
original article© The American Society of Gene & Cell Therapy

We have previously reported a subpopulation of bone 
marrow cells (BMC) that express Clara cell secretory pro-
tein (CCSP), generally felt to be specific to lung Clara 
cells. Ablation of lung Clara cells has been reported using 
a transgenic mouse that expresses thymidine kinase 
under control of the CCSP promoter. Treatment with 
ganciclovir results in permanent elimination of CCSP+ 
cells, failure of airway regeneration, and death. To deter-
mine if transtracheal delivery of wild-type bone marrow 
CCSP+ cells is beneficial after ablation of lung CCSP+ 
cells, transgenic mice were treated with ganciclovir 
followed by transtracheal administration of CCSP+ or 
CCSP− BMC. Compared with mice administered CCSP− 
cells, mice treated with CCSP+ cells had more donor cells 
lining the airway epithelium, where they expressed epi-
thelial markers including CCSP. Although donor CCSP+ 
cells did not substantially repopulate the airway, their 
administration resulted in increased host ciliated cells, 
better preservation of airway epithelium, reduction of 
inflammatory cells, and an increase in animal survival 
time. Administration of CCSP+ BMC is beneficial after 
permanent ablation of lung Clara cells by increasing 
bronchial epithelial repair. Therefore, CCSP+ BMC could 
be important for treatment of lung diseases where air-
ways re-epithelialization is compromised.

Received 17 September 2012; accepted 21 February 2013; advance online  
publication 23 April 2013. doi:10.1038/mt.2013.53

INTRODUCTION
Airway epithelial cells play a central role in the pathogenesis of 
chronic lung diseases, including chronic obstructive pulmonary 
disease, asthma, obliterative bronchiolitis, and cystic fibrosis.1–3 
When the airway epithelium is injured a succession of cellular 
events take place, from the loss of surface epithelial integrity to 
partial shedding of the epithelium or even complete denudation of 
the basement membrane.4 In the classical view, airway epithelium 
is maintained in the steady state by the infrequent proliferation 
of Clara cells.1,5 Clara cells have the capacity to repair the airway 

epithelium producing both more Clara cells and ciliated cells; 
they also play a role in host defense and may control the extent 
of inflammation through secretion of Clara cell secretory protein 
(CCSP).6 Severe injury resulting in the depletion of Clara cells is 
repaired through the activation of local tissue stem cells resid-
ing at airway branch point associated neuroepithelial bodies and 
the bronchioalveolar duct junction; these stem cells also express 
CCSP.1,7 Chronic injury to the airway inhibits normal epithelial 
repair and differentiation and is characterized by a decreased 
abundance of Clara cells and reductions in lung and serum levels 
of CCSP.2,3,8

Permanent ablation of CCSP-expressing cells (CCSP+) in the 
lungs has been reported using a transgenic mouse (CCtk) which 
expresses the Herpes simplex thymidine kinase suicide gene under 
regulation of the mouse CCSP promoter.9 Treatment of these mice 
with ganciclovir results in elimination of Clara cells and CCSP+ 
stem cells, the initiation of a stress response by remaining lung 
cells,10 excessive extracellular matrix deposition without resolu-
tion,11 and a failure of airway regeneration that is associated with 
rapid mortality.9

Several studies in animal models and humans have suggested 
the involvement of bone marrow cells (BMC) in lung repair fol-
lowing injury.12–15 Our group has previously described that bone 
marrow has a population of CCSP+ cells which increase in periph-
eral blood and home to the lung in response to injury. These cells 
express CD45 and the surface markers CD73, CD90, and CD105. 
They express airway and alveolar proteins following culture at air-
liquid interface.16

The aim of this study was to determine if transtracheal deliv-
ery of wild-type CCSP+ BMC could reduce disease following 
ablation of lung CCSP+ cells in CCtk mice. Compared with 
control mice administered with CCSP− cells, mice administered 
with CCSP+ BMC had more donor cells retained in the lung. 
These cells were mainly found lining the airways where they 
expressed epithelial cell markers, including CCSP, cytokera-
tin, and ion channel proteins. Administration of donor CCSP+ 
BMC resulted in increased numbers of host ciliated cells, bet-
ter airway epithelium preservation, reduction of inflammatory 
cells in the bronchoalveolar lavage, and an increase in survival 
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time. As in other studies, the increase in survival time seemed 
out of proportion to the numerical contribution of the donor cell 
repopulation. However, of significant interest, although donor 
BMC appeared to contribute to numerous cell lineages within 
the airway, there was no contribution to the ciliated cell lineage 
specifically.

RESULTS
Characterization of the CCSP+ BMC population in 
FVB/n mice
We previously reported the existence of the CCSP+ BMC in 
C57BL/6 mice.16 In this study, we make use of FVB/n mice to 
determine the contribution of CCSP+ BMC following ablation 
of airway Clara cells. As in our initial observations in C57BL/6 
mice, flow cytometry analysis of freshly isolated BMC showed 
a population of 1.74 ± 0.16% CCSP+ cells which expanded after 
7 days in culture to 22.42 ± 1.66% (Supplementary Figure S1a,b). 
To rule out the possibility that the detection of CCSP protein on 
the cell surface was simply passive adsorption, gene expression 
for cubilin and megalin which can bind CCSP,17 was assessed on 
flow cytometry–sorted CCSP+ and CCSP− BMC. Only CCSP− 
BMC had any cubilin expression (Supplementary Figure S1c 
and Table S1), whereas no megalin expression was seen on either 
cell type (Supplementary Figure S1d and Table S1). This would 
seem to rule out passive adsorption. Further characterization of 
flow cytometry–sorted CCSP+ BMC showed the transcription of 
the CCSP gene by quantitative real-time PCR (RT-PCR), whereas 
the CCSP− BMC did not express this gene (Supplementary 
Figure S1e). CCSP+ BMC also expressed low levels of other 
epithelial markers, such as Claudin 10,  paraoxanase 1,  cyto-
keratins 5 and  14, CFTR, and ENaC (Supplementary Table S1). 
Immunocytochemistry using three different antibodies for CCSP 
corroborated that 98% of CCSP+ BMC had positive staining for 
these antibodies after sorting, and retained the CCSP expression 
3 days after sorting. In contrast, the CCSP− BMC did not show 
expression of CCSP at any time (Supplementary Figure S1f–m).

CCSP+ BMC are more efficiently retained in the lung 
and increase survival of CCtk mice
To confirm that Clara cell ablation in airways of CCtk transgenic 
mice was occurring in this model, immunohistochemical analysis 
of CCSP expression in lung tissue from CCtk mice treated with 
ganciclovir for 10 days was performed (Supplementary Figure 
S2). To determine the impact of CCSP+ BMC administration 
following ablation of lung Clara cells, female CCtk mice were 
treated with ganciclovir for 10 days followed by transtracheal 
administration of CellTracker Orange CMTMR (5-(and-6)-
(((4 chloromethyl) benzoyl) amino) tetramethylrhodamine) 
(CMTMR)–labeled CCSP+ or CCSP− BMC from male wild-type 
mice. Analysis was performed 7 days after cell delivery (Figure 1a). 
Figure 1b demonstrates that 60% of CCtk mice administered 
CCSP+ BMC survived at least 10 days after cell administration, 
whereas none of the mice treated with CCSP− cells or saline sur-
vived >7 days (P = 0.001). Thus, transtracheal administration of 
CCSP+ BMC has a beneficial effect after ablation of lung CCSP+ 
cells increasing the survival time although ultimately there was no 
change in mortality.

Figure 1  CCSP+ BMC extend survival after ablation of lung CCSP+ 
cells. (a) Female CCtk mice were treated with ganciclovir (GCV) 
4.5 mg/day for 10 days, followed by transtracheal administration of 
sorted CCSP+ or CCSP− BMC from male wild-type mice. Lung analysis 
was performed 7 days after cell delivery. (b) Administration of CCSP+ 
BMC increased survival after ganciclovir treatment, whereas none of 
the mice treated with CCSP− BMC survived 10 days (*P = 0.001). 
(c)  Quantitative RT-PCR for the Sry gene showed that mice treated 
with CCSP+ BMC had 8.9 times more male cells in the lung compared 
with mice treated with CCSP− BMC (*P < 0.001), whereas no amplifica-
tion of male DNA was detected (ND) in lungs from mice treated with 
saline. (d) Lung sections from mice treated with CCSP− BMC showed 
areas with low density of donor cells identified by CMTMR+ signal (red 
cytoplasm), whereas (e) mice treated with CCSP+ BMC showed areas 
with high density of donor cells. Insets show areas with donor cells 
under high-power magnification. Scale bars represents 100 µm. Data 
shown are means ± SEM. n = 8 mice per group. BMC, bone marrow 
cells; CCSP, Clara cell secretory protein.

 CCSP+

FACS CMTMR labeled

CCSP−

XY FVBn BM cells Transtracheal delivery

XX CCtk Days

GCV 4.5 mg/day Cells Analysis

−10 −1 0 +7

a

CMTMR/DAPI

100 Px

100 Px

d

e

0 1 3 5 7 9 11
0

50

100
CCSP+

CCSP−

Saline

Days after cell delivery

S
ur

vi
va

l (
%

)

b

*

SalineCCSP+CCSP−

c

0

10

E
xp

re
ss

io
n 

ra
tio

5

*

ND

CMTMR/DAPI

1252� www.moleculartherapy.org  vol. 21 no. 6 june 2013



© The American Society of Gene & Cell Therapy
CCSP+ BMC Increase Bronchial Epithelial Repair

Levels of male donor-derived cells in the lungs of female recip-
ients were measured by RT-PCR for Sry gene using genomic DNA 
showing an 8.9-fold increase in the group of mice administered 
with CCSP+ cells compared with mice administered with CCSP− 
cells (P < 0.001; Figure 1c). To confirm these findings, the number 
of donor-derived, CMTMR-labeled BMC was assessed by fluo-
rescence microscopy. There were less CMTMR-labeled CCSP− 
donor cells (0.17 ± 0.04) per 100 nuclei (Figure 1d) in contrast to 
CCSP+ BMC (1.92 ± 0.33; P = 0.01; Figure 1e). Under high-power 
magnification 65.2 ± 1.12% of all CCSP+ BMC appeared to be in 
or on an airway in contrast to only 18.13 ± 3.15% of CCSP− BMC 
(P = 0.0002). These results are consistent with our RT-PCR data 
and confirm that CCSP+ BMC were more efficiently retained in 
the lung lining the airway epithelium. Similar results of preferen-
tial retention and improved survival were found when mice were 
treated with CCSP+ cells after only 5 days of ganciclovir treatment 
(Supplementary Figure S3).

CCSP+ BMC were localized in the airway epithelium 
and expressed epithelial markers
Analysis of small and large airways by colocalization of CMTMR-
labeled donor cells with the Clara cell marker CCSP (Figure 2a–d 
and Supplementary Figure S4) and the ion channel proteins 
CFTR (Figure 2e–h) and ENaC (Figure 2i–l) was assessed by 
immunofluorescence microscopy. CCSP+ BMC expressed all 
these epithelial markers and, interestingly there were areas in 
the airways where both donor and host cells expressed epithelial 

proteins forming a chimeric tissue, as shown for CCSP and CFTR 
staining. The percentage of donor CCSP+ BMC that expressed 
these epithelial proteins in the lungs was much higher compared 
with CCSP− BMC (Supplementary Table S2). Before transtra-
cheal injection, CCSP+ and CCSP− cells in culture had either 
minimal or no expression of these markers (Supplementary 
Figure S5). These data show that the CCSP+ BMC are retained in 
the lung, appear to form part of the airway and express proteins 
generally considered to be specific to epithelium.

To evaluate whether the CMTMR (red fluorescence) label 
could be acquired by recipient phagocytes, we evaluated the donor 
origin of the CCSP+ BMC by analyzing the expression of major 
histocompatibility complex (MHC) class II, a marker of antigen 
presenting cells, such as dendritic cells, B lymphocytes, macro-
phages, and activated epithelial cells.18–20 Fluorescence micros-
copy analysis showed that only 1.2 ± 0.87% of the CMTMR+ cells 
were positive for MHC II for the CCSP+ BMC (Supplementary 
Figure S6a–c), whereas 10.67 ± 3.49% of the CMTMR+ cells were 
positive for MHC II for the CCSP− BMC (P = 0.0052). Before 
transtracheal delivery, <5% of the CCSP+ BMC were positive 
for MHC II, whereas none of the CCSP− BMC were stained for 
MHC II (Supplementary Figure S7). Thus, it is indeed possible 
that some of the CMTMR+ cells seen after injection of CCSP− 
BMC are phagocytes, this seems unlikely following injection of 
CCSP+ cells. As donors and recipients were sex-mismatched, it 
was also possible to track the donor cells by confocal microscopy 
analysis of lung sections using fluorescence in situ hybridization 

Figure 2  CCSP+ BMC express epithelial and ion channel proteins in the host lung. Confocal microscopic analysis of Clara cell marker (a–d) CCSP, 
(e–h) CFTR, and (i–l) ENaC. Donor cells were identified by CMTMR positive fluorescence (red). The first and second columns show merged images 
with donor double-positive cells; the third column shows donor cells (red), whereas the fourth column shows single color imaging for each protein 
analyzed. Insets are representative isotype staining controls. Arrows point to donor double-positive cells and arrowheads indicate host single-positive 
cells. Scale bar represents 10 µm. n = 4 mice per group. Samples from mice administered with donor cells after 10 days of ganciclovir. BMC, bone 
marrow cells; CCSP, Clara cell secretory protein.

CMTMR/DAPICFTR/CMTMR/DAPI

CCSP/CMTMR/DAPIa CCSP/CMTMR/DAPIb CMTMR/DAPIc CCSP/DAPId

f g CFTR/DAPIhCFTR/CMTMR/DAPIe

k CMTMR/DAPIi ENaC/CMTMR/DAPI l ENaC/DAPIENaC/CMTMR/DAPIj

10 µm
10 µm 10 µm 10 µm

10 µm10 µm10 µm
10 µm

10 µm

10 µm10 µm10 µm10 µm

10 µm 10 µm 10 µm 10 µm

10 µm10 µm10 µm10 µm

Molecular Therapy  vol. 21 no. 6 june 2013� 1253



© The American Society of Gene & Cell Therapy
CCSP+ BMC Increase Bronchial Epithelial Repair

for Y-chromosome and then subjected to immunohistochemistry 
for pan-cytokeratin, an epithelial cell marker. This demonstrated 
that only CMTMR+ cells had the Y chromosome signal in epithe-
lia whereas cytokeratin was expressed by both CCSP+ BMC and 
host cells (Supplementary Figure S6d–f). These findings dimin-
ish the possibility that the CMTMR+ cells were phagocytes and 
also showed that the majority of cells that remained lining the air-
way were of host origin. Conversely, the expression of the cell pro-
liferation marker, Ki-67 (Supplementary Figure S6g–i) showed 
no significant differences in proliferative index of donor CCSP+ 

BMC (1.8 ± 0.69%) and CCSP− BMC (0%; P = 0.08). These data 
suggest that CCSP+ BMC did not contribute substantially by 
directly repopulating the airway although they may play a para-
crine role in the survival of host epithelial cells.

Treatment with CCSP+ BMC results in preservation of 
host airway epithelium
Subjective evaluation of the lungs of animals treated with CCSP+ 
BMC demonstrated apparent preservation of airway epithelial 
integrity, out of keeping with the magnitude of contribution of 
donor cells to airway chimerism. To quantitatively determine 
the impact of CCSP+ BMC on airway maintenance, an airway 
epithelium score was calculated based on the percentage of cells 
lining the large and small airways after ganciclovir treatment 
(Figure  3a,b and Supplementary Figure S4a,b). Hematoxylin 
and eosin staining of lung tissue sections from ganciclovir-
exposed CCtk mice showed that mice treated with CCSP− BMC 
have a poorly preserved airway epithelium (score 1.3 ± 0.17) com-
pared with mice treated with CCSP+ BMC where the epithelium 
is better preserved (3.25 ± 0.16; P < 0.001). These data suggest that 
administration of CCSP+ BMC reduced the extent of denudation 
of airways previously described using this model.10

To further characterize the phenotype of the cells that were lin-
ing the airways, we analyzed the expression of the ciliated cell pro-
tein β-tubulin (Figure 3c–f and Supplementary Figure S4c–f for 
large and small airways, respectively). Immunofluorescence stain-
ing showed that donor CCSP+ BMC were negative for the ciliated 
cell marker, β-tubulin IV, but were preferentially located in the air-
ways surrounded by β-tubulin+ cells. We then counted β-tubulin+ 
host cells within a 50-µm radius of a donor cell (Figure 3c), find-
ing that CCSP+ BMC were surrounded by many more ciliated 

Table 1  Lung epithelial gene expression 

Gene CCSP− BMC lung CCSP+ BMC lung Reaction efficiency

CCSP 1 ± 0.056 609.6 ± 0.36* 0.9843

Cyp2f2 1 ± 0.27 866.4 ± 0.25* 1

Pon1 1 ± 0.48 76.6 ± 0.53* 0.9734

Fmo3 1 ± 1.02 9.5 ± 0.013* 1

Aox3 1 ± 0.56 4.8 ± 0.45 1

Claudin 10 1 ± 0.039 0.7 ± 0.8 0.958

Sftpc 1 ± 0.089 54.1 ± 1.22* 1

Foxj1 1 ± 0.28 64 ± 0.37* 1

Keratin 14 1 ± 0.53 41.2 ± 0.62* 1

Keratin 18 1 ± 0.28 8.3 ± 0.37* 0.917

Keratin 5 1 ± 0.54 4.7 ± 1.5 0.986

CFTR 1 ± 0.58 2.8 ± 0.29 1

ENaC 1 ± 0.65 54 ± 0.59* 1

18s 1 1.11 ± 0.22 1
Data expressed as fold increase ± SEM. n = 4 mice per group. Samples from mice 
administered with donor cells after 5 days of ganciclovir. *P < 0.05.

Figure 3  CCSP+ BMC preserve the epithelium in large airways. (a) Mice treated with CCSP− BMC have a poorly preserved epithelium compared 
with (b) mice treated with CCSP+ BMC. Green insets: higher magnification image of boxed region. (c–e) Confocal microscopic analysis of the ciliated 
cell marker β-tubulin IV (green fluorescence) showed that donor cells (CMTMR+; red fluorescence) do not express β-tubulin but are preferentially 
surrounded by host β-tubulin+ cells (c1 and c2) in the CCSP+ BMC group. (f) The host β-tubulin+ cells exhibited reduced numbers of organized cilia 
on the cell surface which make them fluorescent not only in the apical region but also in the cytoplasm in contrast to ciliated cells from normal lung 
that only showed β-tubulin expression in the apical cilia. Insets are representative isotype staining controls. Scale bar represents 10 µm. n = 4 mice 
per group. Samples from mice administered with donor cells after 10 days of ganciclovir. BMC, bone marrow cells; CCSP, Clara cell secretory protein.
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cells compared with the CCSP− BMC group (4.9 ± 0.13 versus 
0.24 ± 0.45 β-tubulin+ cells per donor cell; P < 0.01). These find-
ings suggest that CCSP+ BMC were preferentially associated with 
host ciliated cells. These ciliated cells were the main population 
remaining to form the lining of both large and small airways 7 days 
after donor cell delivery. The distribution of β-tubulin observed is 
in agreement with previous publications that describe β-tubulin+ 
cells which exhibit reduced numbers of organized cilia on the cell 
surface as well as cytoplasmic fragments of internalized cilia. These 
cells spread beneath injured Clara cells after naphthalene injury, 
maintaining the integrity of the epithelium.21,22

Lungs from mice treated with CCSP+ BMC express 
higher levels of epithelial and secretory cell markers
To further understand the mechanism of prolonged survival 
following administration of CCSP+ BMC, the expression of the 

number of epithelial genes was assessed. Quantitative RT-PCR 
showed higher expression of CCSP, which could reflect the con-
tribution of CCSP+ BMC or an indirect mechanism whereby the 
CCSP+ BMC augmented survival of airway Clara cells, reducing 
the initial ganciclovir-induced ablation. Moreover, other Clara cell 
markers, such as Cyp2f2, Pon1, and Fmo3, were also increased. 
The ion channel protein ENaC, the type 2 pneumocyte marker 
Sftpc, the ciliated cell marker Foxj1, and the epithelial-specific 
cytokeratins Krt14 and Krt18 were all increased in lungs of mice 
treated with CCSP+ BMC compared with CCSP− BMC group 
(P < 0.05; Table 1). Taken together, these data show that transtra-
cheal administration of CCSP+ BMC results in higher expression 
of epithelial genes after ganciclovir lung injury compared with 
mice administered CCSP− BMC. This is consistent with our ear-
lier observation that lungs from CCtk mice treated with CCSP+ 
BMC had a preserved recipient airway epithelium.

Lungs from mice treated with CCSP+ BMC have 
reduced inflammatory infiltrate
To determine whether administration of CCSP+ BMC impacted 
the number and type of inflammatory cells in the bronchoal-
veolar lavage, total and differential cells counts were assessed 
(Figure 4a,b). Mice treated with CCSP− BMC had more inflamma-
tory cells compared with the CCSP+ BMC group (1.79 ± 0.34 ver-
sus 0.59 ± 0.10 million cells; P = 0.015). The differential cell count 
analysis of bronchoalveolar lavage cells indicate that mice treated 
with CCSP+ BMC shown fewer neutrophils (3.53 ± 0.0002%) with 
relatively more macrophages (76.6 ± 0.01%) compared with the 
CCSP− BMC group (neutrophils, 25.8 ± 1.6% and macrophages, 
35.6 ± 1.4%; P < 0.01). These data demonstrate a decrease in 
inflammatory cells when the CCtk mice were treated with CCSP+ 
BMC suggesting that these cells play an immunomodulatory role.

CCSP protein increases epithelial cell proliferation 
while protecting against cell death by oxidative stress
As the in vivo effects of BMC could be either to decrease the 
immune response or to have direct effects on the epithelial cell, 
affecting either cell proliferation or resistance to injury. To deter-
mine whether CCSP had direct effects on lung epithelium, CCSP 

Figure 4  Mice treated with CCSP+ BMC have less inflammatory cells 
in bronchoalveolar lavage fluid. To avoid analyzing samples of moribund 
mice from the CCSP− BMC group, lungs from mice treated with cells after 
only 5 days of ganciclovir treatment were analyzed. (a) Bronchoalveolar 
lavage (BAL) from mice treated with CCSP− BMC had 1.79 ± 0.34 
million cells in the total cell count, whereas the CCSP+ BMC group had 
0.59 ± 0.10 million (*P = 0.015). (b) The differential cell count analysis 
of BAL cells shown significantly less neutrophils (3.53 ± 0.0002%) and 
more macrophages (76.6 ± 0.01%) in the CCSP+ BMC group compared 
with the CCSP− BMC group (neutrophils, 25.8 ± 1.6% and macrophages, 
35.6 ± 1.4%; *P < 0.01). Data shown are means ± SEM. n = 8 mice per 
group. BMC, bone marrow cells; CCSP, Clara cell secretory protein; Eos, 
eosin; Mac, macrophages; Lym, lymphocytes; Neu, neutrophils.

a b

C
el

ls
 in

 B
A

L 
(m

ill
io

ns
)

CCSP− CCSP+
0

1.5

3 *

Mac Lym Neu Eos
0

50

100

P
er

ce
nt

ag
e 

of
 c

el
ls

 in
 B

A
L

*

*

CCSP− CCSP+

Figure 5  CCSP protein causes an increase in the rate of epithelial proliferation while protecting against cell death. (a) The addition of CCSP 
to BEAS-2b cell cultures resulted in a significant increase in cell proliferation in a dose-dependent manner (*P < 0.002, n = 5). (b) CCSP also reduced 
the percentage killing after the addition of 10 mmol/l hydrogen peroxide (*P < 0.002, **P < 0.001, n = 4). Data are shown as mean ± SEM. CCSP, 
Clara cell secretory protein.

1,000

900

800
*

* ** *

N
um

be
r 

of
 c

el
ls

700

600

500

40

30

20

%
 K

ill
in

g 
af

te
r 

ox
id

at
iv

e 
st

re
ss

10

0

Ser
um

-fr
ee

 m
ed

ia

1µg
 C

CSP

2µg
 C

CSP

3µg
 C

CSP

4µg
 C

CSP

Ser
um

-fr
ee

 m
ed

ia

1µg
 C

CSP

2µg
 C

CSP

3µg
 C

CSP

4µg
 C

CSP

a b

Molecular Therapy  vol. 21 no. 6 june 2013� 1255



© The American Society of Gene & Cell Therapy
CCSP+ BMC Increase Bronchial Epithelial Repair

was added to cultures of epithelial cells in vitro. In the cell line 
BEAS-2b, CCSP produced a dose-dependent increase in the 
rate of epithelial proliferation (Figure 5a). Addition of CCSP 
was also found to significantly decrease the level of cell death 
after the induction of cytotoxic stress using hydrogen peroxide 
(Figure 5b).

DISCUSSION
The role of BMC in lung injury has been the subject of much 
study and indeed controversy. Initial reports of significant long-
term engraftment have been revisited with more recent studies 
using more sophisticated techniques. Nonetheless, there remains 
general consensus that there is some therapeutic potential for cell 
therapy although the mechanisms remain uncertain. Given this 
uncertainty, it is difficult to optimize the treatment protocols. One 
area that has received relatively little attention is the concept that 
not all BMC are the same. Our observation of a somewhat unique 
CCSP+ population has been recently reviewed in full.23 The pres-
ent study demonstrates that donor CCSP+ BMC are preferentially 
retained in the lung and are more likely to be found lining the 
airways than other types of BMC. In the lung, they express several 
epithelial proteins but do not contribute substantially by direct 
repopulation of the airway epithelium. They contribute in this 
acute and rapidly fatal model of airway epithelial injury by pre-
serving host epithelial cells, reducing pulmonary inflammation, 
and increasing survival time.

After the donor BMC were administered to the lung, they 
were identified by their labeling with CMTMR (red fluorescence). 
There was better retention of the CCSP+ BMC compared with 
CCSP− BMC. These data were also corroborated by quantita-
tive RT-PCR analysis. Furthermore, most of the CCSP+ BMC 
were found lining the airways which is precisely the site of Clara 
cell depletion after ganciclovir administration.10 This cell reten-
tion pattern is consistent with our previous publications using 
naphthalene-injured mice where transtracheal delivery shown a 
substantial improvement in retention compared with intravenous 
delivery.16,24

Once the CCSP+ BMC were retained in the lung, they main-
tained expression of the Clara cell marker CCSP, but also expressed 
the ion channel proteins CFTR, EnaC, and epithelial cytokeratins. 
The expression pattern of these epithelial proteins in the airways 
was similar in both donor and host cells resulting in a chimeric 
epithelium. These findings are consistent with results from our 
lab and others that suggest that bone marrow-derived populations 
can express CCSP, cytokeratins, and CFTR in the lung13,16,25 and 
ENaC in vitro.16 On the contrary, most of the CCSP+ BMC didn’t 
express MHC II, which decreases the possibility that the CMTMR 
label was acquired by phagocytes. For CCSP− BMC, however, 
the level of dual staining with MHC II was 10.7%. The apparent 
retention of those cells may simply mean that they were engulfed 
by phagocytes and the retention numbers should be reduced by 
10%. This further highlights the distinction between CCSP+ and 
CCSP− BMC.

The protective effect of donor CCSP+ BMC administration on 
maintenance of host ciliated epithelium in both large and small 
airways was shown by a reduction of the extent of denudation 
of the basal membrane with areas covered by β-tubulin+ cells. 

These findings are in accordance of previous publications that 
have shown β-tubulin+ cells derived from ciliated cells covering 
the airway surface after Clara cell depletion.21,22 Previous publica-
tions using CCtk mice have shown that depletion of CCSP+ cells 
was accompanied by a significant depletion of ciliated cells in 
the terminal bronchioles resulting in apparent denudation of the 
basal membrane, whereas the ciliated cells were not affected in the 
proximal airway.2,10,26 Our finding of ciliated cells lining the termi-
nal bronchioles in association with donor CCSP+ BMC suggests 
that CCSP+ donor cells may protect the ciliated cells in injured 
airways by producing factors that increase their survival.

The quantitative expression of lung epithelial genes confirmed 
that administration of CCSP+ BMC preserved the airway epithe-
lium showing increased expression of genes associated with cili-
ated cells, such as Foxj1, and epithelial genes generally (ENaC and 
cytokeratins). Our data also suggest that donor CCSP+ BMC help 
to protect other airway epithelial cell types as well. The upregula-
tion of the basal cell marker Krt1427 in mice administered CCSP+ 
BMC is in agreement with a previous publication that has shown 
that a subset of basal cells upregulates the expression of Krt14, 
showing hyperplasia and increased proliferation in response to 
Clara cell injury.9 Another cell type that may be benefitted by 
CCSP+ BMC is the type 2 pneumocyte as shown by an increased 
expression of Sftpc.

Of particular interest is the possibility that donor CCSP+ 
BMC play a role increasing the survival of a population of CCSP+ 
host cells. In support of this view, our data showed an increased 
expression of the Clara cell markers CCSP, Cyp2f2, Pon1, and 
Fmo3. Overexpression of CCSP itself might be expected from 
the donor cell contribution but Cyp2f2, and Fmo3 are not found 
in the CCSP+ BMC after sorting (Supplementary Table S1). 
Conversely, Aox3 and Cldn10 that have also been described as 
Clara cell markers11 did not show differential expression between 
mice treated with CCSP+ or CCSP− BMC. It remains possible that 
donor CCSP+ BMC play a role increasing the survival of a popula-
tion of CCSP+ host cells that differ from the classical Clara cells 
based on previously defined Clara cell markers.11 Consistent with 
this idea, previous publications have suggested the existence of 
different subpopulations of Clara cells.9,28,29 Conversely, the pres-
ence of CCSP protein, whether derived from the donor CCSP+ 
BMC or surviving host CCSP+ cells, may play a role in increasing 
survival given previous publications that suggest protective roles 
of CCSP in oxidative stress and inflammation.2,10,30,31

Lung inflammation was significantly attenuated in mice 
administered CCSP+ BMC showing a decrease in the total 
cell count of inflammatory cells with an important decrease in 
neutrophils while mice administered with CCSP− BMC show 
an inflammatory cell profile dominated by neutrophils and 
lymphocytes, in accordance with the inflammatory cell profile 
described for this model.9 Conversely, treatment with CCSP+ 
BMC showed a predominance of macrophages. Future studies 
will be needed to examine whether these are of the M2 pheno-
type and directly contributing to a reduction in inflammation 
and injury. Unfortunately, the available data does not allow 
determination of cause and effect. That is, whether donor CCSP+ 
BMC play an immunomodulatory role by reducing the produc-
tion of inflammatory mediators and proinflammatory cytokines 
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leading to better preservation of epithelial integrity or whether 
direct prosurvival effects on epithelial cells reduces proinflam-
matory signals.

Nonetheless, we have shown that transtracheal delivery of 
CCSP+ BMC increased the survival time of CCtk mice after ganci-
clovir injury. This observation suggests that transtracheal admin-
istration of CCSP+ BMC have a beneficial effect after ablation of 
lung CCSP+ cells. The significant change in survival time after 
the sudden and permanent loss of airway epithelium including 
their progenitors clearly indicates an important advance, highly 
relevant to end-stage lung disease where the loss of airway pro-
genitor cells is much more gradual. Although this beneficial effect 
was not sufficient to permanently rescue the CCtk mice from their 
lethal phenotype, additional changes in delivery techniques such 
as repeated cell treatments, increased cell numbers, and/or selec-
tion of more proliferative subsets of BMC may allow even greater 
benefits. Taken together, these observations suggest that CCSP+ 
BMC will be of significant therapeutic relevance for the treatment 
of chronic lung diseases where re-epithelialization of the airways 
is compromised.

MATERIALS AND METHODS
Animal procedures. FVB/n and CCtk mice on an FVB/n background 
were kindly provided by Barry Stripp (Duke University, NC). Mice 
were genotyped as described10 and received care in compliance with the 
Principles of Laboratory Animal Care and the Guide for the Care and Use 
of Experimental Animals formulated by the Canadian Council on Animal 
Care. Bone marrow from wild-type male mice was harvested and cultured 
for 7 days as described.24 For sorting or flow cytometry, plastic-adherent 
BMC were blocked with 10% normal goat serum (Vector Laboratories, 
Burlingame, CA), stained with rabbit antimouse CCSP (1:200; Upstate, 
Tremecula, CA) followed by AlexaFluor 488 secondary IgG (1:200; 
Invitrogen, Eugene, OR). Sorted CCSP+ or CCSP− cells were cultured for 
3 days, in 50% conditioned media obtained from unsorted BMC culture 
and 50% of fresh media, and labeled with CellTracker Orange CMTMR 
(Invitrogen). Cells (1.3 × 106) were delivered in 40 µl via the trachea to 
CCtk female mice after 5 or 10 days of ganciclovir treatment. Four-month-
old (24.13 ± 0.28 g), female CCtk mice received 4.5 mg/day of ganciclovir 
(Hoffmann-La Roche, Mississauga, ON) by subcutaneous osmotic pump 
(ALZET, Cupertino, CA). Lung analysis was performed 7 days after cell 
delivery.

Lung assessment. Animals were anesthetized with 5% isoflurane and 
killed by cervical dislocation. Lungs were removed en bloc together with 
the heart. After ligation of the left bronchus, bronchoalveolar lavage was 
performed twice on the right side using 0.5 ml saline through an endo-
tracheal tube. Total and differential cell count in the bronchoalveolar 
lavage was perform as described.32 Genomic DNA and total RNA were 
prepared from the right lung using the DNeasy and RNeasy kits, respec-
tively (Qiagen, Valencia, CA), and quality assessed by spectrophotometry. 
Left lungs were fixed by intratracheal instillation of 10% formalin (EMD 
Chemicals, Gibbstown, NJ) for 10 minutes and immersed for further fixa-
tion, before paraffin embedding. An airway epithelium score was calcu-
lated based on percentage of epithelial cells lining the airway (score 1 = 
0–25%; 2 = 25–50%; 3 = 50–75%, and 4 = 75–100%) in sections stained 
with hematoxylin-eosin (Sigma-Aldrich, St Louis, MO). For each group, 
16 fields were examined in each sample using a 20X objective. Two observ-
ers blinded as to group evaluated the images for four mice in each group.

Quantitative RT-PCR analysis. Differential gene expression (SYBR green 
detection method; Applied Biosystems, Carlsbad, CA) was determined for 
CCSP, Cyp2f2, Pon1, Fmo3, Aox3, Cldn10, Sftpc, Aqp-5, Foxj1, Krt14, Krt18, 

Krt5, Cubilin, Megalin, CFTR, and ENaC. Quantification of donor cells 
retained in the lung was performed using Sex determining region Y (Sry) 
primers (for details see Supplementary Table S3). Normalized mRNA or 
gDNA levels are expressed as relative to the control samples. 18S was used 
to normalize gene expression levels using the REST-384 program.33

Immunohistochemistry, immunocytochemistry, and fluorescent in situ 
hybridization. For immunohistochemistry, lung sections underwent 
deparaffinization and heat-antigen retrieval, whereas for immunocyto-
chemistry, cells in culture were fixed in 4% paraformaldehyde and washed 
in phosphate-buffered saline, all the samples were blocked with 5% normal 
serum for 1 hour. Slides were then incubated at 4 °C overnight with primary 
antibodies against CCSP (Upstate), Ki-67 (Dako, Mississauga, Canada), 
β-tubulin IV (Sigma), CFTR (R&D, Minneapolis, MN), ENaC (Chemicon, 
Temecula, CA), pan-cytokeratin (Abcam, Cambridge, MA), or MHC II 
(eBioscience, San Diego, CA). After washing, samples were incubated for 1 
hour with the appropriate secondary AlexaFluor-conjugated antibody and 
nuclei were counterstained with Vectashield mounting media with DAPI 
(Vector Laboratories). Dual Y-chromosome fluorescent in situ hybridiza-
tion and immunohistochemical detection was performed as described.34 
For negative controls, primary antibodies were replaced with isotype-spe-
cific IgG (see details in Supplementary Table S4).

Proliferation and cell death assay. The lung epithelial cell line BEAS-2b 
was cultured in 96-well plates at a concentration of 500 cells per well in 
DMEM without serum. After 24 hours, recombinant CCSP (R&D systems, 
Burlington, Canada) was added to the wells in triplicate for a further 24 
hours. Cell proliferation was assessed using the XTT assay (Roche). For 
cell death assays, BEAS-2b cells were grown in 12-well plates for 72 hours 
(1.5 × 105 cells per well). Monolayers were washed and treated with 10 
mmol/l hydrogen peroxide in serum-free media in the presence or absence 
of CCSP protein. After 2.5 hours, the cells were washed with DMEM and 
counted after trypan blue (Invitrogen) staining to determine the percent-
age of cell killing.

Statistical analysis. Data are presented as mean ± SE. Statistical analysis 
was performed using GraphPad Prism Software (GraphPad Software, La 
Jolla, CA). Survival curves were generated by the Kaplan–Meier method 
and groups compared with the log-rank test. Continuous variables were 
compared among different groups using the Student’s t-test or one-way 
analysis of variance followed by Tukey’s test. Significance was defined as 
P < 0.05.

SUPPLEMENTARY MATERIAL
Figure  S1.  Characterization of the CCSP+ BMC population in FVB/n 
mice.
Figure  S2.  Ablation of CCSP+ cells in CCtk mice treated with 
ganciclovir.
Figure  S3.  Transtracheal administration of CCSP+ BMC at 5 days of 
ganciclovir treatment has a beneficial effect.
Figure  S4.  CCtk mice treated with CCSP+ BMC have preserved epi-
thelium in small airways.
Figure  S5.  CCSP+ BMC express CFTR and ENaC, while CCSP− cells 
express only CFTR.
Figure  S6.  Corroboration of donor origin for CMTMR+ cells.
Figure  S7.  Expression of MHC II.
Table  S1.  CCSP+ BMC gene expression in culture.
Table  S2.  Expression of epithelial proteins by donor cells in lung.
Table  S3.  Primers for real-time PCR.
Table  S4.  Immunohistochemistry, immunocytochemistry, and fluo-
rescence in situ hybridization.
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