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The pathobiology of IL-17 in lung fibrogenesis is controversial. Here we examined the role of IL-17A/F in bleomycin (BLM)
and adenoviral TGF-β1-induced lung fibrosis in mice. In both experimental models, WT and IL17af−/− mice showed
increased collagen contents and remodeled lung architecture as assessed by histopathological examination, suggesting
that IL-17A/F is dispensable for lung fibrogenesis. However, IL17af−/− mice responded to the BLM challenge with per-
turbed lung leukocyte subset recruitment. More specifically, bleomycin triggered angiocentric neutrophilic infiltrations
of the lung accompanied by increasedmortality of IL17af−/− but notWTmice.WT bonemarrow transplantation failed to
correct this phenotype in BLM-challenged IL17af−/− mice. Conversely, IL17a/f−/− bonemarrow transplantation → WT did
not perturb lung leukocytic responses upon BLM. At the same time, IL17af−/− mice treated with recombinant IL-17A/F
showed an attenuated lung inflammatory response to BLM. Together, the data show that the degree of BLM-driven acute
lung injury was critically dependent on the presence of IL-17A/F, while in both models, the fibrotic remodeling process
was not.
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� Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

Idiopathic pulmonary fibrosis (IPF) is an interstitial lung disease
(ILD) characterized by progressive scarring of the lung tissue
with a concomitant decline of lung function and fatal outcome
within 3–5 years after diagnosis. It has an incidence of 3–9 cases
per 100,000 individuals per year [1, 2]. The pathogenesis of IPF
is still poorly understood. Increasing evidence indicates a mul-
tistep disease process involving a continuously decreasing con-
structive/regenerative potential of lung progenitor populations.
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This decline is, at least in part, triggered by recurrent injurious
events eventually causing atypical lung tissue remodeling along
with increased (myo-) fibroblast-dependent deposition of extra-
cellular matrix proteins and subsequent stiffening of the lung [3].
Besides resident lung cells like epithelial cells, fibroblasts, and
myofibroblasts, several innate and adaptive immune cell popula-
tions such as macrophages, neutrophils, and lymphocyte subsets
contribute to the process of lung tissue remodeling [4].

IL-17, originally named cytotoxic T-lymphocyte-associated
protein 8 gained attention in several immunopathological pro-
cesses including mucosal barrier integrity and host defense
against bacterial and fungal pathogens [5–7]. The IL-17 cytokine
family consists of six members named IL-17A-IL-17F, with IL-17A
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and IL-17F representing the most abundant ones sharing 55%
homology. IL-17 is produced by various immune cells including
CD4pos T helper (Th) 17 cells, γδ T cells, group 3 innate lymphoid
cells, natural killer cells, natural killer T cells, and neutrophils. IL-
17A and IL-17F are homodimeric proteins that can also form het-
erodimeric IL-17A/F complexes. These cytokines appear to signal
through a ternary complex with the IL-17RA and IL-17RC recep-
tors [8–10]. More recent studies showed that IL-17F may also
form homodimeric complexes with IL-17RC independent of IL-
17A [11]. While IL-17RA is expressed in various tissues and cell
types, IL-17RC expression is confined to non-hematopoietic tis-
sues [9]. Both IL-17A and IL-17F bind as homo- or heterodimers
to the IL-17RA/IL-17RC receptor complex. They are considered to
play a central role in neutrophil recruitment through the stimula-
tion of target cells that secrete neutrophil-attracting chemokines
including CXCL1 and CXCL2, which act as functional homologs of
human IL-8 in mice. CXCL1 and CXCL2, along with proinflamma-
tory cytokines and growth factors like G-CSF, play important roles
in the activation and attraction of neutrophils in mice [12, 13].

The role of IL-17 in lung fibrosis is controversial. Bronchoalve-
olar lavage (BAL) fluids of IPF patients display increased levels
of IL-17A compared with healthy controls, and IL-17A-producing
cells were found in active disease areas of IPF lungs [14, 15]. In
mice, several studies reported a profibrotic function of IL-17A, and
IL-17A deficiency (or IL-17A neutralizing antibodies) attenuated
BLM-induced lung fibrosis [14, 16–18]. In contrast, other reports
demonstrated increased lung fibrosis in IL-17A KO mice after BLM
treatment [19].

To the best of our knowledge, the effect of combined IL-17A/F
double knockout (IL17af−/−) on experimental lung fibrosis has
not been explored so far [17, 20]. Therefore, we examined the
role of combined IL-17A/F deficiency in two well-defined models
of BLM and adenoviral TGF-β1 (AdTGF-β1) induced experimen-
tal lung fibrosis in mice, thereby ruling out mutual compensatory
effects that might occur in single KO mice. We found that the
acute phase of bleomycin-induced lung injury but not the ensu-
ing fibrotic remodeling process itself was critically dependent on
IL-17A/F. In contrast, AdTGF-β1 induced lung fibrosis was com-
pletely independent of IL-17A/F.

Materials and methods

Animals

WT mice (C57Bl/6J) were purchased from Janvier Lab. IL17af−/−

mice were generated on a C57Bl/6J background as previously
described [21, 22], and were bred at the Central Animal Facility
of Hannover Medical School under specific pathogen-free condi-
tions. Mice were aged 8–14 weeks and were sex-matched in all
experiments. All animal experiments corresponded to the Euro-
pean guideline 2010/63/EU as well as the German Animal Wel-
fare Act and were authorized by the Lower Saxony State Office
for Consumer Protection and Food Safety, Germany.

Reagents

Bleomycin sulfate was purchased from Medac. Lipopolysaccharide
(LPS) was purchased from Sigma-Aldrich. Recombinant mouse
IL-17A/F protein (rIL-17A/F) was purchased from R&D Systems.
Antibodies employed for flow cytometry, including anti-CD3 FITC
(clone 145-2C11), anti-CD3 V450 (clone 500A2), anti-CD4 PerCP-
Cy5.5 (clone RM4-5), anti-CD4 BV786 (clone RM4-5), anti-CD8
BV510 (clone 53–6.7), anti-CD19 FITC (clone 1D3), anti-CD19
PE (clone 1D3), anti-CD45 PECy7 (clone 30-F11), anti-Ly6G PE
(clone 1A8), anti-TCRαβ V450 (clone H57-597), anti-TCRγδ PE
(clone GL-3), and anti-TCRγδ BV650 (clone GL-3) were purchased
from BD Biosciences. Anti-CD25 APC (clone PC61.5), anti-Foxp3
PE (clone FJK16s, rat IgG2a), anti-IL-17A FITC (clone eBio17B7,
mouse IgG2aκ), and anti-IL-17F PE (clone eBio18F10, rat IgG2aκ)
were purchased from Thermo Fisher Scientific.

Treatment of mice

Replication-deficient adenoviral vectors either carrying the cDNA
of biologically active TGF-β1 (AdTGF-β1) or empty control vec-
tor (AdCL) were prepared as previously detailed [23]. WT or
IL17af−/− mice were anesthetized with an intraperitoneal injec-
tion of ketamine (75 mg/kg body weight; cp-pharma) and
xylazine (3 mg/kg body weight; Bayer) and were then intubated
with an Abbocath-T 26G catheter (Abbott), which was inserted
into the trachea. Mice received either intratracheal installations of
0.03 units/mouse BLM diluted in 50 μL saline, 10 μg LPS diluted
in 50 μL PBS, or 1.5 × 108 plaque-forming units of AdTGF-β1
diluted in 50 μL PBS. Mice of the control group received instilla-
tions of either 0.9% saline, PBS, or empty control vector (AdCL),
respectively. Following instillation, mice were set back into their
cages with free access to food and water. Mice were monitored
twice daily for disease symptoms on the basis of an established
scoring system and were euthanized as soon as reaching a previ-
ously defined moribund status.

Generation of bone marrow chimeric mice

Bone marrow chimeric mice were generated as outlined previ-
ously [24–26]. Briefly, WT and IL17af−/− mice were subjected to
whole-body irradiation (total dose, 8 Gy) followed by i.v. injection
of 107 purified bone marrow cells per mouse collected from either
WT or IL17af−/− mice. To monitor the effect of a hematopoi-
etic deletion or reconstitution of IL-17A/F on BLM-induced lung
injury, four different groups of bone marrow chimeric mice
were generated, that is, WT→WT, WT→KO, KO→WT, KO→KO
chimeric mice. In selected experiments, IL17af−/− mice expressing
the CD45.2 alloantigen received bone marrow cells from CD45.1
expressing WT mice (CD45.1 WT→IL-17 dKO) and vice versa,
CD45.1 expressing WT mice received bone marrow cells from
CD45.2 expressing IL17af−/− mice (IL-17 dKO→CD45.1 WT),
allowing us to determine leukocyte subset engraftment/turnover
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efficiencies based on the detection of CD45.1 versus CD45.2
alloantigens [27]. Reconstitution of the hematopoietic system was
achieved after 7 weeks, with engraftment efficacies of >92%.
Chimeric mice were kept in individually ventilated cages with free
access to autoclaved food and water.

Application of rIL-17A/F

In selected experiments, IL17af−/− mice received i.v. applications
of 10 μg rIL-17A/F protein diluted in 150 μL of sterile PBS/HSA
on days 0, 1, 3, and 5 post-BLM treatment. Mice were sacrificed
on day 6 post-BLM treatment for immunophenotypic analysis of
BAL leukocyte subsets and histopathological examination of lung
tissue specimens.

Bronchoalveolar lavage, preparation of lung
homogenates, and collection of plasma

BAL of mice was performed as previously described [28]. Briefly,
the lungs were removed and homogenized in PBS supplemented
with a protease inhibitor cocktail (Roche). For preparation of
cell-free lung homogenate supernatants, lung tissue homogenates
were filtered through a 100 μm cell strainer (Greiner) and cen-
trifuged twice at 13,000 rpm for 10 min at 4°C. Whole blood
was withdrawn from the vena cava inferior using Lithium-heparin
monovettes (Sarstedt), and plasma was collected by centrifu-
gation of heparinized blood at 4500 rpm at room temperature
for 6 min. Cell-free BAL fluids (BALF), lung homogenate super-
natants, and plasma samples were frozen at –20°C until further
analysis.

Analysis of leukocyte subsets in bone marrow,
peripheral blood, lung tissue, and BALF of mice

Blood smears were prepared on glass slides using anticoagulated
blood, followed by Pappenheim staining for differentiation and
subsequent enumeration of peripheral blood leukocyte subsets.
Leukocyte subsets collected from bone marrow, digested lung tis-
sue, and BALF were processed for flow cytometric gating and
immunophenotypic analysis as well as fluorescence-activated cell
sorting, as previously described [29–31]. Briefly, the femurs and
tibias of mice were flushed with RPMI/ 10% FCS for collection
of bone marrow cells. The lung lobes of mice were teased into
small pieces and digested in RPMI 1640 supplemented with col-
lagenase A (5 mg/mL) and DNase I (1 mg/mL). For fluorescence-
activated cell sorting of TCRαβpos and TCRγδpos T cells, CD3pos

T cells were enriched using a magnetic cell separation kit (Mil-
tenyi Biotec). T cells were identified according to their forward
scatter area versus side scatter area characteristics and identi-
fied as either CD3/TCRαβ or CD3/TCRγδ expressing cells. For
immunophenotyping of lung leukocytes, cell suspensions were
enriched for CD45pos leukocytes (Magnetic cell separation kit,

Miltenyi Biotec). Neutrophils were characterized by their Ly6Gpos

cell surface expression. Lymphocytes including regulatory T cells
(Tregs) were gated according to their forward scatter area versus
side scatter area characteristics and were further distinguished
by their CD3posCD4pos, CD3posCD8pos, CD4posCD25posFoxP3pos,
CD3posTCRγδpos, or CD19pos immunophenotype. For the determi-
nation of intracellular IL-17A and IL-17F proteins in respective
T-cell subsets, CD90.2pos T cells were fixed and permeabilized
using an intracellular IL-17A/F staining kit (eBioscience). Specific
staining of IL1-7A and IL-17F was confirmed by use of respective
isotype controls (for anti-IL-17A: clone eBio17B7, mouse IgG2aκ;
for anti-IL-17F: clone eBio18F10, rat IgG2aκ). Immunophenotypic
analyses were performed using a BD LSR Fortessa flow cytometer.
Postacquisition compensation settings were performed using the
BD FACSDiva software.

Flow sorting of lung lymphocyte subsets was carried out under
sterile conditions at 4°C with a BD FACSAria III flow cytometer
(BD Biosciences) equipped with a 70 μm nozzle. Post-sort analysis
revealed purities of >98% for sorted CD3pos TCRαβpos T cells and
>93% for sorted CD3pos TCRγδpos T cells.

Stimulation of T cells for intracellular staining of
IL-17A/F

T cells were isolated from the spleens or lungs of WT and
IL17af−/− mice using CD90.2 microbeads, according to the man-
ufacturer’s instructions (Miltenyi). Approximately 1.5 × 106

T cells suspended in 150 μL RPMI supplemented with FCS, glu-
tamine, Pen/Strep, and β-mercaptoethanol were incubated with a
cell stimulation cocktail containing PMA (0.05 μg/mL) and iono-
mycin (1 μg/mL) in the presence of protein transport inhibitors
Brefeldin and Monensin at 37°C, 5% CO2. After 3 h of incubation,
T cells were washed and stained with anti-CD3 V450, anti-CD4
PerCP-Cy5.5, and anti-CD8 APC antibodies, followed by fixation
and permeabilization (FixPerm, ThermoFisher) for 30 min. Subse-
quently, cells were stained with FITC-conjugated anti-IL-17A and
PE-conjugated anti-IL17F antibodies (ThermoFisher) for 30 min
at room temperature. FACS analysis was performed on a BD LSR
Fortessa flow cytometer equipped with FACSDiva software.

Real-time PCR

Sorted CD3pos TCRαβpos or TCRγδpos T cells were subjected
to isolation of total RNA using the RNAeasy Micro kit (Qia-
gen) according to the manufacturer’s instructions. Synthesis
of cDNA and real-time RT-PCR were performed as previously
described [32]. PCR primers for murine IL-17A (forward primer
5′-ACCGCAATGAAGACCCTGAT-3′; reverse primer 5′-TCCCTCCG-
CATTGACACA-3′) and IL-17F (forward primer 5′-CTGAGG-
CCCAGTGCAGACA-3′; reverse primer 5′-GCTGAATGGCGACGG-
AGTT-3′) were designed based on gene sequence data
retrieved from GenBank (IL-17A, U43088.1, IL-17F, AF458064.1).
Murine β-actin (forward primer 5′-CCACAGCTGAGAGGGAAATC-
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3′; reverse primer 5′-TCTCCAGGGAGGAAGAGGAT-3′) was used
as a housekeeping gene. The 2−��Ct method was used for the cal-
culation of mean fold changes between groups [33].

Mouse lung histopathology

Mice were euthanized at indicated time points and lungs were
inflated in situ with 4% formalin fixation medium (ROTI Histofix,
Carl Roth), removed en bloc, and immersed in fixation medium
for 24 h at room temperature (RT). Individual lung lobes
were embedded in paraffin, sectioned at 2.5 μm, and stained
with hematoxylin/eosin. Lung tissue sections were examined
under blinded conditions using an Olympus BX53 microscope
(Olympus).

Determination of lung collagen contents

Lung collagen contents were determined using a hydroxyproline
dye binding assay according to previously published protocols
[34–36].

Determination of lung permeability

Mice received an intravenous injection of FITC-labeled bovine
serum albumin (1 mg/mouse in 100 μL saline; Sigma-Aldrich)
1 h before sacrifice. FITC fluorescence intensities of undiluted BAL
supernatants and plasma samples (diluted 1/100 in saline) were
measured using a fluorescence spectrometer (FLx800 microplate
fluorescence reader; Bio-Tek) operating at 485 nm absorbance
and 528 ± 20 nm emission wavelengths. Lung permeability is
defined as the ratio of FITC fluorescence in undiluted BAL super-
natants relative to 1:100 diluted plasma samples [37].

Quantification of cytokines

Cytokine levels of IL-17A and IL-17F (detection limits
15.6 pg/mL), murine TGF-β1 (detection limit 31.2 pg/mL),
and G-CSF (detection limit, 14.1 pg/mL) were measured in
cell-free BAL fluids and lung homogenate supernatants using
commercially available ELISA kits (R&D Systems). Levels of
CXCL-1 and 2 were measured using Luminex bead arrays (R&D
Systems; detection limits for CXCL1, 29.7 pg/mL and for CXCL2,
4.8 pg/mL).

Statistical analysis

All data were analyzed with GraphPad Prism software (version 7).
Differences between groups were analyzed by the Mann–Whitney
U-test, and survival data were compared using the log-rank test.

Statistically significant differences between groups were assumed
when p-values were ≤0.05.

Results

BLM triggers expression of IL-17A and IL-17F in
mouse lungs

We initially examined gene expression levels of IL-17A and IL-
17F in sorted TCRαβpos and TCRγδpos T cells of mice challenged
with BLM. TCRαβpos T cells showed a strongly increased IL-
17A and IL-17F gene expression peaking at 24 h posttreatment
(Fig. 1A, Supporting Information Fig. S1). Similarly, TCRγδpos

T cells responded to BLM with increased IL-17A and IL-17F gene
expression, particularly at 72 h posttreatment (Fig. 1B). Analysis
of intracellular IL-17A and IL-17F protein in lung CD4pos, CD8pos,
and TCRγδpos T cells of WT mice revealed IL-17A and IL-17F pos-
itive CD4pos T cells but not CD8pos T cells (data not shown), and
IL-17A and F protein expressing TCRγδpos T cells at 72 h post-
BLM, relative to saline treatment. As expected, T-cell subsets of
IL17af−/− mice used as negative controls lacked any detectable
IL-17A/F protein (Fig. 1C and D). In selected experiments, we
confirmed the principal inducibility of IL-17A and IL-17F protein,
particularly in CD4+ T cells but also TCRγδpos T cells of untreated
and BLM-challenged mice after stimulation with PMA/ionomycin
in vitro (Supporting Information Fig. S2). IL-17A levels increased
in BALF of mice as early as 24 h post-BLM challenge, whereas
in lung homogenates, peak IL-17A levels were observed at day 3
posttreatment (Fig. 1E and F). In contrast, IL-17F protein was not
detectable in BALF or lung homogenates of BLM-challenged WT
mice (data not shown). Collectively, the BLM challenge triggers
both IL-17A/F RNA transcription particularly in CD4pos T cells and
TCRγδpos T cells, leading to a predominant IL-17A protein release
in the lungs of mice.

IL-17af−/− mice are highly susceptible to BLM-induced
lung injury

Next, we examined what effect IL-17A/F double deficiency would
have on fibrotic lung remodeling in BLM-challenged mice. Unex-
pectedly, IL17af−/− mice had to be euthanized according to our
previously defined scoring system by days 6–8 post-BLM treat-
ment, with an overall mortality of > 75% relative to WT mice
(Fig. 2A). Importantly, this increased mortality was not due to
aggravated lung fibrosis in the double mutant mice, as hydrox-
yproline levels were similarly increased in lungs of WT and
IL17af−/− mice in response to BLM without significant differences
between groups (Fig. 2B). BAL fluid levels of TGF-β1 were similar
in WT and IL17af−/− mice post-BLM (Fig. 2C).

Histopathological examination of lung tissue of saline-treated
WT and IL17a/f −/−mice showed a normal bronchial and alveolar
architecture. BLM-treated IL17af−/− mice displayed pneumonia
along with an angiocentric accentuated neutrophilic infiltration
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Figure 1. IL-17A and IL-17F gene and protein expression in lungs of BLM challenged mice. WT mice were treated with saline (CL, white bars) or
BLM (grey bars) for 6 h, 24 h, 72 h, 7 days, 14 days, or 21 days, as indicated. (A, B) Gene expression levels of IL-17A and IL-17F in sorted TCRαβpos (A)
and TCRγδpos T cells collected from lungs of BLM-exposed WT mice. (C, D) Intracellular IL-17A and IL-17F protein expression of CD4pos T cells (C)
and TCRγδpos T cells (D) of WT and IL17af−/− mice was measured 72 h post-BLM by flow cytometry. (E, F) IL-17A protein levels in BALF (E) and lung
(F) of saline vs. BLM-treated mice quantified by ELISA. Data are shown as scatter plots with mean values indicated as horizontal lines (A, B) or as
mean ± SD of n = 9–12 (A, B), or n = 5–11 (C, D), or n = 4–8 (E, F) mice per group and time point. Note that in A and B, one data point represents a
pool of T cells sorted from n = 2–3 mice per experimental group and time point. Data in (C–F) are representative of two independent experiments.
*p ≤ 0.05, **p ≤ 0.01 compared with mice from the control group (Mann–Whitney U-test).

of the lung parenchyma. In line with this finding, IL17af−/− mice
exhibited significantly increased lung vascular leakage at day 6
post-BLM when compared with WT mice showing a predominant
lymphoplasmacellular infiltration of the peribronchovascular
space (Fig. 2D and E, Supporting Information Fig. S3).

We next analyzed the neutrophilic response in WT and
IL17af−/− mice exposed to BLM. At baseline, mice of both groups
exhibited low neutrophil counts in BALF and lung tissue. How-
ever, a significant neutrophilia was observed in IL17af−/− mice
upon BLM compared with WT, and neutrophil counts concomi-
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Figure 2. Neutrophilic angiocentric inflammation in lungs of BLM-treated IL17af−/− mice. WT (white bars) and IL17af−/− mice (grey bars) were
treated with either saline (CL) or BLM for up to 14 days. (A) Outcome of WT and IL17af−/− mice after treatment with BLM (n = 8 mice per group) (log-
rank test). (B, C) Hydroxyproline levels in lung tissue (B) and murine TGF-β1 protein levels in BALF (C) of saline vs. BLM-treated WT and IL17af−/−

mice at days 6, 8, 10, and 14 post application, as indicated. (D) Histopathology of hematoxylin/eosin-stained lung tissue sections of saline vs.
BLM-treated WT and IL17af−/− mice at day 6 posttreatment. Open arrows indicate lymphoplasmacellular infiltrates and closed arrows indicate
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tantly increased in BALF and lung tissue of IL17af−/− mice on days
6 and 8 post-BLM (Fig. 2F and G, Supporting Information Fig.
S4). This neutrophil-dominated phenotype was accompanied by
increased levels of neutrophil-attracting chemokines CXCL1 and
CXCL2 in BALF as well as G-CSF cytokine levels in the plasma of
the dKO mice relative to WT post-BLM (Fig. 2H–J). Collectively,
these data show that IL-17A/F particularly plays a regulatory role
in BLM-induced neutrophil-dependent acute lung injury, but not
in the later developing phase of lung fibrotic remodeling.

Lack of IL-17A/F attenuates lymphocyte
accumulations in response to BLM

IL17af−/− mice showed strongly decreased CD4pos and CD8pos

T- and B-cell accumulations in BAL and lungs post-BLM when
compared with WT (Fig. 3A–D, Supporting Information Fig. S1).
Numbers of CD4/CD25pos regulatory T cells (Tregs) were also
reduced in lungs of IL17af−/− mice post-BLM (Fig. 3E). In con-
trast, numbers of γδ T cells were increased in lungs of IL17af−/−

mice post-BLM, relative to WT (Fig. 3F).

Effect of LPS on leukocyte subset recruitment in
IL-17A/F deficient mice

Based on the finding that BLM-challenged IL17a/f−/− mice had
a disparate lymphocytic response compared with WT, we ques-
tioned whether this would be an intrinsic feature of the knock-
out. However, treatment with intratracheal LPS triggered similar
neutrophilic alveolitis in IL17a/f−/− mice as observed in WT mice
(Fig. S5). Both WT and IL17af−/− mice displayed similar numbers
of CD4pos and CD8pos T cells as well as Tregs in BALF and lungs
upon LPS, while numbers of TCRγδpos T cells were significantly
increased in IL17af−/− mice at days 6 to 10 post-LPS compared
with WT (Fig. S5). Together, these data show that the observed
accentuated neutrophilic response of IL17af−/− mice to BLM chal-
lenge is a stimulus- rather than a strain-specific feature of the
double-mutant mice.

Protection from BLM injury is mediated by
radioresistant γδ T17 cells and cannot be
compensated by Th17 cells

γδ T cells are the main producers of IL-17 in the mouse lung.
These cells are fetal-derived and relatively radioresistant [38].
To investigate the contribution of other IL-17-producing lympho-

cytes, such as CD4+ Th17 cells to the inflammatory response
to BLM, we next questioned whether the neutrophil-dominated
phenotype in BLM-challenged IL17af−/− mice could be corrected
by transplantation of bone marrow from WT mice. Irradiated
IL17af−/− mice reconstituted with the hematopoietic system of
IL17af−/− mice (KO→KO) had increased neutrophil counts in BAL
and lung upon BLM challenge as opposed to WT→WT trans-
planted mice (Fig. 4A and B). Transplant of WT bone marrow into
IL17af−/− mice (WT→KO) did not attenuate lung neutrophilia in
response to BLM when compared with KO→KO mice (Fig. 4A and
B). In contrast, WT mice reconstituted with the bone marrow of
IL17af−/− mice (KO→WT) did not show accentuated neutrophil
counts in BAL and lung after BLM challenge (Fig. 4A and B). At
the same time, we found a nearly inverse relationship of lung lym-
phocyte counts in chimeric mice challenged with BLM: low num-
bers of CD4pos and CD8pos T cells, as well as Tregs, were found in
lungs of KO→KO and WT→KO mice, while increased lung lym-
phocyte counts were found in chimeric WT→WT and KO→WT
mice post-BLM (Fig. 4C–G). Collectively, these data support that
fetal-derived radioresistant IL-17A/F producing γδ T cells are suf-
ficient to attenuate the acute lung injury developing in IL17af−/−

mice upon BLM. In contrast, reconstituted peripheral IL-17A/F-
producing T cells such as CD4+ Th17 cells appear to be inefficient
regulators of BLM-driven lung injury.

To prove whether or not bone marrow-derived (donor-
type) as compared with lung resident leukocytes (recipient-
type) contributed to the increased neutrophil (versus lympho-
cyte) accumulations in chimeric IL17af−/− or WT mice post-BLM,
we transplanted bone marrow cells from CD45.1 alloantigen-
expressing WT mice into irradiated CD45.2 alloantigen-
expressing IL17af−/− mice (CD45.1 WT→IL-17a/f−/−) and vice
versa IL-17a/f−/−→CD45.1 WT mice. As expected, the vast
majority of neutrophils in the lungs of chimeric mice of
either experimental group were bone marrow-derived donor
cells (>97%), both in response to saline or BLM treatment
(Fig. S6A, C, E, and H). Similarly, donor cell engraftment
of blood CD4pos and CD8pos T cells in recipient chimeric
mice was above 80% (Supporting Information Fig. S6B, D,
F, and G). However, the ratio of donor- versus recipient-type
lung T cells was approximately 60:40, meaning that ∼60%
of lung T-cell subsets of chimeric mice were of donor geno-
type (i.e. from the hematopoietic system), whereas ∼40%
of lung CD4pos and CD8pos T cells were of recipient geno-
type (Fig. S6I and J). These data support the view that
the fraction of ∼40% of nondepleted recipient-type CD45.1pos

T cells observed in lungs of chimeric IL-17af−/−→CD45.1 WT
mice were sufficient to contribute to normalized lung neutrophil
and lymphocyte counts upon BLM challenge.

�
angiocentric neutrophilic infiltration. Representative images from a total of n = 4mice per experimental group are shown at original magnifications
of ×10 and ×40 (scale bars = 100 and 20 μm). (E) Lung vascular leakage in saline vs. BLM-treated WT and IL17af−/− mice at day 6 posttreatment.
(F, G) Immunophenotypic analysis of neutrophils in BALF (F) and lung tissue (G) of BLM-treated WT and IL17af−/− mice at days 6, 8, and 10 post
application. (H–J) CXCL1 (H) and CXCL2 (I) protein levels in BALF and G-CSF (J) protein levels in the plasma of saline vs. BLM-treatedWT and IL17af−/−

mice at days 6, 8, and 10 post application. Data are shown as mean ± SD of n = 3–7 (B, C) or n = 6–8 (E–J) mice per group and time point. *p ≤ 0.05, **p
≤ 0.01 compared with mice from the control group. +p ≤ 0.05, ++p ≤ 0.01 IL17af−/− relative to WT mice (Mann–Whitney U-test).

© 2024 The Author(s). European Journal of Immunology published by
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Figure 3. Immunophenotypic analysis of T-cell subsets in BALF and lung tissue of BLM-treated WT and IL17af−/− mice. WT (white bars) and
IL17af−/− mice (grey bars) were treated with either saline (CL) or BLM for 6, 8, or 10 days. (A–D) Immunophenotypic analysis of CD4pos and CD8pos T
cells in BALF (A, C) and lung tissue (B, D) of WT and IL17af−/− mice exposed to saline vs. BLM. (E, F) Numbers of CD4pos/CD25pos/FoxP3pos Tregs (E)
and TCRγδpos T cells (F) in lung tissue of saline vs. BLM-treated WT and IL17af−/− mice. Data are shown as mean ± SD of n = 8 mice per group and
time point and representative of two independent experiments. *p ≤ 0.05, **p ≤ 0.01 compared with mice from the control group. +p ≤ 0.05, ++p ≤
0.01 IL17af−/− relative to WT mice (Mann–Whitney U-test).

Therapeutic application of rIL-17AF attenuates
BLM-induced lung inflammation in IL17af−/− mice

We further examined whether treatment of IL17af−/− mice with
mouse recombinant IL-17A/F protein (rIL-17A/F) would ame-
liorate the severe phenotype in response to BLM (Fig. 5A).
Opposed to the profound neutrophil-dominated angiocentric infil-
trations of the lung in the presence of vascular coagulation in
vehicle-treated, BLM challenged IL17af−/- mice, BLM challenged
IL17af−/− mice treated with rIL-17A/F developed angiocentric
lymphocytic infiltrations of the lung in the absence of vascu-
lar coagulation (Fig. 5B). Consistent with these results, numbers
of neutrophils were decreased, while lymphocyte subset counts
were increased in BALF of rIL-17A/F treated, BLM challenged
IL17af−/− mice compared with vehicle treatment and no mortality

was observed in this group (Fig. 5C–E). These data demonstrate
that therapy with soluble recombinant IL-17A/F protein is suf-
ficient to attenuate BLM-induced acute lung injury in IL17af−/−

mice.

IL-17A/F is dispensable in AdTGF-β1-induced
experimental lung fibrosis

We also assessed the role of IL-17A/F in a well-established model
of AdTGF-β1 induced lung fibrosis in mice [29]. Compared with
empty control vector-treated mice, AdTGF-β1 treatment did not
increase IL17A protein release in BALF and lung homogenates of
mice (Fig. 6A and B), and only a very low IL-17F protein release
was noted during the observation period of 21 days (data not

© 2024 The Author(s). European Journal of Immunology published by
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Figure 4. Lung leukocyte recruit-
ment in BLM-treated bone marrow
chimeric mice. WT and IL17af−/−

mice were subjected to whole-body
irradiation followed by intravenous
application of bonemarrow cells col-
lected from either WT or IL17af−/−

mice to generate KO→KO, WT→KO,
WT→WT, and KO→WTmice, as indi-
cated. Eight weeks posttransplanta-
tion chimeric mice were exposed
to either saline (CL, white bars) or
BLM (grey bars) for 7 days. (A–F)
Immunophenotypic analysis of neu-
trophils, CD4pos, and CD8pos T cells
in BALF (A, C, E) and lung tis-
sue (B, D, F) of WT and IL17af−/−

mice exposed to saline vs. BLM. (G)
Numbers of CD4pos/CD25pos/FoxP3pos

Tregs in lung tissue of saline vs. BLM-
treated WT and IL17af−/− mice. Data
are shown as mean ± SD of n = 5–8
mice per group and time point and
are representative of two indepen-
dent experiments. *p≤ 0.05, **p≤ 0.01
compared with mice from the con-
trol group. +p ≤ 0.05, ++p ≤ 0.01, +++p
≤ 0.001 as indicated (Mann–Whitney
U-test). n.s. not significant.

shown). Hydroxyproline contents were similarly increased in lung
tissue lysates of WT and IL17af−/− mice upon AdTGF-β1 expo-
sure starting by day 10 up until days 14 and 21 posttreatment
without significant differences between groups (Fig. 6C). Finally,
histopathological examination of lung tissue sections revealed
interstitial lung collagen deposition along with widened alveolar
septa in AdTGF-β1 exposed IL17af−/− mice on days 14 and 21

posttreatment, with no overt differences compared with controls
(Fig. 6D). Notably, both WT and IL17af−/− mice did not develop
angiocentric neutrophilic lung inflammation upon AdTGF-β1, and
no mortality was observed in either group over time (data not
shown). Together, the data show that IL-17A/F deficiency does
not appear to play a role in AdTGF-β1-induced lung fibrosis in
mice.

© 2024 The Author(s). European Journal of Immunology published by
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Figure 5. Therapy of BLM-treated IL17af−/− mice with recombinant IL-17A/F protein. (A) Experimental design. BLM-exposed IL17af−/− mice were
treated i.v.with rIL-17A/F protein or vehicle, as indicated. (B) Histopathology of hematoxylin/eosin-stained lung tissue section of IL17af−/− micewith
or without rIL-17A/F protein therapy at day 6 post-BLM treatment. Closed arrows in (B, left histology) indicate angiocentric neutrophilic infiltrations,
while open arrows in (B, left histology) denote intravascular coagulation in IL17af−/− mice treated with BLM for 6 days. Closed arrows in (B, right
histology) indicate lymphoplasmacellular infiltrates in BLM-treated IL17af−/− mice with rIL-17A/F protein therapy. Representative histology images
from a total of n = 4 mice per experimental group are shown at original magnifications of ×40 (Scale bar 20 μm). (C–E) Immunophenotypic analysis
of neutrophils (C), CD4pos T cells (D), and CD8pos T cells (E) in BALF of BLM-treated IL17af−/− mice in the absence or presence of rIL-17A/F protein
therapy. Data are shown as mean±SD of n = 5–6 mice per group and time point and are representative of two independent experiments. *p ≤ 0.05,
**p ≤ 0.01 compared with mice from the control group (CL). ++p ≤ 0.01 rIL-17A/F application relative to vehicle (Mann–Whitney U-test).

Discussion

The role of IL-17A/F in lung fibrosis is still unclear [39]. In
this study, IL-17A/F deficiency caused profound angiocentric neu-
trophilic infiltration of the lung, vasculopathy, and increased lung
leakage leading to early mortality by day 6 post-BLM. Importantly,
the effect of IL-17A/F deficiency in mice was (1) limited to the
early phase of BLM-induced acute lung injury, (2) was attenu-
ated in IL-17a/f−/− mice receiving recombinant IL-17A/F protein
therapy, and (3) was not observed in a model of LPS induced
acute lung injury or a model of AdTGF-β1 induced lung fibrosis,
thus pointing to a BLM-specific effect. Moreover, although BLM-
induced acute lung injury was fatal in IL-17a/f−/− mice, the ensu-
ing fibrogenic response was similar between groups, demonstrat-
ing that BLM-induced lung fibrogenesis was uncoupled from the
phase of increased acute lung injury.

The role of IL-17A/F in fibrotic lung tissue remodeling is
controversially discussed (reviewed in [40]). Previous studies
reported a profibrotic function of IL-17 in experimental lung fibro-
sis, though most of those studies focused on IL-17A only while
leaving IL-17F unaddressed [14, 16, 18]. Both IL-17A and IL-17F
as well as the IL-17A/F heterodimer bind to the same IL-17RA
receptor, and IL-17RA KO mice exhibited significantly less neu-
trophilic lung inflammation in the BLM or silica model of lung
injury [17, 41, 42]. Other studies found that lack of IL-17RA
increased lung collagen deposition in BLM-treated mice [43].
In our models of AdTGF-β1 or BLM-induced lung fibrosis, lack
of IL-17A/F did not affect lung collagen deposition but rather
caused substantially increased acute lung injury and early mor-
tality in the BLM model only. As such, the current study does
not support a role for IL-17A/F in the process of lung fibrogen-
esis.

© 2024 The Author(s). European Journal of Immunology published by
Wiley-VCH GmbH.

www.eji-journal.eu



Eur. J. Immunol. 2024;54:2451323 Innate immunity 11 of 14

Figure 6. AdTGF-β1 induced lung fibrosis in WT and IL17af−/− mice. WT and IL17af−/− mice were left untreated (grey bars) or were treated with
either AdCL (white bars) or AdTGF-β1 (black bars) for up to 21 days. (A, B) IL-17A protein levels in BALF (A) and lung (B) of AdCL vs. AdTGF-β1-treated
mice. (C) Hydroxyproline levels in lung tissue of AdCL- vs. AdTGF-β1-treated WT and IL17af−/− mice. (D) Histopathology of hematoxylin/eosin-
stained lung tissue sections of WT and IL17af−/− mice at day 14 post-AdCL vs. AdTGF-β1 application. Data are shown as mean ± SD of at least n =
5–8 mice per experimental group and time point and are representative of two independent experiments. *p ≤ 0.05, **p ≤ 0.01 compared with AdCL.

IL-17A KO mice were previously found to exhibit significantly
reduced lung neutrophil recruitment and less airway inflamma-
tion upon either BLM or LPS challenge, suggesting a proinflam-
matory role for IL-17A in models of acute lung injury [20, 44,
45]. According to more recent work, IL-17A and IL-17F are no
longer believed to have identical biological functions [46–49].
Although both IL-17A and IL-17F are considered neutrophil-
inducing factors, lack of IL-17A/F caused profound angiocentric
neutrophilic infiltration of the lung, resulting in endothelial acti-
vation, intravascular coagulation, and lung leakage, most likely
mediating the increased early mortality upon BLM challenge,
although organ systems other than the lung were not examined

in the current study. Of note, this scenario was specific for BLM,
as lipopolysaccharide-treated IL17af−/− mice showed a similar
lung neutrophilic response as in WT mice, and these inflammatory
sequelae were also not observed in AdTGF-β1 exposed IL17af−/−

mice. Therefore, the data support the notion that IL-17 A/F defi-
ciency particularly aggravates BLM-induced acute lung injury, but
not the ensuing fibrotic remodeling phase of this model.

Previous studies reported that neutralization of IL-17A protein
attenuated the neutrophilic response, while IL-17F neutralizing
antibodies had no effect on neutrophil counts in BALF of BLM-
challenged mice [17]. In the current study, we found that dele-
tion of IL-17A/F led to a profound lung neutrophilic response and
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increased mortality to BLM challenge, and therapeutic applica-
tion of recombinant IL-17A/F protein significantly improved the
lung inflammatory phenotype of BLM-challenged IL17af−/− mice.
These data demonstrate the importance of secreted IL-17A/F pro-
tein in the regulation of BLM-induced acute lung injury. However,
differences between our study and the previous report make a
direct comparison difficult. The previous study employed single
antibody neutralization rather than double KO mice to approach
the role of individual IL-17 family members in lung injury/fibrosis,
which may have been confounded by compensatory effects. More-
over, administration routes and dosages of applied BLM were dif-
ferent between our study and the previous report. Finally, neutral-
izing antibodies are less effective compared with stable genetic
models as employed in the current study.

IL17af−/− mice demonstrated strongly increased lung neu-
trophil counts along with significantly reduced lymphocyte counts
in response to the BLM challenge. These data suggest that IL1-
7A/F has a regulatory function in both lung neutrophil and
lymphocyte mobilization upon BLM challenge. We found that
TCRγδpos T cells and perhaps also CD4pos T cells represented a
major source for IL-17A and IL-17F in BLM-challenged mice. In
preliminary studies, diphtheria toxin-induced depletion of γδpos

T cells diminished CD4+ and CD8+ T lymphocytes but not neu-
trophil counts in BLM-challenged mice, suggesting that γδ T-
cell-derived IL-17A/F particularly affects lymphocyte rather than
neutrophil recruitment in response to BLM (data not shown),
thereby adding to previous studies reporting a similar reduction
of CD4pos and CD8pos T cells in BALF of BLM-treated γδ T-cell
KO mice [50]. Along this line, CD4pos/ CD25pos/Foxp3pos regula-
tory T cells (Tregs) were also significantly reduced in the lungs of
BLM-challenged IL17a/f−/− mice.

The interplay between IL-17-secreting T cells and Tregs is only
partially understood (reviewed in [51]). Th17 cells and Tregs
appear to have at least in part an interdependent relationship
while exerting partially antagonistic functions, with Th17 cells
believed to exert a profibrotic function in BLM-driven lung fibro-
sis, while Tregs mostly appear to exert antifibrotic functions in
later stages of BLM induced lung fibrosis. In the current study,
we found diminished numbers of lung Tregs to coincide with
neutrophil-dominated lung injury in BLM-challenged IL17af−/−

mice. Moreover, we recently found an important role for Tregs
in limiting the exacerbation of experimental lung fibrosis in mice
[31]. In line with this, several studies reported that an imbalance
of the Th17/Treg axis may affect pulmonary fibrogenesis [52–54].
However, differences in BLM dosage, route of administration, age,
gender, and genetic background of mice make it rather difficult to
directly compare the results between these studies.

Hematopoietic reconstitution of IL17af−/− mice with bone
marrow from WT mice did not abrogate the angiocentric neu-
trophilic accumulates observed in these mice, but treatment with
recombinant IL-17A/F protein was sufficient to attenuate the
fatal inflammatory response to BLM. Mechanistically, it appears
that radioresistant hematopoietic lung resident recipient-type IL-
17A/F producing cells, including γδ T cells play an important reg-
ulatory role in lung lymphocytic/neutrophilic responses to BLM.

Radioresistance of immune cells including lung macrophages,
lymphocytes, and natural killer cells (but not neutrophils) is a
well-described phenomenon [55–57]. Of note, our engraftment
experiments enrolling irradiated CD45.1/CD45.2 alloantigen-
expressing mice confirmed an incomplete depletion of lympho-
cytes in whole-body irradiated chimeric mice, just opposed to the
high turnover rates observed for radiosensitive neutrophils. As a
consequence, IL-17-producing recipient-type T cells surviving in
the lungs of irradiated WT mice transplanted with IL17af−/− bone
marrow were apparently sufficient to regulate lymphocytic and
neutrophilic responses to BLM similar to the extent observed in
irradiated WT→WT mice challenged with BLM.

In summary, we found that IL-17A/F deficiency aggravated
BLM-induced acute lung injury in mice without affecting lung
fibrogenesis, and also did not play a role in LPS-induced acute
lung injury or AdTGF-β1 induced lung fibrosis in mice, supporting
the view that IL-17A/F is dispensable in lung fibrogenesis. The
disturbed leukocytic response observed in the lungs of IL17af−/−

mice was amenable to recombinant IL-17A/F protein therapy but
not to WT bone marrow transplantation, suggesting that IL-17A/F
secreting lung resident rather than circulating lymphocyte subsets
contribute to the regulation of BLM induced acute lung injury in
mice. As a consequence, it appears to be imperative for the BLM
model of lung injury to evaluate whether a given mediator under
study directly affects the acute lung injury phase of the model
with effects on the ensuing phase of lung fibrogenesis, or indeed
directly exerts effects on the fibrogenesis phase of this model.
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