergen-challenged mice. We
observed that intranasal Aspergillus
challenge significantly increased collagen
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Figure 2. Consequences of rIL-15 pretreatment in Aspergillus-induced bronchial fibrosis in mice. (A) Representative light-microscopy photomicrographs
of lung sections with Masson’s trichrome staining show perivascular and peribronchiolar collagen accumulation after 3 weeks of saline or Aspergillus
challenge in mice treated with and without rIL-15. (B) Total collagen expression in saline- and rIL-15–treated, Aspergillus-challenged mice. ELISA results
for profibrotic IL-13 and TGF-b1 expression in saline- and rIL-15–treated, Aspergillus-challenged mice are shown. (C and D) Immunofluorescence staining
revealed a-SMA1 cells in Aspergillus- and rIL-15–treated, Aspergillus-challenged mice. (E) Very few eosinophils are seen in the saline-treated (for 3 wk)
mice. (F) Arrows indicated FSP11 cell expression in Aspergillus and rIL-15–treated Aspergillus-challenged mice. Quantitation of a-SMA1 and FSP11 cells
is shown in saline-, (G and H) Aspergillus-, and rIL-15–treated Aspergillus-challenged mice. Data are expressed as mean 6 SD, n = 12 mice/group. Scale
bars: 100 mm and 20 mm. ASP = Aspergillus; FSP1 = fibroblast-specific protein 1; rIL-15 = recombinant IL-15; SAL = saline.
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accumulation compared with saline
control in the mouse lungs. Third, we
evaluated whether recombinant IL-15
(rIL-15) delivery affected perivascular
and peribronchial collagen accumulation
in the allergen-challenged mice. We found
that rIL-15 downregulated accumulation

of lung collagen in IL-15–pretreated,
Aspergillus-challenged mice compared
with saline-treated, Aspergillus-challenged
mice (Figure 2A). Total collagen in
saline-, Aspergillus-, and rIL-15–treated
Aspergillus-challenged mice was analyzed
using Sircol reagent, which validated

the Masson’s trichrome histological
collagen analysis (Figure 2B). Fourth, we
showed downregulation of Aspergillus
extract–induced levels of IL-13, TGF-b1,
collagen I, and collagen III transcripts
(Figure E1 in the data supplement), and
protein levels of IL-13 and TGF-b1

  

  

 

 

 

  

  

 

CC10
Promoter

CC10
Promoter

rtTA
rtTA

Reverse
Tet Activator

Reverse Tet
Activator

CC10-rtTA mice construct

CC10-rtTA, tetO7-IL-15 BiTg mice construct

IL-15 Tg mice construct

TetO7/
CMV

mIL-15
cDNA

mIL-15
cDNA

hGH
Poly A

bGH
Poly A

Dox

0

50

100

150 p<0.001

p<0.05200

250 No DOX
DOX

IL
-5

 p
g/

m
g 

pr
ot

ei
n

IL
-1

3 
pg

/m
g 

pr
ot

ei
n

0
–

–

+

–

–

+

+

+

100

200

300

400

500 p<0.001 p<0.01

600

0

100

200

300

400

500 p<0.001 p<0.05

600

Lung BALF

T
G

F
-

pg
/m

g 
pr

ot
ei

n

50

40
p<0.001 p<0.05

30

S
M

A


+
 C

el
ls

/h
pf

20

10

0

p<0.001 p<0.01
500

400

300

T
ot

al
 L

un
g 

C
ol

la
ge

n
g

/m
g 

pr
ot

ei
n

200

100

0

A

E

H D

F

B

NO DOX ASP DOX ASP

Aspergillus

DOX –

–

+

–

–

+

+

+Aspergillus

DOX

–

–

+

–

–

+

+

+Aspergillus

DOX–

–

+

–

–

+

+

+Aspergillus

DOX

SAL

No
DOX

DOX

ASPI J

p<0.001 p<0.01

0

5

10

15

20

25

F
S

P
1+

 C
el

ls
/h

pf

–

–

+

–

–

+

+

+Aspergillus

DOX

DAPI MergedSMA-

NO DOX
SAL

DOX
SAL

DOX
ASP

NO DOX
ASP

G

50 m 50 m

50 m50 m

20 m 20 m 20 m

20 m 20 m 20 m

20 m 20 m 20 m

20 m 20 m 20 m
100 m 100 m

100 m100 m

TetO7/ CMV
Promoter

Figure 3. Generation of doxycycline (DOX)-regulated IL-15 transgenic mice, and analysis of tissue collagen and profibrotic cytokines in saline- and
Aspergillus-exposed CC10–IL-15 bitransgenic mice. (A) Construct of (tetO) 7 CMV-IL15 transgenic mice and rtTA-CC10 transgenic mice to generate
rtTA-CC10–IL-15 bitransgenic mice. (B) Induction of IL-15 levels in the lung and BAL fluid (BALF) after 3 weeks of DOX exposure to rtTA-CC10–IL-15
bitransgenic mice. (C) A representative photomicrograph of Masson’s trichrome-stained saline- and Aspergillus-challenged DOX- and no-DOX–exposed
CC10–IL-15 bitransgenic mice. (D) Total lung collagen, and the profibrotic cytokines (IL-13 and TGF-b1) in saline and Aspergillus-challenged no-DOX and
DOX exposed IL-15 transgenic mice are shown (E and F). Immunofluorescence staining revealed a-SMA1 cells in saline- and Aspergillus-challenged no-
DOX– and DOX-exposed IL-15 transgenic mice. (G) Very few a-SMA1 cells are seen in the saline-treated (for 3 wk) mice. (H) Quantitation of a-SMA1 cells
in saline- and Aspergillus-challenged IL-15 transgenic mice. (I) Arrows indicated FSP11 cells detected in Aspergillus-challenged no-Dox– and Dox-
exposed IL-15 transgenic mice. (J) Quantitation of FSP11 cells in saline- and Aspergillus-challenged Dox- and no-Dox–exposed transgenic mice. Data are
expressed as mean 6 SD, n = 12 mice/group. Scale bars: 20 mm, 50 mm, and 100 mm. bGH = bovine growth hormone; CC10 =CC10-Clara cell 10 kD
protein; CMV = cytomegalovirus (promoter); hGH = human growth hormone; rtTA = express a tet repressor-VP16 transcriptional activator fusion gene;
TetO7 = tetracycline; Tg = transgenic.

ORIGINAL RESEARCH

Venkateshaiah, Niranjan, Manohar, et al.: IL-15 Overexpression Protects against Lung Fibrosis 101



(Figures 2C–2D), including a-SMA1

and FSP11 cells (fibroblasts and
myofibroblasts) (Figures 2E–2H) after
rIL-15 treatment compared with saline-
treated, Aspergillus-challenged mice.
Mechanistically, the reduction of FSP11

and SMA1 cells indicates that IL-15
may be a novel molecule to restrict
fibroblast proliferation and TGF-b1–
induced transformation of fibroblasts
into myofibroblasts.

DOX-Inducible, IL-15–Overexpressing
Mice Are Protected from Allergen-
induced Bronchial Fibrosis
Next, to show that overexpression of
IL-15 protects against Aspergillus extract–
induced bronchial fibrosis in mice, DOX-
inducible CC10–IL15 mice were generated
as described recently (11) and the construct
shown (Figure 3A). After 3 weeks of
DOX exposure, CC10–IL-15 mice showed
highly induced IL-15 protein levels in
lung homogenates and BAL fluid (Figure
3B) compared with the no-DOX mice.
Furthermore, we induced experimental
asthma in DOX- and no-DOX–treated
CC10–IL-15 mice to establish that IL-15
overexpression indeed protects against
allergen-induced bronchial fibrosis.
Histological analysis showed some baseline
airway collagen in both the no-DOX and
DOX-treated saline-challenged mice
(Figure 3C); however, the no-DOX mice
challenged with Aspergillus antigen
showed a greater accumulation of
perivascular and peribronchiolar
collagen than the Aspergillus-challenged,
DOX-treated mice (Figure 3C). A
quantitative Sircol reagent assay further
confirmed significantly reduced total lung
collagen in Aspergillus-induced, DOX-
treated mice compared with no-DOX mice
(Figure 3D). Significantly decreased
collagen I, TGF-b1, and a-SMA transcript
levels (Figures E2A–E2C), and IL-13 and
TGF-b1 protein levels were observed in
Aspergillus-induced, DOX-treated mice
compared with no-DOX mice (Figures
3E–3F). Mechanistically, we showed that
Aspergillus-challenged, DOX-exposed IL-
15–overexpressing mice exhibited reduced
peribronchial and perivascular recruitment
of a-SMA1 lung myofibroblasts (Figures 3G
and 3H) and FSP11 lung fibroblasts (Figures
3I and 3J) compared with the no-DOX,
allergen-challenged mice. DOX-exposed
BALB/c mice did not develop any lung
remodeling characteristics and showed

normal baseline collagen accumulation in
lung tissue sections (data not shown).

IL-15 Treatment Attenuates IL-13
Overexpression–induced Lung
Fibrosis
Overexpression of IL-13 was previously
reported to induce a TGF-b1–associated
rapidly progressing form of bronchial
and interstitial lung fibrosis (16, 17).
Accordingly, we examined the profibrotic
characteristics of IL-15 in the IL-13–
induced mouse model of pulmonary
fibrosis by delivering intratracheal rIL-15
directly to the lungs in DOX-inducible
CC10–IL-13 bitransgenic mice. Within
3 weeks, the DOX-treated CC10–IL-13
bitransgenic mice developed significantly
greater lung collagen accumulation
compared with the no-DOX CC10–
IL-13 bitransgenic mice (Figure 4A).
Pharmacological delivery of rIL-15 significantly
downregulated collagen accumulation in the
lungs of DOX-treated CC10–IL-13 transgenic
mice, to a level comparable to that observed in
the saline-only DOX-treated CC10–IL-13 mice
(Figure 4A). A quantitative Sircol reagent assay
of total lung collagen confirmed that rIL-15
treatment significantly reduced the lung
collagen in DOX-fed mice (Figure 4B). Lung
IL-13 levels were higher in the DOX-fed
transgenic mice than in the no-DOXmice. Of
note, transgene-induced levels of IL-13 were
significantly reduced by rIL-15 delivery to the
CC10–IL-13 mice (Figure 4C). Furthermore,
a significant increase of collagen I, collagen
III, TGF-b1 and a-SMA transcripts (Figures
E3A–E3D) and in the protein levels of TGF-
b1, a-SMA in the lungs of DOX-fed
CC10–IL-13 mice compared with no-DOX
mice, which were reduced after rIL-15
treatment in DOX-exposed CC10–IL-13 mice
(Figures 4D and 4E).

TGF-a–induced Pulmonary Fibrosis Is
Diminished by rIL-15 Treatment
TGF-a–overexpressing mice develop
pulmonary fibrosis that mimics human
idiopathic pulmonary fibrosis (IPF)
(18–20). Accordingly, we sought to
determine whether IL-15 would
reduce pulmonary fibrosis in TGF-
a–overexpressing mice. To that end, we
delivered 10 mg rIL-15 via the intratracheal
route, two times a week for 3 weeks, to
CC10–TGF-a bitransgenic mice that were
fed DOX for 3 weeks. Control no-DOX–
and DOX-fed mice were treated only
with intratracheal saline. Saline-treated

CC10–TGF-a bitransgenic mice that were
fed DOX for 3 weeks showed significantly
greater lung collagen accumulation
compared with the baseline collagen in
saline-treated, no-DOX-fed CC10–TGF-a
bitransgenic mice. All of the murine lungs
were examined histologically for collagen
accumulation (Figure 5A). Pharmacological
delivery of rIL-15 significantly diminished
collagen accumulation in the lungs of
DOX-fed CC10–TGF-a transgenic mice
compared with the saline-treated, DOX-fed
CC10–TGF-a bitransgenic mice (Figure 5A).
Similarly, rIL-15–treated CC10–TGF-a
bitransgenic mice showed significantly
reduced total lung collagen compared with
saline-treated, DOX-exposed mice examined
by Sircol reagent assay (Figure 5B). The
levels of TGF-a in the lungs of transgenic
mice fed DOX for 3 weeks were highly
induced compared with those in the no-
DOX mice. It is interesting to note that
even transgene-induced TGF-a levels were
significantly reduced in response to rIL-15
delivery to the CC10–TGF-a transgenic
mice (Figure 5C). We further confirmed this
TGF-a downregulation by performing an
immunofluorescence analysis in the lungs
of rIL-15– and DOX-treated CC10–TGF-a
bitransgenic mice, which showed reduced
expression of TGF-a compared with saline-
treated CC10–TGF-a bitransgenic mice
(Figure 5D). a-SMA a marker for
myofibroblasts, were also significantly reduced
in rIL-15– and DOX-treated CC10–TGF-a
mice compared with saline- and DOX-treated
CC10–TGF-a mice (Figure 5E).

Induced RORg1 Treg Cells in
Allergen-challenged, DOX-Fed
CC10–IL-15 Bitransgenic Mice
Antiinflammatory Th17 cell suppressor
RORg1Foxp31-expressing Treg cells have
been reported in healthy individuals as
well as in several inflammatory diseases,
including ulcerative colitis (21), periodontitis
(22), and arthritis (21). However, the role of
these Treg cells is not understood with
respect to pulmonary inflammation
and fibrosis. We previously reported
IL-15–induced Treg cells in an asthma
mouse model, but did not examine the
specific population of Treg cells in the lungs
of these mice. Here, we sought to determine
whether these Treg cells are RORg1Foxp31

Treg subsets. Therefore, we examined
mediastinal lymph nodes of Aspergillus
extract–challenged DOX- and no-DOX-fed
CC10–IL-15 mice for RORg1Foxp31 Treg
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cells. We examined isolated mediastinal
lymph node single-cell suspensions by
performing flow-cytometry analyses for
the expression of RORg in Foxp31 Treg
cells of Aspergillus extract–challenged,
3-week DOX- and no-DOX–fed mice.
The mediastinal lymph node cells
were incubated with a combination of anti-
CD4, anti-CD25, and anti-RORg for 45 min
on ice, followed by intracellular anti-Foxp3
staining according to the manufacturer’s
protocol (eBioscience). Our analysis showed
that a population of CD41CD251Foxp31

Treg cells was induced in the mediastinal

lymph nodes of DOX-fed, Aspergillus
extract–challenged CC10–IL-15 mice
compared with no-DOX-fed, Aspergillus
extract–challenged CC10–IL-15 mice
(Figure 6A). Notably, the DOX-fed,
Aspergillus extract–challenged CC10–IL-15
mice displayed significantly higher numbers
of RORg1CD41CD251Foxp31–specific
Treg cells than the no-DOX-fed,
Aspergillus-challenged mice (Figure 6B). The
absolute numbers of CD41CD251Foxp31

Treg cells and RORg1CD41CD251Foxp31

Treg cells in DOX- and no-DOX-fed
Aspergillus extract–challenged CC10–IL-15

mice are shown in Figures 6C
and 6D. The data indicate that the
RORg1CD41CD251Foxp31-
specific Treg cell lineage may be
critical for protecting against allergen-
or proinflammatory cytokine-induced
pulmonary fibrosis in mice.

The IL-15 Agonist ALT-803 May Be a
Therapeutic Drug to Restrict Pulmonary
Fibrosis in Humans
Finally, to show that our findings may
be clinically relevant for human studies,
we tested the human IL-15 agonist

A

B C

D E

NO-DOX-SAL NO-DOX-IL-15 DOX-Saline DOX-IL-15

450

400

350

300

250

200

150

100

50

p<0.03 p<0.05

T
ot

al
 L

un
g 

C
ol

la
ge

n
g

/m
g 

of
 p

ro
te

in

0

DOX
IL-15

–
–

–
+

+
–

+
+

1600

1200

800

400

p<0.003 p<0.05

IL
-1

3 
(p

g/
m

g 
of

 p
ro

te
in

)
0

DOX
IL-15

–
–

–
+

+
–

+
+

240

210

180

150

120

90

60

30

p<0.02 p<0.04

T
G

F
-
(p

g/
m

g 
of

 p
ro

te
in

)

0

DOX
IL-15

–
–

–
+

+
–

+
+

270

240

210

180

150

120

90

60

30

p<0.02 p<0.04


-S

M
A

 (
g

/m
g 

of
 p

ro
te

in
)

0

DOX
IL-15

–
–

–
+

+
–

+
+

    100 m 100 m 100 m 100 m

Figure 4. Pharmacological delivery of IL-15 significantly reduces IL-13–induced collagen accumulation and profibrotic cytokines in the lungs of CC10–IL-13
transgenic mice. (A) Light-microscopy photomicrographs of Masson’s trichome–stained lung sections from saline- or IL-15–treated, no-DOX– or DOX-
exposed CC10–IL-13 bitransgenic mice. (B–E) Total lung collagen (B) and the profibrotic cytokines IL-13 (C), TGF-b1 (D), and a-SMA (E) in saline- and
IL-15–treated no-DOX– and DOX-exposed IL-13 bitransgenic mice are shown. Data are expressed as mean 6 SD, n = 12 mice/group. Scale bars: 100 mm.
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ALT-803 (Altor BioScience Corp.) as a novel
therapeutic agent in our allergen-induced
bronchial fibrosis model. We administered 5
mg of human ALT-803 on alternate days
for 3 weeks to an Aspergillus extract–
challenged established asthma mouse
model. Our data show that ALT-803
pretreatment in Aspergillus extract–

challenged mice protected the lungs
from the induction of perivascular and
peribronchial collagen accumulation
compared with saline-treated, Aspergillus
extract–challenged mice (Figure 7A). We
further confirmed this by examining the
total collagen in the lungs using the Sircol
reagent method (Figure 7B). Significantly

reduced mRNA levels of collagen I,
collagen III, TGF-b1, and a-SMA (Figures
E4A–E4D), and protein levels of IL-13,
TGF-b1, and a-SMA were observed in
ALT-803–treated, Aspergillus extract–
challenged mice compared with saline-
treated, Aspergillus extract–challenged mice
(Figures 7C–7E) by RT-PCR, ELISA, or
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Figure 5. Pharmacological delivery of IL-15 significantly reduces TGF-a–induced collagen accumulation and profibrotic cytokines in the lungs of
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expression of lung TGF-a (E) in saline- or IL-15–treated, no-DOX– or DOX-exposed TGF-a bitransgenic mice are shown. Data are expressed as mean 6
SD, n = 4 mice/group. Scale bars: 100 mm and 20 mm.
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Western blot analyses for collagen I,
TGF-b1, and a-SMA (Figure 7F).
GAPDH-normalized densitometry of
collagen I, TGF-b1, and a-SMA confirmed
that ALT-803 treatment significantly
downregulated collagen and profibrotic
cytokines (Figure 7G).

Discussion

Fibroblasts are the initial source of matrix
proteins that are deposited in tissue
during the development of fibrosis (23).
Matrix protein deposition is reported
in almost all inflammatory diseases,
but affects lung function more severely
(24, 25). Lung inflammation is induced

by the accumulation of several types of
inflammatory cells, and the induction of
proinflammatory and profibrotic cytokines
and chemokines. Asthma is an allergen-
induced lung inflammation related to
tissue remodeling, fibrosis, and airway
functional abnormalities. Herein, we
report that IL-15 gene deficiency in mice
promotes proinflammatory and profibrotic
cytokines, and results in excess lung
collagen deposition. Additionally, we show
the significance of IL-15 in regulating
proinflammatory and profibrotic cytokines,
namely, IL-13, TGF-b1, and a-SMA, in
an allergen-mediated experimental model
of asthma. IL-15 is an innate cytokine
with antiviral properties, and several
experimental and clinical reports have

linked IL-15 downregulation to pulmonary
dysfunction (25). We used multiple strategies
and murine models to test the hypothesis that
IL-15 is critical for the induction and
protection of allergen- or cytokine-induced
pulmonary fibrosis. Accordingly, to establish
that IL-15 overexpression indeed protects
against pulmonary fibrosis, we used allergen-
induced and profibrotic cytokine-induced
mouse models of fibrosis that mimic the
human disease. Our experimental data
showed that both pharmacological lung
delivery of rIL-15 and overexpression
of IL-15 by transgene insertion in
mice downregulated the levels of lung IL-13,
TGF-b1, and a-SMA in the murine models.
These cytokines have been proven to play a
critical role in promoting pulmonary fibrosis.
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Figure 6. Analysis of T regulatory (Treg) cells in DOX-regulated CC10–IL-15 transgenic mice after Aspergillus challenge. (A and B) Treg cells in the
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IL-13 is a profibrotic cytokine that
extensively promotes tissue inflammation,
remodeling, and fibrosis in several
inflammatory diseases (26, 27), and

promotes functional abnormalities in the
lungs during asthma (28). IL-13 is elevated
in several types of lung inflammation and
in patients with asthma (29). It is critical

to demonstrate that IL-13 is required to
induce TGF-b1 signaling that promotes
tissue fibrosis (28). Therefore, inhibiting
IL-13 may provide a way to inhibit the

SAL ALT-803

ASP ASP +ALT-803

COL-1

-SMA

TGF-1

GAPDH

SAL ALT-803 ASP ASP-803+ASP

A B

C

D E

F

600

p<0.02 p<0.03
500

400

300

T
ot

al
 L

un
g 

C
ol

la
ge

n
g

/m
g 

pr
ot

ei
n

200

100

0

ASP
ALT803

–
–

–
+

+
–

+
+

140

120

100

80

60

40

20

0

p<0.02 p<0.05

IL
-1

3 
g

/m
g 

pr
ot

ei
n

T
G

F
-

 
g/

m
g 

pr
ot

ei
n

S
M

A
-

 
g/

m
g 

pr
ot

ei
n

ASP
ALT803

–
–

–
+

+
–

+
+

450

300

150

0

p<0.02 p<0.04

ASP
ALT803

–
–

–
+

+
–

+
+

200

150

100

50

0

p<0.02 p<0.05

ASP
ALT803

–
–

–
+

+
–

+
+

  

  100 m

100 m 100 m

100 m

Figure 7. Reduction in lung collagen and the levels of profibrotic cytokines in response to pretreatment with the human IL-15 agonist ALT-803 in the lungs
of Aspergillus-challenged mice. The potential of a human IL-15 agonist as a therapeutic agent was examined using an allergen-induced lung fibrosis
model. (A) A highly significant reduction in collagen accumulation is shown in response to ALT-803 treatment (regimen of 5 mg on alternate days for 3 wk)
in Aspergillus-challenged mice compared with saline-treated, Aspergillus-challenged mice. (B–E) Total lung collagen (B) and the profibrotic cytokines IL-13
(C), TGF-b1 (D), and a-SMA (E) in saline- and ALT-803–treated saline or Aspergillus-challenged mice are shown. (F and G) Western blot analysis showed
that ALT-803 treatment downregulated Aspergillus-induced levels of profibrotic cytokines (collagen I, TGF-b1, and a-SMA) in mice (F), and this was further
confirmed by GAPDH-normalized densitometry of collagen I, TGF-b1, and a-SMA (G). Data are expressed as mean 6 SD, n = 12 mice/group in each
group, except for the Western blot analysis. Scale bars: 100 mm.

ORIGINAL RESEARCH

106 American Journal of Respiratory Cell and Molecular Biology Volume 61 Number 1 | July 2019



development of TGF-b1–mediated
allergen- or cytokine-induced tissue
fibrosis. In addition, IL-13–mediated
inflammatory responses demonstrated
the induction of several inflammatory
cells and related cytokines and chemokines.
Therefore, we employed several strategies to
examine whether IL-15 regulation is
important for the improvement of allergen-
or cytokine-induced pulmonary fibrosis
in murine models. In the current study,
we showed that endogenous IL-15
deficiency induced proinflammatory
and profibrotic cytokines, and accumulation
of lung collagen. It has been shown that
IL-15 is involved in antiviral immunity,
and several experimental and clinical
reports have indicated that IL-15 regulates
pulmonary dysfunction (25). Furthermore,
to determine whether IL-15 protects the
progression of pulmonary fibrosis, we
used different cytokine-induced, gene-
manipulated murine models of lung fibrosis
that represent fibrotic lung diseases in
patients. Our analysis showed that
pharmacological transgene insertion of IL-15
into the lung downregulated the profibrotic
cytokines IL-13, TGF-b, and a-SMA after
allergen exposure to mice that are prone
to develop pulmonary fibrosis (30, 31). It
is well established that TGF-a/b is a
major cytokine that mediates epithelial,
mesenchymal, and immune cell transformation
to induce tissue remodeling and fibrosis
(32, 33).

Our earlier reports suggested that IL-15
interacts with lung macrophages and
may regulate TGF-b1 production during
chronic inflammation. We show that IL-15
protects against airway remodeling, using
allergen- and various cytokine-induced
mouse models of lung inflammation
(34). Our data demonstrate that IL-15
significantly downregulates IL-13 production
and inhibits TGF-b1 expression and
subsequent fibrosis. Importantly, IL-13 is
required for the growth and development
of fibroblasts (35). Our data clearly show
that IL-15 significantly limits lung fibrosis
by restricting the induction of IL-13 and
TGF-b1, and reduces the accumulation
of FSP11 and SMA1 cells. This is in
accordance with our data demonstrating
that administration of rIL-15 via the
intratracheal route reduces fibrosis in
CC10–TGF-a transgenic mice. Fibroblasts
and myofibroblasts are key mediators in
altering the lung immune system;
however, the underlying mechanisms

during this process are largely unknown
(36–38). IL-13 and TGF-b1 downregulated
fibroblast metaloprotease-1 expression,
which is also involved in the clearance of
fibrosis (39, 40). Our data also indicate that
IL-15 overexpression by pharmacological
delivery of rIL-15 or by transgene insertion
reduces the proliferation and
transformation of fibroblasts into
myofibroblasts.

IL-15 is a pleiotropic molecule that may
exert its effects to reduce the excessive
development of tissue remodeling and
fibrosis by more than one mechanism (41).
Recently, we reported that IL-15 induces
IFN-g– and IL-10–producing regulatory
CD41CD251Foxp31 T cells (11), which is
critical for improving lung inflammation
and functional abnormalities. Herein,
we mechanistically show that the IL-
15–mediated protection in lung
fibrosis may related to the induction
of high numbers of Th17 suppressor
RORg1CD41CD251Foxp31 Treg cells.
For the first time, we report that DOX-
regulated CC10–IL-15 increases the
numbers of RORg1CD41CD251Foxp31

Treg cells that produce the antiinflammatory
cytokine IL-10 in the lungs of mice with
asthma. Our observation is supported by
previous reports that IL-10–producing
Treg cells protect Th2 cells and cytokine-
mediated lung inflammation (42).
Therefore, the increase in the number
of RORg1CD41CD251Foxp31 Treg
cells by IL-15 overexpression may
regulate the mechanism that improves
allergen- or cytokine-mediated pulmonary
inflammation and fibrosis. Reduced levels
of IL-10 and Treg cells (CD41CD251Foxp31)
have been observed in the blood and
lungs of individuals with IPF (43).
Additionally, loss of FoxP3 has been
implicated in the depletion or deregulation
of T-cell responses that play a role in
exacerbating fibrosis in the mammalian
lung (44, 45). These reports provide
additional mechanistic support for our
finding that IL-15 protects against lung
fibrogenesis. We provide clinically
relevant supportive data demonstrating
the effectiveness of an IL-15 agonist
(ALT-803) in diminishing allergen-
induced IL-13–mediated airway
fibrosis. These investigations highlight
the importance of IL-15 signaling and
provide a strong rationale for developing an
IL-15 treatment strategy for human lung
fibrosis. IL-15 agonists are being investigated

in several clinical trials for their antitumor
effects in humans. ALT-803 is an IL-15
superagonist and was previously reported
to have stronger in vivo biologic activity
than rIL-15.

This study has several main findings.
First, we show that endogenous IL-15–
deficient mice develop induced
accumulation of lung collagen and
profibrotic cytokines. Second, we provide
evidence that rIL-15 treatment improves
Aspergillus extract–induced IL-13 and
TGF-b1–mediated fibrosis. Third, we
show that CC10–IL-15 transgenic mouse
lungs are protected from allergen-induced
lung fibrosis via downregulating
profibrotic cytokines. Furthermore, we
demonstrate that IL-13– and TGF-
a–induced interstitial lung fibrosis is
abrogated by pharmacological delivery
of rIL-15. A previous work reported
reduced levels of IL-10 and Treg cells in
the blood and lungs of patients with
IPF (43), and our data show that
IL-15 induced Th17 suppressor
RORg1CD41CD251Foxp31 Treg cells.
These RORg1CD41CD251Foxp31 Treg
cells may be mechanistic pathways in
promoting IL-15 overexpression–mediated
improvement in pulmonary fibrosis.
Taken together, these current and earlier
findings reveal a detailed mechanism
that is operational in IL-15–mediated
protection from lung fibrosis, and
provide a strong basis for using IL-15
agonists as a treatment strategy for
patients suffering from lung fibrosis.

Conclusion
We report that IL-15 protects against
airway remodeling and interstitial fibrosis
in allergen challenge– and cytokine-
induced models. IL-15 significantly reduces
IL-13 and TGF-b1 profibrotic cytokine
expression and significantly inhibits the
accumulation of fibroblasts and their
transformation into myofibroblasts. We
contend that IL-15 is an antifibrotic
molecule and should be considered in
future treatment strategies to restrict
the development of progressive lung
fibrosis. n
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