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Abstract

Background

Airways progenitors may be involved in embryogenesis and lung rdjearcharacterizatign
of these important populations may enable development of new therapeuteat acute gr
chronic lung disease. In this study, we aimed to establish thengeesf bronchioloalveolar
progenitors in ovine lungs and to characterize their potential tereiiffiate into specialized
cells.

Results

Lung cells were studied using immunohistochemistry on frozen sectbrtbe lung
Immunocytochemistry and flow cytometry were conductedeonivo derived pulmonar
cells. The bronchioloalveolar progenitors were identified by tbeiexpression of CCSP,
SP-C and CD34. A minor population of CO3#SP-C°YCCSP* cells (0.33% + 0.31) was
presentex vivo in cell suspensions from dissociated lungs. Using CD34 magneatitve-
cell sorting, undifferentiated SPXICCSP cells were purified (>80%) and maintained in
culture. Using synthetic media and various extracellular oeatyi SP-€YCCSP° cells
differentiated into either club cells (formerly named Clarésker alveolar epithelial type-
cells. Furthermore, thesex vivo and in vitro derived bronchioloalveolar progenitors

expressedNANOG, OCT4 andBMI1, specifically described in progenitors or stem cells,|and
during lung development.

U

Conclusions

We report for the first time in a large animal the existeoicbronchioloalveolar progenitgrs
with dual differentiation potential and the expression of speemligenes. These newly
described cell population in sheep could be implicated in regeneratibe afng following
lesions or in development of diseases such as cancers.

Keywords

Lung, Progenitor, Bronchioloalveolar, SP-C, CCSP, CD34, Sheep, Differentiation,
Maintenance

Background

It is now established that post-natal and adult lungs contain mystipégenitors or stem cell
populations able to participate to organ homeostasis and repair [1]el@tieer distribution
of these populations varies between species [2,3] and these edilidfiault to evidence as
the consequence of the low turn-over of the respiratory epitheliunTi4 mouse system
allowing the study of cell regeneration in response to chemgalyiand more recentlyn
vivo genetic lineage tracing [5,6] has supplied a model to explore andbdesgpithelial
lineages implicated in lung repair. Even so the murine pulmonathedpm is rather
different from the ones of the large mammals. In small malwrsuch as rodents, the
proximal airways are composed of a layer comprising one or é\® thick that rests on a
very sparse network of basal cells [7-10]. In large mamntats gpithelium is characterized



by pseudo-stratified columnar cells together with ciliated, smgteand parabasal cells
linked to a foundation of basal cells [11,12]. Moreover club cells, forrmentyed Clara cells
[13-15] are present throughout the mouse airways while confined to the disbal
bronchiolar airways in humans. Regeneration of alveolar tissuapid and efficient in
rodents, but takes longer and needs higher level of stimulatiorganri@mmals [16]. Taking
in account these observed differences on composition and temporal dynidmidescription
of the resident progenitor populations is of importance in large mambaktter understand
the building, maintenance and repair of the lung epithelium. Moreover, slagepa long
history as an experimental model to study respiratory dise@bese small ruminants have
been proposed as good candidates for vaccine development as wellcasnfoehensive
studies on asthma, bronchial obstruction or infant respiratory distygslrome. It also
provides a very useful model for respiratory infections and lung cancer.

Cystic fibrosis, chronic obstructive pulmonary disease and lungoadecinoma are part of
the lung diseases that affect the distal lung and could appegardgenitor or stem cell
activation. The bronchioloalveolar region has been extensively studrexrral and injured
lungs of rats and mice in response to chemical treatments. Uediftged cells in the
bronchioloalveolar duct junction have been histologically identified derelift from the
alveolar epithelial type Il cells (AECII), the club cellSléra) or the ciliated cells [17]. In
mice, these bronchioloalveolar progenitors, referred as BASGm¢BIoloAlveolar Stem
Cells), share phenotypic characteristics of both club cells &8, suggesting a niche of
progenitors [2,17-20]. They express both CCSP (Club Cell SecretomirPspiecific of the
club cells), SP-C (Surfactant Protein C), a component of the pulgneogactant produced
by the AECII and CD34, a surface antigen of the hematopatgio cells [18,21]. Murine
BASCs appear to be resistant to bronchiolar and alveolar damap®, proliferate during
epithelial repair and have the potential to give rise to club cells and AEGEQIIs [18,21].
Whether analogous pulmonary epithelial progenitors are present amddifbetentiate into
specialized bronchiolar or alveolar cells in large animals is currenkigown.

We looked for bronchioloalveolar progenitors in sheepbyivo isolation of CD34°YSP-
CP°YCCSP*®® cells. Using CD34-magnetic positive cell selection, we isdlan SP-
CP°YCCSP*® viable cell population from the lungs of 0 to 3 month old lambs. Synthetic
media and various extracellular matrix were used to edtabiisin vitro conditions to
maintain SP-&YCCSP* cells in an undifferentiated and proliferative state or, radtiively,

to induce their differentiation into either club cells or AECIIThe bronchioloalveolar
progenitors obtaine@x vivo or maintainedin vitro were further shown to express genes
involved in stem cells or lung development suchNA8NOG (Nanog homeobox)QCT4
(Octamer-binding transcription factor 4) aBil1 (polycomb ring finger oncogene). The
expression of these genes was modulated upon exposure to culture cormavioimg cell
differentiation.

Results

I n vivo description of SP-C°° CCSP*® and SP-C°YCCSP®® pulmonary cells

The expression of SP-C and CCSP was analyzed in the lunge & thonth old lambs by
immunohistochemistry on frozen sections using cross-reacting ansbédiexpected, these
antibodies specifically recognized cells expressing SP-C imltre®li and cells expressing
CCSP in the bronchioli (Figure 1A) validating their use as Speciarkers of respectively



AECIIs and club cells in sheep. AECIIs were easily deteetaibimost of the sections due to
their high expression of SP-C (Figure 1B) and club cells expe€CSP were detectable
when bronchioli were present on the lung section. Interestingly,SRf€°YCCSP cells

were observed in some lung sections (Figure 1B), demonstrating thengee®f
bronchioloalveolar progenitors in newborn lambs. Among the 4 independent lungs and
repeated immuno-stainings, the SPICCSP cells remained rare and only present on few
lung sections. But this firah vivo evidence for the presence of progenitor-like pulmonary
cells prompted us to search for these rare cells among cells obtained from saogaden.

Figure 11n vivo localization of SP-C°YCCSP**® cells.Frozen lung sections from ten 0 to 3
month old lambs were analyzed by immunohistochemistry for the expression of SP-C
(green), CCSP (red) and the co-expression of SP-C and CCSP. The nuclei wedevsthi
DAPI (blue).(A) Lung cross sections showed the expression of CCSP in the bronchiole (b)
and SP-C in the alveoli (a) (100x magnificatigi) Immunostaining of rare SP-

CP°YCCSP* cellsin situ (400x magnification). Inset: enlargement of a SP-C/CCSP double-
positive cell.(C) SP-C and CCSP expression from a representative lamb (# 1%A)vwo
dissociated cells by flow cytometry showing the presence of a®SIECSP°® population.

(D) Frequency of SPRE CCSP**and SP-&YCCSP*cells from ten 0 to 3 month old
lambs. The data are expressed as the mean (£ SD) percentage of the asisrextire

cellular markers.

To quantify the respective frequency of AECIIs, club cells andgmitgys, cell suspensions
obtained by enzymatic dissociation of lung tissue from 10 lambe @ rmonth old) were
analyzed for their expression of SP-C and CCSP by flow cytgni®ased on the dot plot
analysis from a representative lamb (Figure 1C) and the congatadrom 10 lambs (Figure
1D), the suspensions of lung cells repeatedly contained 40% (+ 18.5YSfiE and 0.65%
(+ 0.60) CCSP” cells (Figure 1D). Co-expression of SP-C/CCSP was then zauhlip
guantify the bronchioloalveolar progenitors. An average of 0.33% (+ 0.3hpdbtal cells
co-expressed the two markers and presented an immunophenotype cempakiblung
progenitors (Figure 1D). We noted the low percentage of club ioettse cell suspensions
issued from tissue dissociation. This may be attributed to owetiscessing. In order to
work mainly with the cell populations present into the lung parenchwaaarefully have
macro-dissected the lung tissues before enzymatic digestion intoréimit cells coming
from the bronchi and bronchioli. Moreover, the number of club cells in the diitgrge
mammals is lower compared to rodents.

In vitro expansion and phenotypic characterization of primey airway
epithelial cells

Dissociated cells were grown in culture with selective Qua8@msynthetic medium
complemented with KGF and HGF (referred to "complete Q286 medliamfibronectin-
coated plates and maintained for two to three passages as predesstibed [22]. Small
and large cubical epithelial cell colonies and a few spindle-shaplis were rapidly
observed after 3 days of culture; the small cubical cells pratéd and were further
characterized for the expression of SP-C and CCSP. As showppeboifis labeling in
immunocytochemistry and flow cytometry, a majority of the obskotdical cells were SP-
CP°* AECIIs, while few of them were CC8Pclub cells (Figure 2A and 2B). Interestingly, a
minor population of SPXEYCCSP cells, compatible with bronchioloalveolar progenitors,
was reproducibly identified in culture (Figure 2A and 2B). Compareéddd®ECIIs, the SP-
CP°YCCSP cells were semi-adherent round cells with small cytoplastiensions (Figure



2A). These double positive SPECCSP® cells were rare after lung dissociation but
enriched and maintained uponvitro culture with synthetic medium (Figure 2B).

Figure 2 In vitro expansion of SP-E*YCCSP®° progenitors. Pulmonary epithelial cells

from dissociated lung tissues were cultureditro on fibronectin-coated plates

supplemented with "complete Q286 mediuf®) Lung epithelial cells derived from lamb
#1487 and maintained for 2 passages, were analyzed by immunostaining for theaxpfess
SP-C (green), CCSP (red) and the co-expression of SP-C and CCSP (400icatay)if

Inset: enlargement of double-positive celB) Flow cytometry analysis of a representative
animal shows the percentage of SP=€Cells and CCSF*cells above the background
fluorescence. The double staining shows an enriched culture of AECIIs withetempe of
SP-A°YCCSP*°* bronchioloalveolar progenitors after dissociation, and at the first and second
passagen vitro. For each condition, the left graph (smaller) corresponds to controls and the
right graph (larger) presents SP-C and CCSP specific immunostaining.

CD34 selection of bronchioloalveolar progenitors

To isolate and enrich a viable population of bronchioloalveolar progenitors, celleXrowo
dissociated lungs were positively selected using anti-CD34 antitmated magnetic beads
without any prior cell culture step. Cell surface expression BB4; a surface protein
expressed by some progenitors or stem cells, was then mebguted cytometry to assess
the enrichment of the bronchioloalveolar progenitor population in the eglpopulation. In
the 6 tested lambs, the CD34 cell sorting remarkably enri¢tee@D34°° population from
0.7% (£ 0.12) after tissue dissociation to over 90% in the CD34-selsotgte cell
suspension (Figure 3) with greater than 85% viability, as measured by trypaxtiuson.

Figure 3 Enrichment in CD34P% cells by magnetic cell sortingLung primary cells from
lamb lungs were subjected to magnetic cell sorting with anti-ovine CD34, thenexhblyz
flow cytometry.A: Representative dot plot from one animal showing expression of€D34
cells in the dissociated tissue (Before sorting) and after the positaatisel(After sorting)

B: Enrichment of CD3%#* cells from independent magnetic cell sorting from 6 lambs shown
as the mean(+ SD). **: p < 0.01.

Expression of SP-C and CCSP among the CD%4-selected population

To quantify the bronchioloalveolar progenitors among the EHpbpulation, the selected
cells were analyzed for the expression of CCSP and SP-GoB\cjtometry, the majority
(over 80%) of the CD34° cells co-expressed CCSP and SP-C with respectively 88/8)+
and 84% (z 5.5) positive cells (Figure 4A and 4B). We assumed that hematoperaticeds
or endothelial progenitors may contribute to the SP-@nd CCSP cells among the
CD34°° population. Due to the nature of the antibodies used (i.e., polyclonal eatibit
proSP-C, mouse monoclonal or polyclonal rabbit anti-CCSP and monoclonal artuse
CD34), direct double labeling of SP-C and CCSP on the €D®bpulation was not
technically achievable. However, the large proportion of 8SHE@D34° and
CCSP°YCD34* cells clearly demonstrated that most of the Ci534ells were SP-
CP°YCCSP*®® progenitors. The proportion of SPECCSP cells among the CD3%
population was similar in the 6 lambs analyzed independently @gB). Importantly, the
proportion of CD38*YSP-C°° and CD34°YCCSP*® cells was very low to undetectable in
the CD34-sorted cell suspension (1.0% + 1.7 and 1.1% =* 1.8, respectively)maogfihat
the procedure efficiently purified CD%4 cells and not AECIIs or club cells. Taken together,



our results suggested that a bronchioloalveolar progenitor populatios iexisinbs and that
these cells concomitantly express CD34, SP-C and CCSP.

Figure 4 Expression of SP-C and CCSP in CD3%>sorted cells (A) Dot blot analysis

from a representative animal (lamb #1744) showing the expression of SP-C andGRkSP |
majority (>90%) of the CD3%°cells.(B) Combined results from 10 lambs showing the
enrichment of SP-CYCCSP*cells in the CD34-selected cell fraction. The data are shown
as the mean(zx SD). **: p < 0.01. Before: before CD34 sorting; After: after CD3Ag¢@)
Expression o8P-C, CCSP, CD34, BMI1, OCT4, NANOG andGAPDH mRNAs in the
unselected and in the CD34-selected cells measured by RT-PCR.

To further characterize the CD8% selected population, the mRNA expression of genes
known to be preferentially but not exclusively expressed in stels, seich as the self-
renewal factor genBMI1 and the pluripotent state-specific transcription factor gENgEs
andNANOG, were analyzed. The expression of the housekeeping@fPieH was analyzed
as a reference gene. Compared to the total cell suspensions obftenddng dissociation,
the CD34° population expressed higher levelsBMI1, OCT4 andNANOG, suggesting the
enrichment of progenitors during the purification process (Figure 4@yebiingly,NANOG
was almost absent from the unsorted population but was strongly edieste CD3¥>
sorted cells (Figure 4C). Importantly, the expression of SP-C,PC&@%x CD34 was
maintained after CD34 selection (Figure 4C). Unfortunately thenlawber of cells obtained
during the selection process did not allow us to further quantifyetre® bf gene expression,
due to the very low amounts of total RNA per analyzed sample.

In vitro maintenance of the ovine bronchioloalveolar progetors

To assess their ability to proliferate vitro, selected CD34° progenitors were seeded onto
inserts (membrane with Odn pore size) coated with fibronectin and type | and IV collagens
and cultured with "complete Q286 medium" under “maintenance conditioigsiréF5A, 5B
and 5C). After 15 days, these C%34ells gave rise to small colonies of cubical epithelial
cells, most of which expressed SP-C and CCSP (Figure 5A). Traityaf these cells
(>90%) maintained the co-expression of SP-C and CCSP for up to&ypagsorresponding
to approximately 45 days in culture) (Figure 5B and 5C). When maintewanditions were
applied to cells from 6 independent animals, the same proportions Gf°BPCSP*° cells
were generated, and this population of bronchiololaveolar progenitorsnaiagained over
time (Figure 5C). While SP-C and CCSP expression persistedovitrall fluorescence
intensity of these two markers decreased over time to redoWwea but easily detectable
signal after 3 passages.



Figure 5In vitro maintenance and differentiation of bronchioloalveolar progenitors
CD34°YSP-(°YCCSP* cells from explanted lungs were maintained either in a.
“maintenance conditions” with "complete Q286 medium" on fibronectin and collagerdcoate
inserts, b. differentiated in “AECII conditions” with "complete Q286 medium" on fibitimec
and collagen-coated plates or c. in “Club conditions” with "basic Q286 medium" on
fibronectin-coated plate§A) Representative immunostaining from cells isolated from one
lamb for SP-C (green) and CCSP (red). Co-expression was performeditso maintained
bronchioloalveolar progenitors (SP*ECCSP® or differentiated AECIIs (SP-
CP°YCCSP®9 or club cells (SP-EYCCSP. (B) The population of CD347SP-
CP°YCCSP* cells from a representative lamb grown in maintenance or differentiaddiam
was quantified by flow cytometry for the expression of SP-C or CCSP. Tilitsrase
presented as dot plots of the expression of both ma(k&r&D34°7SP-C°YCCSP** cells
from 6 independent lambs cultured in maintenance or differentiation media weveeibl
over three passages (p0 to p3) by flow cytometry for the expression of SP-C andTGESP
results are presented as the mean = SD of the cells expressing each phenotype

From bronchioloalveolar progenitors to differentiated epithelial pulmonary
cellsin vitro

In addition to their self-renewing properties, progenitors nbesable to differentiate into
multiple cell types under specific conditions. Indeed, using synthetdium and adapted
cell culture conditions, CD3%/SP-C°YCCSP®® bronchioloalveolar progenitors had the
potential to differentiate into either AECIIs or club cells.ifiduce the differentiation of SP-
CP°YCCSP*® cells into AECIIs, CD3%* cells were seeded onto plates coated with
fibronectin and type | and IV collagens and cultured with "compl&®&6Qnedium"”, culture
conditions that we defined as "AECII conditions”. Along 3 passages (approlkifiatdays),

we observed a noticeable increase of the proportion of cell ekmeS®-C°ICCSP*
(Figure 5A and B), whereas the SPYTCCSP® population decreased over time (Figure 5C).
Cultures from 6 independent animals showed the same modulation withci@asing
proportion of SP-&€YCCSP*®? AECIIs (from < 5% to 58%; Figure 5C). In contrast, the
population of SP-&YCCSP progenitors rapidly decreased throughout the passages from
over 90% to less than 30% (Figure 5C). Under these conditions, no®€C&R emerged
from the initial SP-E*YCCSP*° population. Because we have previously shown that none to
less than 1% (+ 1.7) of the CDS4SP-C° AECII were present after CD34 positive
selection, our findings strongly argue for timevitro differentiation of bronchioloalveolar
progenitors into AECIIs and not the mere proliferation of pre-existing AECIIs.

Conversely, CD3%® progenitors cultured in "basic Q286 medium" (without KGF and HGF)
on fibronectin-coated plates, conditions that we defined as "clubargditions" gave rise to
colonies containing primarily SP"®JCCSP*° cells (53.6% + 13) after 15 days in culture
(Figure 5A, 5B and 5C). Concurrently, SB*ECCSP bronchioloalveolar progenitors
(24.9% =+ 14) rapidly decreased, while SPICTCSP®Y AECIlIs remained low to
undetectable (5% + 8; Figure 5C). Similarly to the AECII conditioms have previously
shown that none to less than 1.1 (= 1.8%) of the CH¥@®CSP* club cells were present
after CD34 positive selection from the 6 tested lambs, strongigesting thein vitro
differentiation of bronchioloalveolar progenitors into club cells. Tigetwith the low
proliferation rate of CCS® cells in the cultures, our findings strongly argue for the
differentiation of bronchioloalveolar progenitors into club celleatthan the proliferation
of already existing club cells in the cultures.



Expression ofNANOG, OCT4 and BMI 1

As previously mentioned, the expressioNANOG andOCT4 is a strong indicator of a stem
cell/ progenitor phenotypeNANOG and OCT4 were expressed in the CD¥SASP-
CP°YCCSP*® cells enriched from dissociated tissues (Figure 4C). To fucth@racterize the
CD34° cells that were maintaingd vitro and differentiated, RT-PCR was used to analyze
the expression oDCT4, NANOG andBMI1 in the progenitors maintained in culture and in
the different enriched, but not pure, cultures of AECIIs and cluk dellived from 3 lambs
(#1729, #1730, #1731) at passage 1 (Figure BML1 was expressed at various levels and
predominantly in the medium that favored the differentiation of bronchiaokdr
progenitors into AECIIs (Figure 6B). Importantly, this first @ages still contained SP-
CP°YCCSP®® progenitors. Interestingly,OCT4 was expressed in the “maintenance
conditions” that favored expansion of bronchioloalveolar progenitors, in whietegrénan
70% of the cells displayed a SPRICCSP® phenotype. In the differentiation conditions that
generated AECIIs or club cell®CT4 expression was strongly reduced in 2 of the 3 lambs.
However, in lamb #1730, some expressionQ&3T4 was detectable in cells cultured in
“AECII conditions”, which is compatible with the lower proportion oP-8°°7CCSP*
AECIIs compared to the 2 others lambs at passage 1 (FigureTBiS) result suggests that
OCT-4 expression was characteristic of cell progenitors and ghakpression was lost upon
differentiation. Surprisingly, the expression NANOG appeared to be less stable in the
bronchioloalveolar progenitors maintaineavitro (Figure 6) compared to the ones obtained
ex vivo, as previously described (Figure 4C), suggesting that the edil&iP-C°*YCCSP®®
cells rapidly underwent a differentiation step.

Figure 6 BMI1 and OCT4 mRNA expression in maintained and differentiated
CD34”°YSP-C*CCSP*cells (A) Depending on the culture medium conditions
(maintenance, AECII or club medium), the relative proportions of SPACTSPS, SP-
CP°YCCSP* or SP-C*YCCSP* were determined at the first passage by flow cytometry and
reported in the table as the following: 0% for no cells, + for <15%; 6% and<50%, and

+++ for>50%.(B) TheBMI1, OCT4 andNANOG mRNAs were detected by RT-PCR from
the total cell RNAs extracted from the three culture conditions at passadectrapared to

the ovineGAPDH housekeeping gene. Prog: progenitors.

Discussion

In this study, we described the presence of &FETSP® progenitors in the lung
parenchyma of 0-3 month-old lambs. These rare cells (~0.3% of theopaly epithelial
cells) have been isolated after tissue dissociation and theypecessed CD34, SP-C and
CCSP. The SPREYCCSP cells were maintaineih vitro for up to 2 or 3 passages (30-45
days). Pluripotent progenitors are defined by their ability &ntain and differentiate upon
exposure to specific stimuli. To further characterize the ovir€SFCCSP cells, we first
performed positive selection for CD34 expression, a surface proteielywiescribed on
various stem cells and present on ovine hematopoietic stem/progesil®f23]. A small
population of cells (few thousand) was isolated and characteriz88-88°YCCSP° cells.
They expressed mRNAs for thtéANOG, OCT4 and BMI1 genes which are molecular
markers of stem cells/progenitors. They retained the expressifiR-C, CCSP and CD34
mRNAs over time. Importantly, the CDBISP-C°YCCSP* cells were able to maintain for
up to 3 passagen vitro. The CD34°7SP-C°YCCSP* cell population retained the potential
to differentiate at least into AECIIs or club cells in specifulture conditions. The



CD34°YSP-C°YCCSP® cells, maintained invitro, expresseddCT4 and BMI1 mRNAs,
conferring them characteristics inherent to multipotent cells or progenit

Bronchioloalveolar progenitors have been reported in mice in an anailgmved-defined
location at the bronchioloalveolar junction where conducting and respiraitovgys meet
[18,24,25]. These cells were initially described by their exgiwesof Sca-1 and CD34, and
their co-expression of SP-C and CCSP. We succeeded in demondtraiimgivo presence
of rare ovine bronchioloalveolar progenitors in the lungs of newborn omyamnimals (less
than 3 months old), while other groups have difficulties to identify bronclvelokar
progenitors in sheep upon searching for these cells using CCSP &hdrBRinostaining on
lung sections [26,27]. Interestingly, two studies have reported oaexttemely rare SP-
CP°YCCSP*® cells in virally-induced lung tumors in sheep [26,28]. Taken togethese
results are consistent with the presence of SRGTSP cell population, extremely raia
vivo on frozen lung sections and representing a new progenitor populatiodis€hepancy
between our study and previous studies [26,27] may be explained by tHautloslearly
above background levels of SP-C and CCSP expression in double-posisveoogbared to
the expression of these markers in AECIIs and club cells, resggctMoreover, a recent
study on ovine lung sections, have shown that C&€3fRlls were not (preterm lung) or
poorly (9 days old lung) detectable in prenatal and early postnatatmpared to mature
lung (91 days) in bronchi, terminal bronchioles and respiratory bronchz@ These
elements point the influence of the age of the lung studied, in thiehsta postnatal
bronchioloalveolar CCSP7SP-C°° progenitors.

The visualization of double-positive cells in the complex lung is tberechallenging and

the CD34 enrichment strategy enabled us to evidence and to stugdsotigsitor population.

In addition, bronchioloalveolar progenitors may be more easily idehtifielungs from
newborn lambs. Of note, we have previously reported the presenceG@FERESP* cells

in the sheep lung while describing the vivo isolation of tumoral AECIIs from a virus-
induced lepidic lung adenocarcinoma [22]. While culturing these cetlsrée-dimensional
conditions, better adapted to these polarized and specialized cellgpeatedly observed
SP-A°YCCSP*® double-positive cells (data not shown). These results prompted us to go
further into their characterization.

SP-C®°YCCSP*® double-positive bronchioloalveolar progenitors are rare and repressnt
than 0.4% of the total epithelial cells from dissociated lungsomparison, a recent study
has established that undifferentiated human stem cells identifieekib immunosorting are
present at a frequency of 1 per 6,000 cells in the bronchioles and3D,080 cells in the
alveoli in adults [30]. In fetal human lung tissue at 12-36 weeksstagen, the frequency of
stem cells varies from 1 per 11,000 to 1 per 600 cells, with an avetrdgper 4,100 cells
[30]. Our CD34-positive selection procedure was crucial to isotatanchioloalveolar
progenitors from the lung even though the absolute number of €A °YCCSP* cells
was ultimately low (only a few thousands cells) and confirmedethstence of a rare
population of SP-&YCCSP* bronchioloalveolar progenitors. Importantly, all of the
selection steps were performedvivo, without any cell culture steps and in the absence of
fetal calf serum known to induce cell differentiation.

The CD34°ISP-C°JCCSP® population resembles the now well-characterized murine
bronchioloalveolar stem cells in terms of both morphology and celler=afk8,24,25]. We
clearly demonstrated that ovine bronchioloalveolar progenitors behaveudpotent



precursors in culture and have maintenance and differentiation pbtgydra modulation of
the culture conditions.

We then demonstrated that t®evivo-derived ovine bronchioloalveolar progenitors retained
the expression of thBMI1, OCT4 andNANOG genes which are some of the most important
markers of undifferentiated pluripotent cells and are major @aiyeembryonic and adult
stem cells. BMI1 is a member of the PcG family of trapgicnn repressors that play crucial
roles in development, stem cell biology and cancer [BII1 is also highly expressed in
tumors and regulates the cell fate of cancer cells and norndalenoral stem cells [32,33].
BMI1 participates in the maintenance of endogenous stem cells, Ijantgpressing genes
involved in cell death and senescence [34]. In nBd&,1 is necessary for bronchioloalveolar
stem cells expansion [35]. Similarly to murine bronchioloalveolamstcells, ovine
bronchioloalveolar progenitors expres€&MI1 under maintenance/self-renewing conditions,
and this expression was not modified by exposure to differentiation conditions.

While OCT4, a member of the POU (Pit-Oct-Unc) transcriptaaridr family, is essential for
the maintenance of self-renewal capacities, NANOG (a doearstrtarget of OCT4)
contributes to the cell fate determination of pluripotent cells duemgryogenesis [36,37].
OCT4 and NANOG are among the few key factors that enable pnegramming of adult
somatic cells into pluripotent stem cells [38-42]. Interestinghgluced pluripotent cells
(iPSCs) generated from sheep fibroblasts have recently beeonsieated to exhibit an
embryonic stem cell-like morphology and to express OCT4 and NAN@Gnh@ other
intracellular and surface markers associated with undiffetedti@ells, as previously
demonstrated in humans and mice [43]. The level of OCT4 is criticahe state of a cell
and its inactivation results in the loss of pluripotency and inducesrdfitiation [44]. We
could observe a loss or reduction of OCT4 gene expression in AECII and club cellsesbmpa
to progenitors. OCT4 and NANOG are expressed in lung stés) ard their co-expression
may enhance malignancy by inducing cancer stem cell-ligpepties [45,46]. Surprisingly,
NANOG gene expression was higher in AECII and club cells thgmragenitors in ouin
vitro culture conditions. NANOG expression is known to be regulated by deruof
pluripotent transcription factors (FoxD3, SOX2, OCT4) [47]. It is jikiHat this complex
regulation is also dependent of timevitro context (growth factors, monolayer or 2D culture
conditions) and others active signaling cascades [48]. With resptdat recently described
human c-kit lung stem cell [30], it would be interesting to stuaydkpression of c-kit in
lamb lung sections and in the SPSUCCSP® bronchioloalveolar progenitors population to
better understand the hierarchical organization of these progenitors in thi€xdisgle.

Conclusions

We report here the first direct characterization of CIO&P-C°ICCSP*
bronchioloalveolar progenitors from the lung of a large animal. Whitemely rare, these
cells can be purified and enriched from the lungs of newborn lambse Tedls have a
potential to maintain and differentiate in highly specialized epathelells. The SP-
CP°YCCSP*®® bronchioloalveolar progenitors express progenitor markers, such as the
NANOG, BMI1 and OCT4 genes,in vivo and in vitro, indicating that newborn lung
progenitors retain characteristics typical of progenitors residinthe developing organ.
Although dealing with a limited number of cells, these data en#ié study of the
development of the bronchiolar and alveolar epithelia. Sheep, an alteraatmal model
closer to humans than mice, are already largely used to stogyphysiology and pathology.



In this context, ovine bronchioloalveolar progenitors may representowms to study lung
regeneration or new therapeutic targets.

Methods

Animals

Lungs were collected from 10 young lambs either from 3 month oldadsiat the Corbas
slaughterhouse (Corbas, Rhéne, France), with the formal authorizatitrefaccess to the
facility and under the supervision of Dr F. Guiguen (DVM) or fraifibern lambs from
healthy ewes belonging to the flock providing lambs and sheep tapkermaental infectious
disease platform of the INRA Animal Health Division, Tours Fearibese lungs have been
sampled by qualified staff and DVM of the core facility. Nonethed animals used in this
study were engaged into an experimental protocol.

Immediately after death, fractions of the lungs were processedesiously described [22].
Lungs were minced into small pieces and incubated inudgithl of DNAse I, 1 mg/mi
protease XIV and 0.025% collagenase la for 2 h at 37°C, filteredghr100um and 40um
cell strainers and centrifuged at 450 g for 10 min at 4°C. Theektts were collected in a
red blood cell lysis buffer (0.15 M NgEI, 10 mM KHCQ, 0.1 mM EDTA) for 2 minutes,
washed and re-suspended in 1X PBS supplemented with 4% of fets¢alf. Cell number,
concentration and viability were tested by trypan blue dye exclusést on Malassez
Chamber and were later confirmed by flow cytometry analypsn propidium iodide (1
mg/ml, Sigma) staining.

Enrichment of pulmonary CD34°°° cells

Aliquots of 10 dissociated cells were labeled using an indirect CD34 labelampigue with
magnetic beads attached to a secondary antibody. Brieflyrdiimgao the manufacturer's
instructions (Miltenyi Biotech), the cells were incubated witht200 dilution of mouse anti-
sheep CD34 antibodies (clone Eq8D11C1 kindly provided by Pr CD Porada,rdilyice#
Nevada) for 15 min on ice, washed in a buffer containing 1X PBS, 2 mWAEand 0.5%
bovine serum albumin. The mixture was then incubated for 15 min oniticegoat anti-
mouse IgG microbeads (Miltenyi France) at a 1:5 dilution in BSP2 mM EDTA, and
0.5% bovine serum albumin. The suspension was washed and centrifuged & 450 igin

at 4°C. For the magnetic separation, Mini Macs separation columitier(} France) were
rinsed with 50Qul of cold 1X PBS, 2 mM EDTA and 0.5% bovine serum albumin. The cell
pellets were re-suspended at’ H@lls per 500ul of the same buffer and poured into the
column reservoir. The CD34 positive (CO3% cells were retained onto the magnetized
matrix of the column, whereas the non-labeled cells passed thamagwere collected as the
“non-retained” fraction. The columns were rinsed three times ¥@thul of 1X PBS, 2 mM
EDTA and 0.5% bovine serum albumin. In order to collect the €B&4lls, the column
were removed from the magnetic field, and were washed by gmitityl.5 ml of 1X PBS, 2
mM EDTA.

Gene expression analysis of NANOG, BMI1 and OCT4 mRAs by RT-PCR

Total RNAs were isolated using the RNeasy Mini kit (Qiageance) and 200 ng of total
RNAs were reverse transcribed into cDNA using the iSciii& Synthesis kit (Bio-Rad,



France). Specific primers for ovine GAPDH, BMI1, OCT4 and NABN@ere designed as
follows (from 5' to 3"): GAPDH FOR CCACCAACTGCTTGGCCCCCARDH REV
CCTCGGCCATCACGCCACAG, SP-C FOR GCAACGCCTGGCCCTGAGPE-S REV
CATAATGTAGCAGCAGGTTC, CCSP FOR GTCACCCTGACTCTCTTCTGCSP REV
CAGGGCTGAAAGGTTCCAGG, CD34 FOR GATTGCACTGGTCACCTCG, CDBEV
CTCCACGTAATAAGGGTCTTC, OCT4 FOR CAAGAACATGTGTAAGCTGCOCT4
REV CGATACTCGTCCGCTTTCTC, NANOG-for
GGCAGAAAAACAACTGGCCGAGGAA, NANOG REV
CCCCACATGGGCAGGTTTCCAG, BMI1 FOR GCCACAACCATAATAGAATEC and
BMI1 REV CCCTGGAACTAATTTGTATAC. The PCR reactions wererfoemed using 10
ng of cDNA with the KAPA SYBR FAST kit (Cliniscience, France) asoramended.

In vitro cell cultures of total primary cells, bronchioloalzeolar progenitors,
AEC Il and club cells

After tissue dissociation, 1.6 x 2@ells were seeded per well in 6-well plates previously
coated with 10 mg/ml of fibronectin (Sigma)ud/ml of type | collagen (Sigma) and 5 mg/ml
of type IV collagen (Sigma) in Quantum 286 medium (PAA, Austngyptemented with 5
ng/ml of HGF (Hepatocyte Growth Factor; Abcys), 10ng/ml of K@Eratinocyte Growth
Factor; Abcys), penicillin and streptomycin (named "complete Q2&Bumeg) as previously
reported [22] and maintained for 2 to 3 passages.

To amplify the bronchioloalveolar precursors, 5 ¥ 034 cells were seeded per insert
(membrane with pore size of On) placed in 24-well plates coated with fibronectin and
type | and IV collagens in "complete Q286 medium" and maintained for 3 passages.
These culture conditions with specific medium and extracellulanxrtzad been defined as
the "maintenance conditions".

In order to induce their differentiation into AECII, 5 x31GD34 cells per well were
directly seeded in 24 well plates coated with fibronectin, and ityp®l 1V collagens with
"complete Q286 medium" and maintained in culture up to 3 to 4 passages. Cliiese
conditions had been defined as the "AECII conditions". For their diffextion into club
cells, 5 x 18 CD34 cells per well were seeded in 24 well plates coated with thimg/ml

of fibronectin and maintained in Quantum 286 without additional KGF and HGF (then named
"basic Q286 medium") for 1 passage. These culture conditions hadidigsed as the "Club

cell conditions".

Phenotypic analysis

The sorted cells were characterized for their expressionPe€ Sand CCSP by flow
cytometry. After their elution from the columns, cells were rinsed in thEBZ and 4% fetal
calf serum then centrifuged at 450 g 10 min at 4°C. Aliquots of tdlls were stained with
a 1:600 dilution of a rabbit anti-human proSP-C polyclonal serum (Mi#ipdB3786) and a
1:500 dilution of mouse anti-human CCSP monoclonal antibodies (Abnova H00007356-
MO1). After incubation at 4°C for 1 hour, cells were stained with godi-rabbit IgGs
conjugated to Alexa 488 (InVitrogen) and/or goat anti-mouse IgGs (Wimalecule)
conjugated to R-Phycoerythrin (Sigma) for 30 minutes, at 4°C in ttke Stained cells were
centrifuged at 1000 g for 2 min at 4°C then fixed with 2% paraforehgide before flow
cytometry quantification on a Becton Dickson FACSCalibur™ Floverogter and analysis
using the CellQuest Pro software. To avoid signal overflow a @aorpensation of 10 to



23% was applied. Populations of interest were gated regarding pimgsical properties
(forward and size scatters) to eliminate dead cells andeetls. Imnmunostaining using only
the secondary antibody were used as controls to adjust the detdwtshotd for each
measured wavelength.

Expression of CCSP and SP-C was analyzed on fixed culturedbcétszen lung sections.
After fixation with 4% paraformaldehyde, cells or tissuetisas were permeabilized with
0.2% Triton X100, washed with 1X PBS and incubated 1 h, at room tempexétuge1:600

dilution of a rabbit anti-human proSP-C polyclonal serum or a 1:500aflutiouse anti-
human CCSP monoclonal antibodies. Cells were then washed and staimegbat anti-

rabbit IgGs conjugated to Alexa 488 or anti-mouse IgGs conjugatBdphycoerythrin for

30 minutes, at 4°C in the dark. The nuclei had been stained with. B&Rlegative controls,
labeling was conducted without primary antibodies. The slides wesdyzed on an
Axiolmager Microscope (Zeiss).
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