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Minimally cultured bone marrow
mesenchymal stem cells ameliorate fibrotic
lung injury

M. Kumamoto**:’, T. Nishiwaki*', N. Matsuo*, H. Kimura” and K. Matsushima*

ABSTRACT: Clinical use of bone marrow mesenchymal stem cells (BMMSCs) holds great
promise for regenerative medicine in intractable lung diseases, such as lung fibrosis or acute
respiratory distress syndrome. However, a severe obstacle to the clinical application of BMMSC
transplantation is the time-consuming, laborious processes required for cell culture. In order to
evaluate the clinical applicability of BMMSC transplantation, we tested whether engraftment of
minimally cultured BMMSCs ameliorates progressive fibrotic lung injury.

Differences between murine BMMSCs cultured for 2 h (2-h adherent BMMSCs) and
conventionally (9-day) cultured BMMSCs were examined in vitro. The effects of grafting either
type of BMMSCs on fibrotic lung injury were then assessed by transfer experiments in a murine
bleomycin-induced lung fibrosis model, in which donor cells were administered 3 days after
challenge.

2-h adherent BMMSCs were smaller, less granular, possessed higher proliferative capacity and
expressed higher levels of several stem cell markers and chemokine receptors than 9-day
cultured BMMSCs, but lower type | procollagen, a-smooth muscle actin, tumour necrosis factor-p
and oncogenic transcription factor c-Myc, suggesting that they may be advantageous for cell-
based therapy compared with 9-day cultured BMMSCs. Grafting 2-h adherent BMMSCs
ameliorated inflammatory and fibrotic lung disorders, and reduced mortality equally well or
better than 9-day cultured BMMSCs.

Minimally cultured BMMSCs can substitute for conventionally cultured BMMSCs and will be a
promising cell source for the treatment of acute fibrotic lung injury.

KEYWORDS: Acute lung injury, bone marrow mesenchymal stem cells, cell culture process,
lung fibrosis

ince their first description in 1976 by
S FRIEDENSTEIN et al. [1], bone marrow

mesenchymal stem cells (BMMSCs) have
received much attention as a possible cell source
for regenerative medicine. Although BMMSCs
had primarily been considered as a progenitor
population only for mesodermal cell lines, recent
studies have revealed their ability to differentiate
into ectodermal and endodermal cell lineages.
Accordingly, increasing interest has been focused
on the use of these cells for diverse clinical
applications for repairing damaged organs.

In some regards, such as bioethical issues or
problems with immunological rejection, autolo-
gous bone marrow transplantation is likely to be
less problematic than allogeneic bone marrow

transplantation for clinical application of stem
cell-based therapy. However, the requirement for
cell culture processes limits its general applicability
for acutely fatal diseases because of the necessity
for emergency intervention. In addition, previous
studies have highlighted other issues regarding the
cultivation of BMMSCs, including laboratory con-
tamination, influence on proliferating, differentiat-
ing or homing potential [2-5], and acquisition of
tumorigenic properties [6, 7].

In the case of the lung, several animal models
have suggested that bone marrow-derived cells
have therapeutic potential for intractable dis-
eases, including lung fibrosis [8, 9], emphysema
[10] and acute lung injury (ALI) [11]. Although
the effectiveness of BMMSC treatment for
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bleomycin-induced lung injury, an animal model representing
lethal fibrotic lung injury such as acute respiratory distress
syndrome (ARDS), has been demonstrated in two reports, both
of which used cultured BMMSCs to evaluate the repair
capacity of damaged lung [8, 9]. Therefore, in order to extend
the potential for clinical application of BMMSC-based treat-
ment for ALI, we investigated whether the culture duration of
BMMSCs could be reduced to a minimum, while maintaining
the healing potential.

In the present study, the donor bone marrow cells were cultured
for only 2 h; these cells are termed 2-h adherent BMMSCs. They
were compared with conventionally (9-day) cultured BMMSCs
with regard to their cellular and biological characteristics, and
their restorative capacity for acute fibrotic lung injury under
strict conditions, namely cell administration on day 3 of
bleomycin challenge, mimicking an actual clinical setting.

We have not only verified the clinical feasibility of 2-h
adherent BMMSC-based treatment for fibrotic lung injury,
but also provide evidence for the comparable grafting potential
of 2-h adherent BMMSCs and 9-day cultured BMMSCs.

MATERIALS AND METHODS

Mice

Female C57BL/6] mice (6-8 weeks old) were purchased from
Japan SLC (Shizuoka, Japan) or CLEA Japan (Tokyo, Japan),
and kept under specific pathogen-free conditions in the animal
care facility of the Department of Molecular Preventive
Medicine, School of Medicine, University of Tokyo, Tokyo,
Japan. All experiments complied with approved animal care
protocols of the University of Tokyo.

Isolation of murine 2-h adherent BMMSCs and 9-day
cultured BMMSCs

To isolate 2-h adherent BMMSCs, mouse bone marrow cells were
plated at 1x10° cellssem™ in Dulbecco’s modified Eagle’s
medium (DMEM) containing 2% fetal bovine serum (FBS)
(Invitrogen, Carlsbad, CA, USA) and cultured at 37°C in 5%
carbon dioxide. After 2 h, adherent cells were harvested by gentle
scraping and incubated with biotinylated anti-CD11b, anti-CD45
and anti-CD31 antibodies (BD Pharmingen, San Diego, CA,
USA), followed by purification of cells negative for CD11b, CD45
and CD31 (CD11b-CD45-CD31- cells) using a magnet-activated
cell sorting system (Miltenyi Biotech, Gladbach, Germany). 9-day
cultured BMMSCs were isolated as described previously [9].

For morphological analysis, the cells were stained with Diff-
Quik (Baxter, Miami, FL, USA).

Differentiation of 2-h adherent BMMSCs

For osteogenesis, 2-h adherent cells were incubated in DMEM
supplemented with 10% FBS, penicillin/streptomycin, 10 mM
glycerophosphate (Calbiochem, San Diego, CA, USA), 10° M
dexamethasone (Sigma, St Louis, MO, USA) and 0.5 uM
ascorbic acid (Sigma) for 10 days. The cells were fixed with
10% formalin for 10 min at room temperature and stained with
1% Alizarin Red S (Sigma) for 5 min at room temperature.

For adipogenesis, 2-h adherent cells were incubated in DMEM
supplemented with 10% FBS, penicillin/streptomycin, 5 pg-mL™
insulin (Sigma) and 10° M dexamethasone (Sigma) for 10 days.
The cells were fixed with 10% formalin for 10 min at room
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temperature and washed in 60% isopropanol, and subsequently
incubated for 10 min with Oil-Red O to visualise lipid droplets.
Cells were then washed in isopropanol.

Control cells were incubated in DMEM supplemented with
10% FBS and penicillin/streptomycin. After 10 days, cells were
fixed and stained with Alizarin Red S or Oil-Red O.

Cell cycle analysis

Cell cycle analysis was performed using bromodeoxyuridine
(BrdU) flow kits (BD Pharmingen), according to the manufac-
turer’s instructions. Briefly, BrdU was added to cell cultures at a
final concentration of 10 uM 45 min prior to harvesting. BrdU-
pulsed cells were stained for surface markers, and then fixed and
permeabilised by BD Cytofix/Cytoperm Buffer. To expose
incorporated BrdU, cells were incubated with DNase for 1 h at
37°C, and then stained with fluorescein isothiocyanate-conju-
gated anti-BrdU monoclonal antibody. After total DNA was
stained by incubation with 7-aminoactinomycin (7-AAD) solu-
tion, cells were analysed by flow cytometry.

Total RNA isolation and real-time RT-PCR

Total RNA was isolated from 2-h adherent BMMSCs, 9-day
cultured BMMSCs and lung specimens using RNAzol B (Tel-
Test, Friendswood, TX, USA), according to the manufacturer’s
instructions. It was then reverse transcribed into cONA and the
expression of mRNA was determined by real-time quantitative
PCR using the Power SYBR Green PCR Master Mix (Applied
Biosystems, Foster City, CA, USA) and the 7500 Real Time PCR
System (Applied Biosystems). Primer sequences are given in
the online supplementary data. Threshold cycle for glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) was used to
normalise the samples.

Bleomycin-induced lung injury followed by administration
of BMMSCs

Mice were intratracheally injected with 3 mg-kg™ bleomycin
sulphate (Nipponkayaku, Tokyo, Japan) in PBS under light
anaesthesia. 5 x 10° BMMSCs were administrated into the tail
vein 3 days later. Animals were killed 10 days after bleomycin
exposure, and then bronchoalveolar lavage (BAL) was col-
lected. After perfusion with PBS, left lungs were removed and
used for RNA isolation and right lungs were used for
morphometric analysis.

To evaluate the effect of BMMSCs on survival in bleomycin-
treated mice, animals were given 4 mg-kg” bleomycin,
because treatment with PBS after 3 mg-kg™' bleomycin injec-
tion resulted in a high survival rate.

Collagen assay

Lung collagen content was determined by assaying total
soluble collagen using the Sircol Collagen Assay kit
(Biocolor, Newton Abbey, UK), according to the manufac-
turer’s instructions. Briefly, the desiccated whole left lungs
were homogenised in 0.5 M acetic acid containing 1 mg
pepsin/10 mg tissue residue. Each sample was incubated for
24 h at 4°C with stirring. After centrifugation, each supernatant
was assayed. Sircol dye reagent that binds to collagen was
added to each sample and then mixed for 30 min. After
centrifugation, the pellet was suspended in the alkali reagent
and read at 550 nm by a spectrophotometer. Collagen standard
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solutions were utilised to construct a standard curve. Collagen
contents obtained with this method correlate well with the
hydroxyproline content, according to the manufacturer’s data.

Statistical analysis

All data are expressed as mean +sb. Comparisons between the
two groups were analysed using paired t-tests. Survival curves
were derived by the Kaplan—-Meier method and compared via
generalised Wilcoxon test. A p-value <0.05 was considered
statistically significant.

RESULTS

Isolation of murine 2-h adherent BMMSCs and 9-day
cultured BMMSCs

The plastic-adherent cells cultured for 9 days consisted of three
morphologically distinct cell types, including large polygonal
fibroblast-like cells, which were previously suggested to be
mesenchymal stem cells (fig. 1a) [12, 13]. In order to determine
whether the cells with mesenchymal stem cell properties were
involved at an early stage of cell culture, we started the
differentiative induction of bone marrow adherent cells 2 h after
the plating. For the first 10 days, only large polygonal fibroblast-
like cells showed intracellular calcium-rich mineralised deposi-
tion or lipid droplets, suggesting the existence of BMMSCs in
the initial phase of cell culture (fig. 1b and d). Because the cells
with myeloid/endothelial morphologies failed to differentiate
into mesenchymal lineages, sorted 2-h adherent CD11b-CD45-
CD31- cells and their counterparts were further separately
cultured. After 14 days of culture, the population derived from
2-h adherent CD11b-CD45-CD31- cells showed homogeneously
widespread fibroblast-like morphology (fig. 1g), suggesting that
these cells were progenitors of 9-day cultured BMMSCs.
Conversely, the population of 2-h adherent cells positive for
CD11b, CD45 or CD31 (CD11b+/CD45+/CD31+) showed two
distinct cell morphologies, namely small rounded cells and
small stellate cells after an additional 14 days of culture (fig. 1f).

These observations demonstrated that 2-h adherent CD11b-
CD45-CD31- bone marrow cells were multipotent mesenchy-
mal stromal cells and the progenitors of established population
of BMMSCs, and we accordingly regarded these cells as 2-h
adherent BMMSCs. Further morphological analysis showed
that 2-h adherent CD11b+/CD45+/CD31+ cells comprised a
heterogeneous cell population containing mononuclear cells
and polymorphonuclear cells (fig. 2a and b), and these cells
enlarged to approximately twice their original diameter after
9 days of culture (fig. 2c and d). Conversely, 2-h adherent
BMMSCs were small rounded cells (fig. 2e and f), while 9-day
cultured BMMSCs were large cells with abundant cytoplasm
and nuclei in eccentric positions. (fig. 2g and h). 9-day cultured
BMMSCs had more than four times the diameter of 2-h
adherent BMMSCs.

Flow cytometric data also demonstrated that whole and CD11b-
C45-CD31- -gated bone marrow adherent cells increased pro-
gressively in size and granularity as a function of the duration of
culture (fig. 1a and b in the online supplementary material).

Comparison of murine 2-h adherent BMMSCs with 9-day
cultured BMMSCs in vitro

In order to assess the proliferative capacities of 2-h adherent
BMMSCs and 9-day cultured BMMSCs, we analysed cell cycle

742 VOLUME 34 NUMBER 3

M. KUMAMOTO ET AL.

FIGURE 1. Whole bone marrow cell and 2-h adherent bone marrow
mesenchymal stem cell (BMMSC) cultures, and the differentiation of 2-h adherent
BMMSCs into mesenchymal lineage. 2-h adherent CD11b-CD45-CD31- cells (2-h
adherent BMMSCs) showed homogeneously 9-day cultured BMMSC-like morphol-
ogy after 14 more days of culture, and differentiated into adipogenic and
osteogenic lineages when treated with adipogenic or osteogenic medium for
10 days. a) Whole bone marrow cells were cultured for 9 days. Plastic-adherent
cells consisted of three morphologically distinct cell types: 1) small rounded cells;
2) small stellate cells; 3) large polygonal fibroblast-like cells. b) Calcium deposits
were revealed by staining with Alizarin Red S. d) Accumulation of lipid droplets
within the cells was revealed by staining with Oil Red O. ¢ and e) Control cells did
not reveal either calcium deposits or lipids. f) 2-h adherent CD11b+/CD31+/CD45+
cells were cultured for 14 days. The culture contained two distinct cell types: small
rounded cells and small stellate cells. g) 2-h adherent CD11b-CD31-CD45- cells
(2-h adherent BMMSCs) were cultured for additional 14 days. All cells showed
homogenous fibroblastoid morphology. Scale bars=200 um.

phases using flow cytometry with a combination of BrdU and
7-AAD. There was no dramatic reduction in the fraction of 2-h
or 9-day adherent whole bone marrow cells in the S phase
(835.5% and 23.6%, respectively; fig. 2i and k). In contrast,
gating on CD11b-CD45-CD31- cells demonstrated that the
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FIGURE 2. Morphology and fluorescence-activated cell sorting analysis of murine bone marrow mesenchymal stem cells (BMMSCs). a-h) Photomicrograph of bone
marrow-adherent cells stained with Diff-Quik. a and b) 2-h adherent CD11b+/CD31+/CD45+ cells. ¢ and d) 9-day adherent CD11b+/ CD45+ cells. e and f) 2-h adherent
CD11b-CD45-CD31- cells (2-h adherent BMMSCs). g and h) 9-day adherent CD11b-CD45- cells (9-day cultured BMMSCs). Scale bars=200 um. i-l) Cell cycle analysis.
Incorporated bromodeoxyuridine (BrdU) (with fluorescein isothiocyanate anti-BrdU) and total DNA content (with 7-aminoactinomycin (7-AAD)) were measured by flow
cytometry. Gates applied to the BrdU versus 7-AAD plot indicate cell subsets that were apoptotic or resided in GO/G1, S or G2/M phase in the cell cycle, respectively. i) 2-h
adherent whole bone marrow cells. Apoptotic cells: 0.2%; GO/G1: 57.8%; S: 35.5%; G2/M: 4.7%. j) 2-h adherent BMMSCs (2-h adherent CD11b-CD45-CD31- cells). k) 9-day
adherent whole bone marrow cells. Apoptotic cells: 0.3%; GO/G1: 66.9%; S: 23.6%; G2/M: 9.3%. Apoptotic cells: 0.1%; GO/G1: 5.1%; S: 89.6%; G2/M: 3.1%. |) 9-day cultured
BMMSCs (9-day adherent CD11b-CD45- cells). Apoptotic cells: 4.2%; GO/G1: 60.1%; S: 24.4%; G2/M: 9.6%. The 7-AAD signal was acquired in linear mode. Data shown are }
from one representative of two independent experiments.
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fraction of 9-day cultured BMMSCs in the S phase (24.4%) was
markedly reduced compared with 2-h adherent BMMSCs
(89.6%; fig. 2j and 1). According to the results of the bivariate
cell cycle analysis, therefore, the proliferative capacity of
BMMSCs decreases during cultivation.

Previous studies have reported that BMMSCs express several
stem cell markers, representing their “stemness”. In order to
determine whether the expression levels of stem cell markers are
altered in the process of BMMSC culture, we quantified mRNA
levels for Oct3/4, Nanog, Sox2, SSEA-1 and Rex-1, all of which
were reported to be associated with BMMSCs [14, 15]. Gene
expressions of these stem cell markers in BMMSCs are uniformly
downregulated during cell culture by a 1.9- to 137.9-fold decrease
on average (fig. 3a—e). Furthermore, such downregulation of
stem cell gene expressions were maintained in 8 month-cultured
BMMSC:s (fig. 2a in the online supplementary material).

Expression of a broad spectrum of chemokine receptors that
play an important role in cellular recruitment to sites of injury
have been reported for BMMSCs [16-19]. The expressions of all
chemokine receptors examined, including CXCR1-6, CCR1-9
and CX3CR1, were downregulated as a function of culture
duration (fig. 3f).

To evaluate the possible influence of 2-h adherent BMMSC or
9-day cultured BMMSC infusions on lung fibrosis, we
examined the expression of type I procollagen, a-smooth
muscle actin (a-SMA) and transforming growth factor (TGF)-p.
9-day cultured BMMSCs expressed type I procollagen at a
level 1.92-fold that of 2-h adherent BMMSCs (fig. 3a in the
online supplementary material). Moreover, long-term cultured
(8 months) BMMSCs showed an almost 18-fold increase
compared with 2-h adherent BMMSCs (data not shown) and
the expression of o-SMA in 9-day cultured BMMSCs was
higher than that in 2-h adherent BMMSCs (fig. 3b in the online
supplementary material), indicating the possibility that
BMMSCs gradually acquire fibroblast-like characteristics dur-
ing cultivation. Next, the expression of TGF-B, a cytokine
known to promote lung fibrosis, was examined. After adjust-
ing for the amount of total RNA in each donor cell, 9-day
cultured BMMSCs expressed 1.46 times as much TGF-p as 2-h
adherent BMMSCs (fig. 3c in the online supplementary
material). The expressions of TGF-f in 9-day cultured
BMMSCs were always higher than those of 2-h adherent
BMMSCs in three independent experiments.

Because acquisition of tumorigenicity is one of the possible
obstacles to successful and safe BMMSC treatment, we also
evaluated whether the expression level of oncogenic marker c-
Myc was altered during cell cultivation. Even within 10 days of
culture, gene expression of c-Myc was upregulated (fig. 3d in
the online supplementary material), and this was further
enhanced in long-term cultured BMMSCs (fig. 2b in the online
supplementary material). These results indicate that 9-day
cultured BMMSCs might acquire tumourigenic property during
the process of cellular alteration in 2-h adherent BMMSCs.

In vivo effects of administration of 2-h adherent BMMSCs or
9-day cultured BMMSCs on bleomycin-induced fibrotic
lung injury

To evaluate the in vivo effects of 2-h adherent BMMSCs and 9-
day cultured BMMSCs on bleomycin-induced lung injury,
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these cells were administered 3 days after bleomycin chal-
lenge. In more than one-half of mice given 2-h adherent
BMMSCs or 9-day cultured BMMSCs, weight was restored and
the animals survived, whereas only three out of 10 recovered
from weight loss and were still alive at day 14 in control mice
(fig. 4a—c). Survival curves indicated that mice treated with 2-h
adherent BMMSCs or 9-day cultured BMMSCs exhibited
prolonged survival compared with control mice (control 52%
versus 2-h adherent BMMSCs 80% (p<<0.05), and versus 9-day
cultured BMMSCs 74%) (fig. 4d). Thus, there was a statistically
significant difference between the control group and the 2-h
adherent BMMSC but not the 9-day cultured BMMSC group.

BAL fluid collected from each group showed severe alveolar
haemorrhage in five out of six control mice, but only in one out of
five mice infused with 2-h adherent BMMSCs or 9-day cultured
BMMSCs, respectively (fig. 5a). Furthermore, administration of
2-h adherent BMMSCs or 9-day cultured BMMSCs attenuated the
increase in both total BAL cell counts and neutrophil counts
10 days after bleomycin injection (fig. 5b and c).

In order to assess the antifibrotic role of 2-h adherent BMMSCs
and 9-day cultured BMMSCs in bleomycin-induced pulmonary
fibrosis, we examined type I procollagen mRNA expression in the
lungs. Our data revealed that transcription of type I procollagen
was downregulated in mice receiving 2-h adherent BMMSCs or
9-day cultured BMMSCs compared with mice treated with PBS
alone (fig. 5d). In addition, lung collagen quantification demon-
strated nearly equal decreases in collagen deposition in the lungs
treated with 2-h adherent BMMSCs or 9-day cultured BMMSCs
compared with those with PBS alone (fig. 5e). Lung histopathol-
ogy on haemotoxylin and eosin staining (fig. 5f-h), the fluores-
cence intensity of type I collagen on immunofluorescent staining
(fig. 4 in the online supplementary material) and the Ashcroft
score, a numerical fibrotic scale (fig. 5 in the online supplemen-
tary material) [20], confirmed that administration of BMMSCs
attenuated bleomycin-induced pulmonary fibrosis. The sections
shown in figure 5f—g and the online supplementary figure 4 were
prepared from the most damaged lung, which was ranked by
several factors, including total BAL cell counts, the number of
neutrophils in BAL, the expression level of type I procollagen and
tumour necrosis factor-o in the lung.

These data suggest that infusion of 2-h adherent BMMSCs or 9-
day cultured BMMSCs after bleomycin administration results
in reduction of inflammation and fibrosis in the lung.

DISCUSSION

Mesenchymal stem cells are currently promising candidates
for cell-based therapy. Human mesenchymal stem cells have
already been used in clinical trials for repairing various types
of organ injuries [21], including metabolic [22] or haematolo-
gical diseases [23]. Further applications are being developed
using animal models, and may soon become available at the
bedside. As for the lung diseases, ALI and ARDS are still
associated with high mortality, presently lacking effective
treatment strategies, and BMMSC-based treatment has been
investigated to be an alternative to conventional remedies.

Almost all studies investigating the restorative capacity of
BMMSCs have used culture-expanded cells, most likely
because of their established regenerative properties in vitro
and ease of cell harvesting. Conversely, some disadvantages of
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FIGURE 3. Real-time PCR of stem cell marker and chemokine receptor expression by 2-h adherent bone marrow mesenchymal stem cells (BMMSCs) and 9-day
cultured BMMSCs. 9-day cultured BMMSCs showed lower expression of stem cell markers a) Oct3/4 (137.9-fold difference), b) Nanog (1.9-fold difference), c) Sox2 (37.4-fold
difference), d) SSEA-1 (17.6-fold difference) and e) Rex-1 (137.9-fold difference), compared with 2-h adherent BMMSCs. f) Chemokine receptors CXCR1-6, CCR1-9 and

CXBCR1 were expressed in both 2-h adherent BMMSCs (

) and 9-day cultured BMMSCs (OJ) at the mRNA level, although expression was very low. 9-day cultured BMMSCs

showed lower expression of all chemokine receptors compared with 2-h adherent BMMSCs. The expression level is normalised to the level of glyceraldehyde 3-phosphate
dehydrogenase. We repeated these experiments three times and similar results were obtained. Data shown are from one representative of three independent experiments.
The average ratios of the expressions of chemokine receptors in 2-h adherent BMMSCs to 9-day cultured BMMSCs are shown in parentheses.

the BMMSC-culture process have been reported with respect
to culture conditions detrimental for cell transplantation and
resulting in biological alterations of the cells. In cases where
fetal calf serum has been used, there are risks of contamination
and immunological reactions against xenogeneic serum anti-
gens [5], which can be eliminated by using autologous human
serum. However, because the amount of available blood is
limited, it seems logistically problematic to expand human
mesenchymal stem cells with autologous human serum.

Another issue for BMMSC culture is the unexpected modifica-
tions in the biology of cultured cells. It has been demonstrated
that BMMSCs begin changes culminating in senescence from
the start of culturing, with decreases in their proliferative
capacity, differentiation, homing ability [2, 4] and telomere
length [24], as well as acquisition of potentially tumorigenic
phenotypes with chromosomal abnormalities, which can result
in sarcoma formation in vivo [6, 7]. According to these data, it
seems that culture duration should be shortened as much as is
possible for cell-based therapy. If 2-h adherent BMMSCs are
equally as effective in terms of grafting as 9-day cultured
BMMSCs, serum requirements should be sufficiently reduced

EUROPEAN RESPIRATORY JOURNAL

such that the limited amounts of autologous serum available
could be adequate.

In the present study, we found that multipotent mesenchymal
stromal cells were contained in short-term cultured adherent
bone marrow cells, and the inducibly differentiated cells showed
morphological similarities with 9-day cultured BMMSCs, but not
with the cells of myeloid/endothelial lineages. It is generally
accepted that BMMSCs are plastic-adherent cells which are
negatively selected by haematopoietic, myeloid lineage and
endothelial markers [13], as evidenced by their ability to
differentiate into mesenchymal lineages. In fact, the separately
cultivated 2-h adherent CD45-CD11b-CD31- bone marrow cells
uniformly developed into extended fibroblast-like cells resem-
bling 9-day cultured BMMSCs. Based on these findings, we
defined the short-term cultured adherent CD45-CD11b-CD31-
bone marrow cells as 2-h adherent BMMSCs.

A study of the biological differences between 2-h adherent
BMMSCs and 9-day cultured BMMSCs, i.e. those examined in
this study, documented the acquisition of several culture time-
dependent cellular characteristics not desirable for cell
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FIGURE 4. Effect of 2-h adherent bone marrow mesenchymal stem cells (BMMSCs) and 9-day cultured BMMSCs on body weight reduction and mortality in mice
exposed to bleomycin. a—c) Time course of body weight changes of mice exposed to bleomycin followed by administration of b) 2-h adherent BMMSCs (five (50%) out of 10
mice recovered), ¢) 9-day cultured BMMSCs (four (50%) out of eight mice recovered) or a) PBS alone (three (30%) out of 10 mice recovered). The relative body weight is
expressed as the percentage of relative body weight at day 3 (the day of transfer). Data shown are from one representative of three independent experiments. d) Results are
presented as a Kaplan-Meier survival curve for mice receiving 5 x 10° 2-h adherent BMMSCs (B; n=20), 5 x 10° 9-day cultured BMMSCs (O; n=23), or PBS alone ({J;
n=25). Survival data shown are from three independent experiments, which showed similar survival curves. *: p<0.05.

transplantation. First, enlarged cell size was likely to increase
the risk of embolism; indeed, two out of 10 mice died
immediately after BMMSC administration and we supposed
the cause of their death was pulmonary embolism. Previous
studies have also recognised this risk [25].

For successful cell grafting, cells need to maintain not only
viability, but also their stemness and the ability to traffic into
appropriate sites from the circulation [16-19]. Our data
showed that 2-h adherent BMMSCs had higher growth
capacity and enhanced expression levels of stem cell markers
and chemokine receptors than 9-day cultured BMMSCs,
indicating that they possessed putative advantages for cell-
grafting over 9-day cultured BMMSCs.

In addition, the enhanced expressions of type I procollagen and
TGF-B in 9-day cultured BMMSCs suggested that these cells may
cause adverse effects on lung fibrosis. Furthermore, upregulation
of c-Myc expression during cultivation reminded us of the risk of
tumour formation in the use of expanded BMMSC.

Favourable cellular properties of 2-h adherent BMMSCs for cell
grafting prompted us to examine whether they could replace
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9-day cultured BMMSCs for the management of fibrotic lung
injury. In general, four stages characterise the clinical course of
ARDS: injury (~6 h) followed by apparent stability (12—48 h), but
then respiratory insufficiency and, finally, the terminal stage.
Diagnosis of ARDS is often made only at the stage of respiratory
insufficiency [26]. Therefore, the suitability of BMMSC trans-
plantation for fatal lung injury requires further verification using
a stricter protocol, avoiding early administration of the cells. To
make our experimental model more relevant to the clinical
setting, we injected donor cells 3 days after bleomycin challenge
without myelosuppression, because inflammation and fibrosis
were already manifested in the lung at this stage. The results
showed that 2-h adherent BMMSCs mediated protective effects
for alveolar haemorrhage, inflammatory cell influx and progres-
sion of fibrogenesis, and prevented weight loss and mortality
equally well or better than 9-day cultured BMMSCs.

Although the principal mechanisms by which BMMSCs
contribute to lung repair remain undetermined, there are many
studies indicating the homing ability of bone marrow cells to
injured lung and active differentiation into many types of cells
[8, 9, 27, 28]. In contrast, two recent studies failed to observe
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FIGURE 5. Protective effect of 2-h adherent bone marrow mesenchymal stem cells (BMMSCs) and 9-day cultured BMMSCs in bleomycin-induced pulmonary
inflammation and fibrosis. a) Photographs of cells collected from each group via bronchoalveolar lavage (BAL); n=6 in PBS control group, and n=5 in 2-h adherent BMMSC
and 9-day cultured BMMSC groups. b) Total BAL cell counts. c) Gr-1 positive cell (neutrophil) counts analysed by flow cytometry. d) Type | procollagen mRNA expression in
the lungs 10 days after injection of bleomycin followed by 2-h adherent BMMSC transfer (n=5) or 9-day cultured BMMSC transfer (n=5) compared with PBS control (n=6) as
determined by real-time PCR. b-d) Data shown are from one representative of three independent experiments. e) Lung collagen content at day 10 after injection of bleomycin
followed by 2-h adherent BMMSC transfer (n=>5) or 9-day cultured BMMSC transfer (n=>5) compared with PBS control (n=>5). Data are expressed as mean+sb. *: p<0.05;
and **: p<0.01 versus PBS control group. f-g) Histological findings by haemotoxylin and eosin staining. Each section was obtained from lung tissue 10 days after
intratracheal bleomycin administration followed by f) PBS infusion, g) 2-h adherent BMMSC transfer or h) 9-day cultured BMMSC transfer. Scale bars=500 um.
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bone marrow transplantation-induced lung reconstitution in
transgenic mice infused with surfactant protein C—enhanced
green fluorescent protein transgenic bone marrow cells [29, 30].

However, accumulating evidence suggests that BMMSC-
induced tissue protection is provided not by donor cell
replacement of damaged lung cells, but rather by humoral
factors released from the injected cells, such as growth factors
and anti-inflammatory cytokines [11, 31]. Further research
must be required to elucidate the mechanisms underlying the
effects of BMMSC transplantation on fibrotic lung injury, and
will provide more efficient therapeutic strategies.

In summary, our data demonstrated that, during cultivation,
BMMSCs acquire properties unfavourable for cell-based
therapy; moreover, the ability of 2-h adherent BMMSCs to
ameliorate lung damage was equal to or better than 9-day
cultured BMMSCs in vivo.

We believe that our findings are valuable for further
investigation to resolve the ethical and biological issues
surrounding the clinical use of BMMSCs, not only for lung
diseases but also for various other organ disorders.
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