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The use of lung progenitors for regenerative medicine 
appears promising, but their biology is not fully under-
stood. Here, we found anti-inflammatory attributes in 
bronchiolar progenitors that were sorted as a multipo-
tent subset of mouse club cells and found to express 
secretory leukocyte protease inhibitor (SLPI). Notably, 
the impaired expression of SLPI in mice increased the 
number of bronchiolar progenitors and decreased the 
lung inflammation. We determined a transcriptional 
profile for the bronchiolar progenitors of Slpi-deficient 
mice and identified syndecan 4, whose expression was 
markedly elevated as compared to that of wild-type 
mice. Systemic administration of recombinant syndecan 
4 protein caused a substantial increase in the number 
of bronchiolar progenitors with concomitant attenua-
tion of both airway and alveolar inflammation. The syn-
decan 4 administration also resulted in activation of the 
Keap1-Nrf2 antioxidant pathway in lung cells, which is 
critically involved in the therapeutic responses to the 
syndecan 4 treatment. Moreover, in 3D culture, the 
presence of syndecan 4 induced differentiated club cells 
to undergo Nrf2-dependent transition into bronchiolar 
progenitors. Our observations reveal that differentiative 
switches between bronchiolar progenitors and club cells 
are under the Nrf2-mediated control of SLPI and syn-
decan 4, suggesting the possibility of new therapeutic 
approaches in inflammatory lung diseases.

Received 7 October 2014; accepted 11 August 2015; advance online  
publication 22 September 2015. doi:10.1038/mt.2015.153

INTRODUCTION
In an attempt to develop regenerative medicine for lung diseases, 
considerable progress has been made in understanding lung stem/
progenitor biology.1–9 Because small airways called bronchioles are 

commonly injured in a variety of inflammatory clinical settings, 
particular attention has been paid to the regional stem/progenitor 
cell populations mediating epithelial homeostasis.2,7,10–14 The bron-
chiolar epithelium comprises a diverse population of stem/pro-
genitor cells and differentiated cells.1,3,5,9 Although it has not yet 
been fully characterized, a subset of club cells (formerly known 
as Clara cells) are best understood as bronchiolar progenitors 
that self-renew over the long term and that can differentiate into 
more differentiated club cells and ciliated cells.1–9 The bronchiolar 
progenitors are distinct from differentiated club cells (hereafter 
referred to simply as club cells, unless otherwise indicated) and 
characteristically express the alveolar type 2 cell marker, prosur-
factant protein C (proSP-C), with lower levels of club cell secretory 
protein (CCSP)/Scgb1a1.13–15 There are also functional differences 
between them; while club cells can be depleted by naphthalene 
because of the abundance of cytochrome P450 enzyme Cyp2f2, 
bronchiolar progenitors are resistant to naphthalene-induced 
depletion because of defects in the enzyme.8,9,16,17 Naphthalene-
resistant epithelial cells in the bronchioalveolar duct junction of 
the mouse lung are particularly proposed as putative bronchioal-
veolar stem cells.9

In addition to the functional aspects as progenitors, the CCSP-
positive cells (i.e., club cells and/or bronchiolar progenitors) have 
been shown to control the extent of lung inflammation by playing 
critical roles in barrier maintenance, secretion, and metabolism in 
airways.16,17 However, the heterogeneity of CCSP-positive cells has 
discouraged further investigation into the cellular and molecular 
mechanisms involved in resolving lung inflammation.2,7,9,16

Here we make use of recent advances in flow cytometric sort-
ing, which enable us to isolate bronchiolar progenitors and club 
cells separately from mouse lung cells, and test the hypothesis that 
these two subsets can be distinguished based upon their ability to 
modulate lung inflammation. Our data show that bronchiolar pro-
genitors have higher potency to decrease lung inflammation than 
club cells. Moreover, we seek to clarify the molecular mechanisms 
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involved in bronchiolar progenitor physiology, and identify syn-
decan 4 as a downstream effector of secretory leukocyte protease 
inhibitor (SLPI). We also show that syndecan 4 has the therapeutic 
potential to increase the number of bronchiolar progenitors for 
anti-inflammatory responses, probably by facilitating dedifferen-
tiation from club cells to bronchiolar progenitors via activation of 
the nuclear factor erythroid 2-related factor 2 (Nrf2)-dependent 
antioxidant pathway.

RESULTS
Bronchiolar progenitors ameliorate lung 
inflammation
To determine the relevance of bronchiolar progenitors in lung 
inflammation, we isolated bronchiolar progenitors from naive 
mice, and adoptively transferred them to naphthalene-injured 
mice (Figure 1a–c). We isolated bronchiolar progenitors and club 
cells from lung cells by flow cytometric cell sorting as previously 
reported,13 and confirmed their distinctive features by bright-field 
microscopy (Figure 1a). Morphologically, while club cells defined 
by Linneg (CD31neg CD34neg CD45neg) and Sca-1pos autofluores-
cence (AF)high exhibited a round plump shape with an abundance 
of cytoplasmic organelles, bronchiolar progenitors defined by 
Linneg Sca-1pos AFlow had a lower cytoplasmic/nucleus ratio with 
a concomitant reduction of cytoplasmic organelles (cytoplasmic/
nucleus ratio, P < 0.05, Supplementary Figure S1). When adop-
tively transferred to naphthalene-injured mice, in which expo-
sure to naphthalene leads to club cell depletion followed by lung 
inflammatory responses, bronchiolar progenitors reduced the 
inflammation compared to club cells (Figure 1b,c). Analysis of 
total and differential cell counts in bronchoalveolar lavage (BAL) 
fluid showed that the recipient mice of bronchiolar progenitors 
had significantly fewer cells in all cell counts except for eosinophils 
than recipient mice of club cells (bronchiolar progenitor transfer 
versus club cell transfer; total, P < 0.001; macrophages, P < 0.001; 
neutrophils, P < 0.01; lymphocytes, P < 0.005; eosinophils, P > 0.1;  
Figure 1b). There was no significant difference among these 
groups with respect to residual macrophages in lung tissues after 
BAL (P > 0.05; Supplementary Figure S2). Assessment of the 
lung histology also showed a marked decrease in cellular infil-
trates in the peribronchiolar and perivascular spaces after adop-
tive transfer of bronchiolar progenitors compared to that of club 
cells (Figure 1c and Supplementary Figure S3a).

The phonotypic features of bronchiolar progenitors associ-
ated with the anti-inflammatory properties were assessed by 
immunofluorescent staining and immunoblotting (Figure 1d,e). 
Consistent with previous reports,13,14 immunofluorescence 
analysis showed that bronchiolar progenitors revealed low 
and high levels of intracellular CCSP and proSP-C immuno-
reactivity, respectively (Figure 1d). In contrast, club cells had 
strong immunoreactivity only against CCSP, but not against 
pro-SPC (Figure 1d). These cell phenotypes were reflected in 
the amounts of CCSP and proSP-C assessed by immunoblot-
ting; CCSP expression was lower in bronchiolar progenitors 
than in club cells, whereas proSP-C expression was found only 
in bronchiolar progenitors (Figure 1e and Supplementary 
Figure  S4a). Moreover, bronchiolar progenitors, but not club 

cells, had detectable amounts of surfactant protein D (SP-D) and 
SLPI, both of which are capable of decreasing inflammation.18,19

Impaired SLPI expression increases number of  
anti-inflammatory bronchiolar progenitors
Given the key role of SLPI in stem/progenitor biology,20 we 
determined the functional consequences of SLPI for the cellular 
population of bronchiolar progenitors (Figure 2). Notably, flow 
cytometric analysis showed a significantly increased number 
of Linneg Sca-1pos AFlow bronchiolar progenitors in Slpi-deficient 
(Slpi KO) mice compared with wild-type (WT) mice (P < 0.005, 
Figure 2a). The increased number of bronchiolar progenitors in 
Slpi KO mice was significantly reduced by plasmid-mediated 
forced expression of SLPI, which was confirmed by the immuno-
blotting analysis in cytoplasmic and nuclear fractions of lung cells 
(P < 0.01, Supplementary Figure S5). Consistent with this flow 
cytometry result, we found that airway epithelial cells with the 
CCSP/proSP-C dual positivity, another characteristic of bronchio-
lar progenitors, were more marked in Slpi KO mice than in WT 
mice (Figure 2b and Supplementary Figure S6a). The functional 
relevance of our finding on the number of bronchiolar progenitors 
was determined by using two types of lung inflammation, from air-
way (Figure 2c,d) and alveolar injury (Figure 2e,f). Similar results 
were achieved in both types of lung inflammation. In the airway 
inflammation, analysis of naphthalene-injured lungs showed that 
Slpi KO mice had significantly fewer inflammatory cells in the total 
BAL cell count and peribronchiolar/perivascular infiltration than 
WT mice (naphthalene, Slpi KO versus WT, P < 0.005, Figure 2c,d; 
Supplementary Figures S3b and S7a). Even when injected with 
naphthalene five times daily, Slpi KO mice showed significantly 
lower numbers of total BAL cells than WT mice (naphthalene, WT 
versus Slpi KO, P < 0.01, Supplementary Figure S8). In the alveo-
lar inflammation following bleomycin-mediated selective ablation 
of alveolar type 2 cells, Slpi KO mice had significantly lower num-
bers of BAL cells than WT mice, which reflected protection from 
the extensive parenchymal distortion and massive damage of the 
alveolar and distal airway compartments (bleomycin, Slpi KO ver-
sus WT, P < 0.001, Figure 2e,f; Supplementary Figures S3c and 
S7b). In vivo short hairpin RNA (shRNA)-mediated knockdown 
of the Slpi gene reduced the amounts of SLPI protein expression 
in lung cells by 24% (not shown), leading to similar results in the 
Slpi KO mice (Figure 2g–j). When injected with pshSlpi, WT mice 
displayed an increased number of bronchiolar progenitors for both 
the Linneg Sca-1pos AFlow phenotype and the CCSP/proSP-C dual 
positivity (P < 0.05, Figure 2g,h and Supplementary Figure S6b). 
Injection with pshSlpi, but not control pshCtrl, in the WT mice 
also dampened the lung inflammatory responses following naph-
thalene exposure in total BAL cell counts and histological exami-
nation (naphthalene, pshSlpi versus pshCtrl, P < 0.05, Figure 2i,j). 
There were not any detectable differences in the numbers of Sca-
1-positive cells outside the bronchiolar epithelium and CD31-
positive cells between WT and Slpi KO mice, or pshCtrl- and 
pshSlpi-transfected WT mice (Supplementary Figure S9). Taken 
together, these results suggest that SLPI functioned as a negative 
regulator of the bronchiolar progenitor population that potentially 
helps attenuate lung inflammation.
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The effects caused by impaired SLPI expression are 
critically mediated by syndecan 4
To dissect the molecular pathway affected by the SLPI deficiency, 
we undertook gene expression profiling microarray of bronchiolar 
progenitors sorted from Slpi KO mice and WT mice (Figure 3a). 
The microarray data analysis revealed 71 differentially expressed 
genes with a greater than twofold change; 10 and 61 genes were 
significantly up- and downregulated, respectively, in the bron-
chiolar progenitors of Slpi KO mice compared to those of WT 
mice (Supplementary Tables S1 and S2). Some of the genes are 

known to encode molecules possibly associated with stem cell/
progenitor or SLPI biology, such as the genes encoding eukaryotic 
translation initiation factor 2 (eIF2), bone morphogenetic protein 
7 (BMP7), WAP four-disulfide core domain 13 (WFDC13), and 
Notch1.21–24 Of note, we found the gene encoding syndecan 4 to be 
most remarkably upregulated at a P value less than 0.0005 and a 
fold change of 9.1 for Slpi KO versus WT bronchiolar progenitors 
(Figure 3a).

Increased syndecan 4 expression in the bronchiolar pro-
genitors of Slpi KO mice was confirmed by quantitative reverse 

Figure 1  Anti-inflammatory effects of bronchiolar progenitors. (a) Isolation of bronchiolar progenitors and club cells by the phenotypic characteristics. 
Lineage-negative (CD31neg CD34neg CD45neg) lung cells were fractionated into two subsets, including club cells in the Sca-1pos AFhigh gate and bronchiolar pro-
genitors in the Sca-1pos AFlow gate. Representative microscopic images of the Diff-Quik-stained cells are shown. Scale bar, 10 μm. (b,c) Adoptive transfer of bron-
chiolar progenitor and club cell subsets. C57BL/6 mice were injected intraperitoneally with naphthalene or vehicle (day 1). On day 3, the naphthalene-injected 
mice received intravenous injections of 105 bronchiolar progenitors or club cells. On day 7, the lung inflammation was assessed by total and differential counts 
of cells recovered in the BAL fluid (panel b) and histological examination of the lung sections stained with H&E (scale bar, 100 μm, panel c). (d) Club cell secre-
tory protein (CCSP) and proSP-C staining of bronchiolar progenitors and club cells. The nuclei were identified with DAPI. Scale bar, 20 μm. (e) Immunoblotting 
of CCSP, proSP-C, SP-D, and secretory leukocyte protease inhibitor in cell lysates from bronchiolar progenitors and club cells; β-actin was used as a loading 
control. Asterisks indicate significant differences at 95% confidence limits. DAPI, 4′,6-diamidino-2-phenylindole, dihydrochloride; H&E, hematoxylin and eosin.
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Figure 2 Impaired secretory leukocyte protease inhibitor expression increased the number of bronchiolar progenitors and decreased lung 
inflammation. (a,b) Increased numbers of bronchiolar progenitors in Slpi KO mice. Bronchiolar progenitors in WT and Slpi KO mice were analyzed for 
the phenotypic characteristics by flow cytometry (Linneg Sca-1pos AFlow, panel a) and for the club cell secretory protein (CCSP)/proSP-C dual positivity 
by confocal microscopy (scale bar, 50 μm, panel b). (c,d) Naphthalene-induced inflammation in Slpi KO mice. WT and Slpi KO mice were injected 
intraperitoneally with naphthalene or vehicle (day 1). On day 7, the lung inflammation was assessed by total counts of cells recovered in the BAL fluid 
(panel c) and histological examination of the lung sections stained with H&E (scale bar, 100 μm, panel d). (e,f) Bleomycin-induced inflammation in 
Slpi KO mice. This study was similar to that in panels c and d, but the mice were injected intratracheally with bleomycin or vehicle on day 1. Scale 
bar, 100 μm (panel f). (g–j) In vivo transfection of a plasmid vector expressing shRNA against Slpi (pshSlpi). The study was similar to that in panels 
a–d, but WT mice were transfected intravenously with 50 μg of pshSlpi or the control vector pshCtrl on day 0. The bronchiolar progenitors in the 
transfected mice were analyzed by flow cytometry (Linneg Sca-1pos AFlow cells, panel g) and confocal microscopy (scale bar, 50 μm, panel h) on day 
7. To assess the lung inflammation on day 7, the transfected mice were injected with naphthalene or vehicle on day 1 (panel i; scale bar, 100 μm, 
panel j). For panels a, c, e, g, and i, data are reported as the mean ± standard error of n = 3 mice per group. Asterisks indicate significant differences 
at 95% confidence limits. BAL, bronchoalveolar lavage.
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Figure 3 Syndecan 4 is essential to the anti-inflammatory responses induced by impaired secretory leukocyte protease inhibitor expression. 
(a) Volcano plot showing the differential gene expression in microarray analysis between bronchiolar progenitors from Slpi KO mice and those from 
WT mice. Genes that significantly changed more than twofold are indicated in red. Sdc4, syndecan 4; Eif2, eukaryotic translation initiation factor 2; 
Bmp7, bone morphogenetic protein 7; Wfdc13, WAP four-disulfide core domain 13. (b,c) Quantitative reverse transcription-PCR analysis of syndecan 
4 gene expression in bronchiolar progenitors from Slpi KO mice (panel b) and Slpi knockdown mice (panel c). Bronchiolar progenitors of WT mice 
(panel b) and pshCtrl-transfected WT mice (panel c) were used as a reference. (d,e) Immunoblotting of syndecan 4 (SYND4) in lung cell lysates of 
Slpi KO mice (panel d) and Slpi knockdown mice (panel e). Controls included lung cells from WT mice (panel d) and pshCtrl-transfected WT mice 
(panel e), and β-actin was used as a loading control. For in vivo knockdown of the Slpi gene (panels c and e), WT mice were transfected intravenously 
with 50 μg of pshSlpi 48 hours before evaluation. (f–i) In vivo transfection of pshSlpi to Sdc4 KO mice. The study was similar to that in Figure 2g–j, 
but Sdc4 KO mice were transfected intravenously with pshSlpi or pshCtrl on day 0. The bronchiolar progenitors in the transfected mice were analyzed 
by flow cytometry (Linneg Sca-1pos AFlow cells, panel f) and confocal microscopy (scale bar, 50 μm, panel g) on day 7. To assess the lung inflamma-
tion on day 7, the transfected mice were injected with naphthalene or vehicle on day 1 (panel h; scale bar, 100 μm, panel i). For panels b, c, f, 
and h, data are reported as the mean ± standard error of n = 3 mice per group. Asterisks indicate significant differences at 95% confidence limits.  
BAL, bronchoalveolar lavage.
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transcription-polymerase chain reaction (PCR) analysis of bron-
chiolar progenitors from Slpi KO mice and in vivo knockdown 
mice of the Slpi gene (Figure 3b,c). Bronchiolar progenitors of 
Slpi KO mice expressed 10.8-fold higher amounts of syndecan 
4 mRNA than those of WT mice (P < 0.05, Figure 3b). In WT 
mice, bronchiolar progenitors had lower syndecan 4 expression 
than club cells (Supplementary Figure S10). After 48 hours of 
pshSlpi injection in WT mice, syndecan 4 mRNA expression was 
significantly increased in bronchiolar progenitors compared to 
those of pshCtrl-injected mice (P < 0.05, Figure 3c). Consistently, 
immunoblotting of cell lysates revealed greater syndecan 4 expres-
sion in total lung cells of Slpi KO mice and pshSlpi-injected mice, 
compared to those of WT mice and pshCtrl-injected mice, respec-
tively (Figure 3d,e and Supplementary Figure S4b,c).

To determine whether syndecan 4 contributes to the molecu-
lar pathway downstream of decreased SLPI abundance, we ana-
lyzed the functional consequences of reduced Slpi expression in 
syndecan 4-deficient (Sdc4 KO) mice (Figure 3f–i). Unlike WT 
mice, Sdc4 KO mice did not show increased numbers of bronchio-
lar progenitors defined by the Linneg Sca-1pos AFlow phenotype in 
flow cytometry and the CCSP/proSP-C dual positivity in immu-
nofluorescent staining, even after the shRNA-mediated reduction 
of the SLPI expression (P > 0.7, Figure 3f,g and Supplementary 
Figure S6c). Additionally, we observed that pshSlpi injection 
did not prevent naphthalene-initiated lung inflammation in 
Sdc4 KO mice, showing similar inflammatory responses to the 
pshCtrl injection (naphthalene, pshSlpi versus pshCtrl, P > 0.1, 
Figure 3h,i). These data suggest that syndecan 4, whose expres-
sion is negatively regulated by SLPI, is responsible for increasing 
the number of bronchiolar progenitors that promote the resolu-
tion of lung inflammation.

Recombinant syndecan 4 protein has a 
pharmaceutical value
Given the anti-inflammatory properties of syndecan 4 governing 
bronchiolar progenitors, together with previous studies suggest-
ing an interaction between syndecan 4 and CXCL10 that inhibits 
fibroblast recruitment and subsequent lung fibrosis,25 we focused 
our functional analyses on the therapeutic potential of recombi-
nant syndecan 4 protein (Figure 4). We intravenously treated mice 
with syndecan 4 (Figure 4a–d). After 7 days, we found an increase 
in the number of bronchiolar progenitors by both flow cytomet-
ric (Linneg Sca-1pos AFlow cells) and immunofluorescent staining 
(CCSP/pro-SP-C dual positive cells) analyses in mice intrave-
nously treated with syndecan 4 as compared to mice treated with 
the control solvent (P < 0.05, Figure 4a,b and Supplementary 
Figure S6d). The stimulatory effect of syndecan 4 on the number 
of bronchiolar progenitors was abolished by blockade of the fibro-
blast growth factor receptor 1 (FGFR1) signaling (PD173074, syn-
decan 4 versus control, P > 0.5, Supplementary Figure S11). The 
increased number of bronchiolar progenitors was also achieved by 
intratracheal treatment of syndecan 4 (P < 0.01, Supplementary 
Figure S12). To evaluate the pharmacological property that 
reduced bronchiolar inflammation in the lung, we pretreated mice 
with syndecan 4, followed by intraperitoneal injection of naphtha-
lene into the mice 1 day later (Figure 4c,d). The pretreatment with 
syndecan 4 attenuated the naphthalene-induced inflammation in 

the mice, as judged by a threefold decrease in the number of BAL 
total cells and reduced cellular infiltration in peribronchial and 
perivascular tissues, compared to mice pretreated with the con-
trol solvent (naphthalene, syndecan 4 versus control, P < 0.001, 
Figure 4c,d).

To further clarify the effects of therapeutically administered 
syndecan 4, we intraperitoneally treated WT mice with syndecan 
4 six times daily, starting 1 day after intratracheal injection of 
bleomycin induced alveolar inflammation (Figure 4e–i). In con-
trast to mice treated with the control solvent, mice repeatedly 
treated with syndecan 4 showed reduced inflammation, together 
with lower numbers of BAL total cells and less mononuclear cell 
accumulation and thickening in the distal airways and adjacent 
alveolar spaces (bleomycin, syndecan 4 versus control, P < 0.005, 
Figure 4e,f and Supplementary Figure S3d). Matching the histo-
logical features, computed tomography detected extensive, dense 
consolidation in the lungs of mice treated with the control solvent 
without syndecan 4 (Figure 4g). Concomitant with the dimin-
ished inflammation, the therapeutic intervention using syndecan 
4 resulted in attenuation of the subsequent fibrotic responses to 
bleomycin-injured lung; compared to control treatment, the syn-
decan 4 treatment decreased the amounts of soluble collagen and 
fibrogenesis-associated proteins, including transforming growth 
factor β-1 (TGFβ1) and S100-A4 (also known as fibroblast-spe-
cific protein-1), in bleomycin-instilled lungs (bleomycin, syn-
decan 4 versus control, P < 0.005, Figure 4h,i and Supplementary 
Figure S4d). These data support the pharmaceutical potency of 
syndecan 4 to attenuate various types of lung inflammation and 
the accompanying fibrotic changes of the lung architecture.

The Nrf2 antioxidant response is integrated with the 
downstream pathway of syndecan 4
Recently, cellular homeostasis to maintain the airway epithelial 
health has been shown to be a downstream event in the antioxi-
dant response mediated by Nrf2, which is normally inactivated 
by interactions with the negative regulator Kelch-like ECH-
associated protein 1 (Keap1) in the cytosol.26,27 Accumulating 
evidence also indicates that the Keap1-Nrf2 system contributes to 
lineage-specific differentiation, maintenance and differentiation 
of stem cells and progenitor cells.28 We therefore hypothesized that 
syndecan 4 treatment could modulate the Nrf2 activity to increase 
the number of bronchiolar progenitors that lead to inflammatory 
resolution. Seven days after intravenous administration of recom-
binant syndecan 4 protein in WT mice, immunoblotting of the 
lung cells revealed that the syndecan 4 treatment decreased the 
amount of Keap1 protein and increased that of nuclear Nrf2 com-
pared with the control treatment (Figure 5a and Supplementary 
Figure S4e). Similar results were achieved in naphthalene- and 
bleomycin-injured mice (Supplementary Figure S13). These 
results show that syndecan 4 activates the Keap1-Nrf2 pathway by 
downregulating Keap1, which in turn releases Nrf2 from Keap1 
and allows the nuclear accumulation of Nrf2.

To confirm that the nuclear accumulation of Nrf2 by syn-
decan 4 functions in the antioxidant response, we used in vivo 
models of airway and alveolar inflammation, in which mice were 
subjected to naphthalene and bleomycin, respectively, 1 day after 
pretreatment with syndecan 4. After 6 days of rest, we measured 
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Figure 4 Recombinant syndecan 4 (rSYND4) protein increased the number of bronchiolar progenitors and therapeutically regulated the 
lung inflammatory responses. (a–d) Single treatment with syndecan 4. The study was similar to that in Figure 2a–d, but WT mice were treated 
intravenously with 20 μg syndecan 4 or the solvent (control) on day 0. The bronchiolar progenitors in the treated mice were analyzed by flow cytom-
etry (Linneg Sca-1pos AFlow cells, panel a) and confocal microscopy (scale bar, 50 μm, panel b) on day 7. To assess the lung inflammation on day 7, 
the treated mice were injected with naphthalene or vehicle on day 1 (panel c; scale bar, 100 μm, panel d). (e–i) Repeated treatment of bleomycin-
induced inflammation with syndecan 4. WT mice were injected intratracheally with bleomycin or vehicle (day 1). On days 2–7, the injected mice 
were treated daily with intraperitoneal administration of 4 μg syndecan 4 or the solvent (control). On day 8, the lung inflammation was assessed by 
total counts of cells in the BAL fluid (panel e), histological examination of the lung sections stained with H&E (scale bar, 100 μm, panel f), computed 
tomographic examination of the lungs (panel g), soluble collagen levels in the right lungs (panel h), and immunoblotting of TGFβ1 and S100-A4 in 
lung cell lysates (β-actin, loading control, panel i). For panels a, c, e, and h, data are reported as the mean ± standard error of n = 3 mice per group. 
Asterisks indicate significant differences at 95% confidence limits. BAL, bronchoalveolar lavage; H&E, hematoxylin and eosin.
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the reactive oxygen species (ROS) activity in Linneg Sca-1pos AFlow 
bronchiolar progenitors by flow cytometry using a ROS-sensitive 
fluorescent probe (Figure 5b–d). Bronchiolar progenitors from 
naphthalene-injected mice showed a significant decrease in the 
ROS levels upon syndecan 4 pretreatment as compared with 

control pretreatment, and the ROS level of mice pretreated with 
syndecan 4 was comparable to that of naive mice (naphthalene, 
syndecan 4 versus control, P < 0.05, Figure 5b,c). We observed 
essentially similar results in bronchiolar progenitors isolated from 
bleomycin-injected mice (bleomycin, syndecan 4 versus control, 

Figure 5 Syndecan 4 suppressed reactive oxygen species (ROS) production in bronchiolar progenitors, increasing their numbers and decreas-
ing the lung inflammation via nuclear translocation of Nrf2. (a) Immunoblotting of Keap1, and cytoplasmic and nuclear fractions of Nrf2 (cNrf2 
and nNrf2, respectively). (b–d) ROS in bronchiolar progenitors, which were quantified (panel b) and visualized (panels c and d). For panels a–d, WT 
mice were treated intravenously with 20 μg syndecan 4 or the solvent (control) on day 0. For panel a, on day 7, the lung cells were subjected to the 
analysis, and β-actin was used as a loading control. For panels b–d, the treated mice were injected with naphthalene intraperitoneally (panels b and c) or  
bleomycin intratracheally (panels b and d) on day 1, and lung cells were stained with a H2DCFDA derivative to determine the intracellular ROS level of 
bronchiolar progenitors in Linneg Sca-1pos AFlow fraction as the mean fluorescent intensity (MFI) of flow cytometry on day 7. For panels c and d, the gray 
histogram overlaid in each panel depicts bronchiolar progenitors from sham-controlled mice (naive), and the MFI of stained cells are shown in each panel.  
(e–h) Treatment of Nrf2 KO mice with syndecan 4. The study was similar to that in Figure 4a–d, but Nrf2 KO mice were treated intravenously with 
syndecan 4 or the solvent (control) on day 0. The bronchiolar progenitors in the treated mice were analyzed by flow cytometry (Linneg Sca-1pos AFlow cells, 
panel e) and confocal microscopy (scale bar, 50 μm, panel f) on day 7. To assess the lung inflammation on day 7, the treated mice were injected with 
naphthalene or vehicle on day 1 (panel g; scale bar, 100 μm, panel h). For panels b, e, and g, data are reported as the mean ± standard error of n = 3 
mice per group. Asterisks indicate significant differences at 95% confidence limits. BAL, bronchoalveolar lavage.
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P < 0.005, Figure 5b,d), clearly showing that syndecan 4 activates 
the Keap1-Nrf2 pathway, which serves to eliminate the oxidative 
stress from bronchiolar progenitors.

We next tested whether the Keap1-Nrf2 pathway is funda-
mentally linked to the pharmaceutical mechanisms by which 
syndecan 4 increases the number of bronchiolar progenitors and 
dampens lung inflammation (Figure 5e–h). To address this, we 
treated Nrf2-deficient (Nrf2 KO) mice with intravenous injec-
tion of recombinant syndecan 4 protein. In contrast to WT mice 
(Figure 4a,b), Nrf2 KO mice treated with syndecan 4 and the 
control solvent showed comparable numbers of bronchiolar pro-
genitors that were defined as the Linneg Sca-1pos AFlow phenotype in 
flow cytometry and the CCSP/proSP-C dual positivity in immu-
nostaining (P > 0.3, Figure 5e,f and Supplementary Figure S6e). 
We made corresponding observations in Nrf2 KO mice that had 
been subjected to naphthalene-induced lung inflammation after 
pretreatment with syndecan 4 (Figure 5g,h). The genetic ablation 
of Nrf2 abrogated the syndecan 4-mediated beneficial responses 
to the inflammation, with no differences in BAL total cells and his-
tological features between syndecan 4 and control pretreatments 
(naphthalene, syndecan 4 versus control, P > 0.2, Figure  5g,h). 
There was no significant difference between WT and Nrf2 KO 
mice in number of total BAL cells under naive condition (P > 0.6, 
Supplementary Figure S14). Collectively, these data suggest that 
the Keap1-Nrf2 pathway is essential for syndecan 4 to elicit the 
anti-inflammatory effects associated with increased numbers of 
bronchiolar progenitors.

Syndecan 4 evokes Nrf2-dependent transition from 
club cells to bronchiolar progenitors
There is accumulating evidence that diverse somatic cells are 
highly plastic and can transition from one type to another, sug-
gesting that dedifferentiation might be a potential mechanism 
to increase the number of bronchiolar progenitors in vivo in 
response to syndecan 4 through the Nrf2-dependent pathway.9,29 
To test this hypothesis, we isolated Linneg Sca-1pos AFhigh club cells 

from WT or Nrf2 KO mice by flow cytometry, placed them in 3D 
culture for 7 days with syndecan 4, and examined the cellular state 
by immunofluorescent staining of CCSP and proSP-C (Figure 6). 
The results of immunostaining showed that syndecan 4 treatment 
of the club cells from WT mice promoted the expression of proSP-
C, rather than the CCSP that was favored in the untreated control 
club cells; there was no difference between lower and higher doses 
of syndecan 4 with respect to the appearance of CCSP/proSP-C 
dual positive cells, which were also observed in untreated bron-
chiolar progenitors (Figure 6a). Neither expression of cytokeratin 
5 (basal cell marker) nor LAMP3 (alveolar type 2 cell marker) was 
detected in bronchiolar progenitors as well as club cells treated 
with or without syndecan 4 (Supplementary Figure S15). In 
contrast, club cells from the Nrf2 KO mice were compromised to 
induce proSP-C expression, even after they had been treated with 
either lower or higher doses of syndecan 4, although bronchiolar 
progenitors from the Nrf2 KO mice showed comparable staining 
for CCSP and proSP-C to those from WT mice (Figure 6b). Thus, 
syndecan 4 promoted the transition of club cells to bronchiolar 
progenitors through the activation of Nrf2-dependent pathway, 
which increased the number of anti-inflammatory bronchiolar 
progenitors after the systemic administration of syndecan 4 in 
vivo.

DISCUSSION
Our goal in this study was to delineate the cellular and molecular 
mechanisms by which club cells and/or the multipotent subset of 
club cells known as bronchiolar progenitors develop anti-inflam-
matory responses in lung. When adoptively transferred into mice, 
bronchiolar progenitors, but not club cells, reduced naphthalene-
induced lung inflammation. Notably, in an attempt to further 
characterize the bronchiolar progenitors, we found that there were 
significantly more bronchiolar progenitors in the small airways of 
Slpi KO mice than in those of WT mice. Using microarray analysis 
of the bronchiolar progenitors, we identified a marked upregula-
tion of syndecan 4 in bronchiolar progenitors from Slpi KO mice 

Figure 6 In vitro 3D culture for differentiation of club cells to bronchiolar progenitors. Bronchiolar progenitor (Linneg Sca-1pos AFlow) and club cell (Linneg 
Sca-1pos AFhigh) fractions were sorted from lung cells of WT mice (panel a) and Nrf2 KO mice (panel b) by flow cytometry. Each cell fraction was seeded at a 
density of 1.3 × 103 cells in 100 μl of 50% Matrigel in a 24-well transwell insert together with 105 MLg cells, a mouse lung fibroblast cell line. The Matrigel 
was cultured in the presence (5 or 10 μg/ml) or absence of syndecan 4. After 7 days, the cultures were stained for acquiring fluorescent confocal images 
of CCSP (red), proSP-C (green), DAPI (nuclei, blue), and their overlay (merge). Scale bar, 20 μm. DAPI, 4′,6-diamidino-2-phenylindole, dihydrochloride.
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as compared to those from WT mice. Our in vivo data in the two 
mouse models of inflammatory lung disease showed that recombi-
nant syndecan 4 increased the number of bronchiolar progenitors 
providing a therapeutic effect on lung inflammation. Our in vitro 
data of Matrigel 3D cultures also showed that the functional attri-
butes of syndecan 4 are due to stimulating the Nrf2-dependent 
transition from club cells to bronchiolar progenitors.

Club cells, indistinguishable from bronchiolar progenitors, 
were first described in the late 19th century.17 By virtue of exqui-
site studies made since, several lung-protective aspects have been 
demonstrated in these cells.16,17 The physiologic roles have been 
mainly ascribed in pulmonary biology to their secretory proteins, 
because the presence of secretory granules was recognized in the 
initial description and have been used for morphologic identifica-
tion of the cells.16,17,30–32 The proteins that are known to be secreted 
include CCSP, SLPI, club cell 55-kDa protein, surfactant proteins, 
club cell tryptase, and β-galactoside-binding lectin.16,17 Especially, 
much attention has been paid to CCSP, which was identified as 
the dominant secretory protein, and early data from mice defi-
cient in CCSP suggested that club cells resolved lung inflamma-
tion directly owing to CCSP per se.33,34 However, CCSP deficiency 
alters not only the CCSP expression but also the protein composi-
tion of the fluid lining the airway.35 This evidence suggests that 
lung epithelial homeostasis, which could be disturbed in CCSP-
deficient mice, is also implicated in the protective machinery 
against lung inflammation.

In this context, our adoptive transfer experiment using sorted 
cells demonstrated that bronchiolar progenitors with lower CCSP 
levels, but not club cells with higher CCSP levels, could attenuate 
airway inflammation that developed after naphthalene-induced 
club cell depletion in a species-selective manner. The similar atten-
uation associated with bronchiolar progenitors was also achieved 
in another inflammation model using a more common pulmo-
nary toxicant, bleomycin. The bronchiolar progenitors sorted 
for the Linneg Sca-1pos AFlow phenotype showed higher expression 
levels of proSP-C, SP-D, and SLPI. While the small molecular 
weight hydrophobic surfactant protein SP-C is involved in sur-
face tension regulatory functions, the large hydrophilic surfactant 
protein SP-D maintains an inflammation-free lung by promoting 
homeostatic clearance of apoptotic cells, inhibiting the release of 
pro-inflammatory cytokines, and directly modulating the cellu-
lar functions of macrophages, dendritic cells, and T cells.19 We 
and others have also identified anti-inflammatory effects of SLPI, 
which attenuates nuclear factor (NF)-κB-dependent inflamma-
tory responses by stabilizing interleukin-1 receptor-associated 
kinase (IRAK), IκBα, and IκBβ proteins.18,36–39 Further, the Linneg 
Sca-1pos AFlow fraction, which preferentially includes bronchiolar 
progenitors, has been reported to harbor a mixed population.14 
Thus, secretory factors other than CCSP (e.g., SP-D and SLPI) may 
be also required for the functional capacity of bronchiolar pro-
genitors to control inflammatory conditions.

Not only did this study demonstrate higher SLPI levels in 
bronchiolar progenitors than in club cells, but also clarified a 
molecular pathway downstream of SLPI. We showed that impaired 
SLPI expression in both Slpi KO mice and in vivo Slpi knockdown 
mice increased syndecan 4 expression by bronchiolar progenitors. 

Hence, we identified a SLPI-mediated negative regulation of syn-
decan 4, which encourages cellular transition from club cells to 
bronchiolar progenitors, as evidenced by our 3D findings in the 
in vitro culture. We therefore considered that the relationship 
between club cells and bronchiolar progenitors could be main-
tained through equilibrium feedback loops that involve SLPI and 
syndecan 4; SLPI in bronchiolar progenitors represses the expres-
sion of syndecan 4, a potent inducer of bronchiolar progenitors, 
allowing them to differentiate toward club cells, whereas club cells 
lose the SLPI expression and thereby enhance their tendency to 
dedifferentiate toward bronchiolar progenitors (Supplementary 
Figure S16). This notion is also supported by our results show-
ing that the in vivo Slpi knockdown using shRNA increased the 
number of bronchiolar progenitors in WT mice, but not in Sdc4 
KO mice.

This phenotypic plasticity of club cells even in a differentiated 
state is consistent with previous observations showing that a major-
ity of CCSP-positive cells in bronchioles, including bronchiolar 
progenitors and club cells, have the potential for self-renewal and 
transition to another cell type.40 The underlying concept is that dif-
ferentiated club cells go through a process of dedifferentiation to 
bronchiolar progenitors in order to re-enter the cell cycle for their 
self-renewal before redifferentiating to either club cells or ciliated 
cells. Similar plasticity in the differentiative potential is also found 
in alveolar type 2 cells, which reveal differentiated functions in the 
biosynthesis of pulmonary surfactant while retaining their capac-
ity for self-renewal and differentiation into alveolar type 1 cells.41,42 
Such plasticity of differentiated somatic cells is not unique to the 
lung, and many studies have expanded to analyze the process by 
which diverse cell types dedifferentiate to become less specialized, 
multipotent cells in various types of tissues.9,29,43 Although epige-
netic reprogramming through covalent modifications on chromatin 
is generally thought to contribute to the dedifferentiation process, 
the precise molecular steps involved in the lung cell dedifferentia-
tion are not yet fully understood.5,7–9,44 Further understanding of the 
pathways that support bronchiolar progenitor homeostasis could 
enable novel therapeutic approaches in inflammatory lung diseases.

MATERIALS AND METHODS
Mice. Slpi-deficient (Slpi KO), syndecan 4-deficient (Sdc4 KO), and 
Nrf2-deficient (Nrf2 KO) mice were generated as described previously 
and had been backcrossed to C57BL/6 mice.38,45,46 There were no differ-
ences of leukocyte composition in peripheral blood among these mice 
(Supplementary Figure S17). All procedures were performed according 
to protocols approved by Tohoku University’s Institutional Committee for 
the Use and Care of Laboratory Animals.

Naphthalene- or bleomycin-initiated lung inflammation. Mice were 
intraperitoneally injected with naphthalene (Sigma-Aldrich, St. Louis, 
MO), or intratracheally with bleomycin hydrochloride (Nippon Kayaku, 
Tokyo, Japan). Six or 7 days later, BAL was performed and lung tissues 
were collected for histopathological analysis as described previously.47,48 
Additional details on the method for these measurements is provided in 
Supplementary Materials and Methods.

Statistical analysis. Statistical comparison was made using Student’s 
unpaired two-tailed t-test. P values less than 0.05 were considered statisti-
cally significant.
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SUPPLEMENTARY MATERIAL
Figure S1. Cytoplasmic/nucleus ratios of club cells and bronchiolar 
progenitors shown in Figure. 1a.
Figure S2. Tissue macrophages in lungs after BAL.
Figure S3. Elastica-Masson staining.
Figure S4. Quantification of the protein expression.
Figure S5. In vivo transfection of a plasmid vector expressing Slpi 
(pSlpi) in Slpi KO mice.
Figure S6. Separate photomicrographs of merged images shown in 
Figure 2b (S6a), Figure 2h (S6b), Figure 3g (S6c), Figure 4b 
(S6d), and Figure 5f (S6e).
Figure S7. Total and differential counts of cells recovered in the BAL fluid.
Figure S8. Lung inflammation via repeated administration of naph-
thalene in Slpi KO mice.
Figure S9. No detectable differences in the numbers of Sca-1-
positive cells outside the bronchiolar epithelium and CD31-positive 
cells between wild-type (WT) and Slpi-deficient mice (Slpi KO), or 
between pshCtrl- and pshSlpi-transfected wild-type mice.
Figure S10. Syndecan 4 expression analysis by western blot in bron-
chiolar progenitors and club cells from WT mice.
Figure S11. Recombinant syndecan 4 (rSYND4) protein did not 
increase the number of bronchiolar progenitors in blockade of the 
FGFR1 signaling.
Figure S12. Recombinant syndecan 4 (rSYND4) protein increased 
the number of bronchiolar progenitors, even when injected by the 
intratracheal route.
Figure S13. Immunoblotting of Nrf2 in syndecan 4-treated mice 
after injury.
Figure S14. The cellular aspect of BAL from Nrf2 KO mice in the 
naive condition.
Figure S15. Cytokeratin 5 and LAMP3 staining.
Figure S16. Schematic of our model.
Figure S17. Leukocyte composition of mice used in this study.
Table S1. Upregulated 10 genes in bronchiolar progenitors of Slpi 
KO mice compared to those of WT mice.
Table S2. Downregulated 61 genes in bronchiolar progenitors of Slpi 
KO mice compared to those of WT mice.
Materials and Methods
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