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Rationale: Bone marrow (BM)-derived cells have been implicated in
pulmonary fibrosis. However, their precise role in pathogenesis is
incompletely understood.

Objectives: To elucidate roles of BM-derived cells in bleomycin-
induced pulmonary fibrosis, and clarify their potential relationship
to lung hematopoietic progenitor cells (LHPCs).

Methods: GFP BM-chimera mice treated with or without bleomycin
were used to assess the BM-derived cells.

Measurements and Main Results: GFP™ cells in the chimera lung were
found to be comprised of two distinct phenotypes: GFP" and GFP'*"
cells. The GFP™, but not GFP'°", population was significantly in-
creased after bleomycin treatment. Flow-cytometric analysis and
quantitative real-time polymerase chain reaction revealed that
GFP" cells exhibited phenotypic characteristics of CD11c* dendritic
cells and macrophages. GFP" cell conditioned media were chemo-
tactic for fibroblasts obtained from fibrotic but not normal lung
in vitro. Moreover, adoptive transfer of GFP" cells exacerbated fibro-
sis in recipient mice, similar to that seen on adoptive transfer of
BM-derived CD11c" cells from donor bleomycin-treated mice.
Next, we evaluated the potential of LHPCs as the source of GFpM
cells. Isolation of LHPCs by flow sorting revealed enrichment in
cKit*/Sca17/Lin~ cells, most of which were GFP™ indicating their
BM origin. The number of LHPCs increased rapidly after bleomycin
treatment. Furthermore, stem cell factor induced LHPC proliferation,
whereas granulocyte-macrophage-colony stimulating factor induced
differentiation to GFP" cells.

Conclusions: BM-derived LHPCs with a novel phenotype could differ-
entiate into GFP" cells, which enhanced pulmonary fibrosis. Target-
ing this mobilized LHPCs might represent a novel therapeutic
approach in chronic fibrotic lung diseases.
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Chronic fibrotic lung diseases may progress to respiratory failure
and end-stage disease, such as in idiopathic pulmonary fibrosis.
Despite recent advances in research into pathogenetic mecha-
nisms, some of these including idiopathic pulmonary fibrosis
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Bone marrow—derived cells have been implicated in pul-
monary fibrosis. However, their precise role in pathogen-
esis is incompletely understood.

What This Study Adds to the Field

Bone marrow—derived cells in the lung were comprised of
two distinct subpopulations in GFP bone marrow chimeric
mice: GFP™ and GFP'" cells. GFP™ cells mostly expressed
CDl1lc and enhanced pulmonary fibrosis on adoptive
transfer. Lung hematopoietic progenitor cells were identi-
fied and found to be rapidly increased after bleomycin
treatment and could serve as the source of these profibrotic
CD11c* GFP" cells. Thus, the bone marrow may con-
tribute to pulmonary fibrosis by migration of these pro-
genitor cells to the injured lung where they can proliferate
and differentiate into these CD11c™ effector cells.

remain without effective therapy to reverse or control the fibrotic
response (1). Therefore, advancement of current understanding
into the mechanisms underlying chronic fibrotic lung disease
remains an emergent issue.

Progenitor cells in the bone marrow (BM) are known to be
the source of cells in the peripheral blood, some of which are
mobilized into the lung interstitium in response to lung injury.
These progenitor cells are usually categorized into nonhemato-
poietic and hematopoietic elements. Although the nonhema-
topoietic or mesenchymal stem cells are considered to play
important supportive roles for the hematopoietic stem cells
(HSCs), recent evidence indicates that they may provide some
protection against lung injury when purified and transferred to
recipients with said injury (2-6). However, HSC-derived (based
on CD45 expression) fibroblast-like cells, such as fibrocytes, are
reported to be associated with pulmonary fibrosis (7-9). The
precise identity and role of these cells in fibrosis are not fully
understood and require further elucidation.

As widely accepted, differentiated hematopoietic cells, such
as leukocytes, are derived from HSCs residing in the BM. How-
ever, hematopoietic progenitor cells have been reported to exist
also in the lung, although their differentiation capacity is much
less than HSCs from the BM (10). Colony-forming cells (CFCs)
have been identified in healthy lung and rapidly increased in
number after lung injury, whereas CFCs in the BM are de-
creased (11). Furthermore, BM-derived HSCs, equivalent to
cKit"/Scal*/Lineage (Lin)~ cells in BM (also known as KSL)
are reported to circulate into multiple peripheral organs including
lung (12). These BM-derived HSCs give rise to tissue-resident
myeloid cells, although it is unclear if they are identical to the
CFCs that can be isolated from lung tissue. Nevertheless, in


mailto:shphan@umich.edu
http://www.atsjournals.org
http://dx.doi.org/10.1164/rccm.201303-0479OC

Nakashima, Liu, Yu, et al.: Lung Hematopoietic Progenitors Enhance Fibrosis 977

conjunction with previous evidence for the importance of
BM-derived cells (BMDCs) in fibrosis (13-16), the expansion
of the lung CFC population with its concomitant reduction in
BM in response to lung injury suggests mobilization of BM-
derived HSCs may play a significant role in the subsequent
fibrosis, although the identity or identities of the cells recruited
to the lung and their roles in fibrosis remain uncertain. Hence,
the objective of this study was to characterize the phenotype
and role of BMDCs in pulmonary fibrosis using the rodent
bleomycin (BLM) model. Some results from this study have
been previously reported in the form of an abstract (17).

METHODS

Animals

Female 6- to 8-week-old C57BL/6 wild-type (WT) mice and GFP-
transgenic mice on C57BL/6 background were purchased from the Jackson
Laboratory (003291; Bar Harbor, ME). Pulmonary fibrosis was induced
as before (18-20) by the endotracheal injection of 2.5 U/kg body weight
BLM (Blenoxane; Mead Johnson, Plainsboro, NJ). Control mice re-
ceived sterile saline (SAL) alone. GFP-BM chimeras were generated as
before (18, 20). Six weeks after BM transplantation, pulmonary fibrosis
was induced by endotracheal BLM injection. Where indicated, 5 X 10*
sorted GFP" cells from lungs of BLM-treated GFP-BM chimera donor
mice were transferred by endotracheal injection into WT recipient
mice treated with BLM 2 days previously. All study protocols were
reviewed and approved by the University Committee on Use and Care
of Animals at the University of Michigan.

Flow Cytometry and Cell Sorting

Flow-cytometric analyses of lung cells were performed as before (18, 20).
Additional detail is provided in the online supplement.

Cell Migration Assay and Coculture

Cell migration assay was analyzed using a 24-well plate and 8.0-pm Pore
Polycarbonate Membrane Insert (Corning Incorporated, Corning, NY)
precoated with gelatin solution (Attachment Factor; Life Technologies,
Grand Island, NY). Lung fibroblasts (passage 3 isolated from BLM- or
SAL-treated mice) were incubated with the fluorescent dye Calcein-
AM (BD biosciences, San Diego, CA) for 30 minutes at 37°C in
Dulbecco’s modified Eagle medium with 0.5% bovine serum albumin.
The cells (5 X 10%ml) were then added to the upper chamber. Sorted
lung GFP" or GFP'" cells (5 X 10* in 100 .l of the same media) were
added to the lower chamber. After incubation for 4 hours at 37°C, the
migrated fibroblasts on the undersurface of the membrane insert were
measured with a fluorescence plate reader (Gemini EM, Molecular
Devices, Sunnyvale, CA) using a 490/515-nm filter set. Sorted lung
GFP" or GFP'Y cells (5 X 10* cells in Dulbecco’s modified Eagle
medium with 0.5% bovine serum albumin) were further cocultured
for 48 hours with lung fibroblasts (5 X 10° cells) isolated from BLM-
or SAL-treated mice. In this experiment, to analyze the effect of fac-
tors secreted by GFP™ cells (indirect effect), a 24-well plate and 0.5-pum
Pore Polycarbonate Membrane Insert (Corning Incorporated) were
used. The fibroblasts were placed at lower chamber and sorted lung
GFP™ cells were added to upper chamber.

Purification of RNA, Reverse Transcription, and Real-Time
Quantitative Polymerase Chain Reaction
Purification of RNA, reverse transcription and real-time quantitative

polymerase chain reaction were performed as previously described
(21). Additional detail is provided in the online supplement.

Induction and In Vivo Transfer of CD11c¢* BMDCs

Dendritic cell skewed CD11c* BMDCs were induced as before (20),
and transferred endotracheally into WT recipient mice. Additional
detail is provided in the online supplement.

Cell Culture and Colony-Forming Assay

Where indicated, sorted lung hematopoietic progenitor cells (LHPCs;
cKit™/Scal ~/Lin~/Ly6c~/CD11c™ /F4/80™) were cultured in dishes pre-
coated with gelatin solution in Dulbecco’s modified Eagle medium, or
serum-free medium (StemPro-34 SFM; Life Technologies) alone or sup-
plemented with 10% fetal calf serum or various growth factors including
basic fibroblast growth factor, platelet-derived growth factor, epidermal
growth factor, granulocyte-macrophage—colony stimulating factor (GM-
CSF), macrophage colony-stimulating factor, or stem cell factor (SCF) (all
from R&D systems, Minneapolis, MN, and 20 ng/ml). For colony-forming
assay, MethoCult GF M3434 (STEMCELL Technologies Inc., Vancouver,
Canada) supplemented with 20 ng/ml thrombopoietin (Peprotech, Rocky
Hill, NJ) was used according to the manufacturer’s protocol.

Histologic Analysis

The lungs were inflated and fixed with 4% paraformaldehyde, embedded
in paraffin, and cut into 5-pm sections. The sections were stained with
hematoxylin and eosin or Masson trichrome stain. Two independent
pathologists masked to sample identity evaluated the histopathology
and assigned Ashcroft scores to slides in each group of five mice (22).

Hydroxyproline Assay

Lung hydroxyproline content was measured in whole lung homogenates
as previously described (19, 20).

Statistical Analysis

Data were shown as mean * SEM. Differences between groups were
analyzed using the Mann-Whitney U test. P value less than 0.05 was
considered significant. All analyses were performed using a JMP soft-
ware package (version 8.0; SAS Institute Inc., Cary, NC).

RESULTS

Characteristics of Lung BMDCs in BLM-induced
Pulmonary Fibrosis

To determine the phenotype of BMDCs in pulmonary fibrosis,
we created GFP-BM chimera mice by transplanting BM cells iso-
lated from GFP transgenic mice into irradiated WT mice, and
after stable engraftment the mice were treated with BLM or
SAL. Analysis of the BM-derived GFP™ populations in the lung
tissues of control mice and BLM-treated mice revealed two
distinct phenotypes: GFP™ with high side scatter and GFP'*Y
with low side scatter (Figure 1A). However, the GFP™, but not
GFP'¥, population was found to be significantly increased
(greater than fourfold) in the injured lung after BLM treatment
(Figure 1B). In contrast to the lung, analysis of GFP™ cells in
the BM revealed only a single population of GFP"" cells devoid
of the GFP" with high side scatter population present in the
lung (Figure 1A). Among the analyzed cell surface markers,
virtually all lung GFP" cells from both BLM- or SAL-treated
mice were positive for CD11c, CD45, major histocompatibility
complex (MHC) class II, and F4/80, indicating a phenotype
consistent with dendritic cells and macrophages CX (Figure
1C). Smaller percentages of GFP" cells expressed CD11b
(<10%), Scal (<40%), cKit (<10%), and Ly6c (<20%) in
SAL-treated control mouse lungs, but which were significantly
increased in BLM-treated mouse lungs (>30%, >70%, >50%,
and >55%, respectively). Most of the GFP™ cells did not
express the fibrocytes markers, CD34 (<0.5%) or type I col-
lagen (<8%). Another fibrocyte marker, CXCR4, was signif-
icantly up-regulated in GFP" cells at early time point (see
Figure El in the online supplement). However, virtually no
GFP" cells coexpressed CXCR4 and type I collagen (<0.3%;
see Figure E1).
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Figure 1. Characteristics of lung bone marrow (BM)-derived cells in bleomycin (BLM)-induced pulmonary fibrosis. (A) Single cell suspensions from
lung tissue (top) or BM (bottom) of wild-type (WT) (left) nonchimeric mice, control mice (sterile saline [SAL]-treated; middle) or BLM-treated (right)
GFP-BM chimera mice were analyzed by flow cytometry for GFP expression. Analysis of the lung GFP™ populations (n = 6 per group, top) revealed
two distinct subpopulations of cells with high (GFP™) or low (GFP'®*) GFP fluorescence as indicated by the respective gatings. In contrast, in the BM
(n = 6 per group, bottom), only a single population of GFP'®" cells was observed. (B) Analysis of GFP~, GFP'®", and GFP" cell numbers (n = 3—4 per
group) in the GFP-BM chimera lung as a function of time after BLM treatment revealed significant increases above SAL-treated control samples, only
in the GFP" subpopulation at all time points examined. *P < 0.05 versus BLM group. (C) Flow-cytometric analyses of lung GFP~, GFP'%, and GFP"
cells (n = 3—4 per group) after BLM or SAL treatment for the indicated cell markers are shown in the individual panels. *P < 0.05 versus BLM group.

MHC = major histocompatibility complex.

Although the lung GFP!°Y cells were also virtually all
positive for CD45, they have significantly lower proportions
of cells expressing CD11c (<20%), MHC class II (<60%),
F4/80 (<35%), and type I collagen (<3%). However, relative
to the GFP" cells they have a greater proportion of cells
expressing CD34 (>2%), CD11b (>25%), Scal (>35%), cKit
(>9%), Ly6e (>15%), and CXCR4 (>8%) in the SAL-treated
control group, which, except for cKit, CD34 (Day 21 only),
Ly6c, and CXCR4 (Day 7 only), were not altered by BLM
treatment. The increases in cells expressing cKit and Ly6c
were comparable with that seen in the GFP™ cells. Thus,
these GFP'®¥ cells appeared to be of HSC origin based on
CD45 expression, with markers indicative of macrophages
and fibrocytes. The BLM-induced increase in cells positive
for the stem cell markers Scal and cKit in both GFP" and
GFP'" populations would be consistent with recruitment and/or
proliferation from less-differentiated progenitors in response to
injury.

Functional Analysis of Lung BM-derived GFP" Cells

Next, we sorted the lung GFP™ populations and analyzed their
mRNA expression pattern by quantitative real-time polymerase
chain reaction. GFP™ cells were obtained by fluorescence-
activated cell sorter from GFP-BM chimera mice treated with
BLM (BLM-GFP™) or SAL (SAL-GFP"). Both sorted BLM-
GFP" (Figure 2A, left) and SAL-GFP" (Figure 2A, right) cells
attached to the culture plate and showed similar dendritic mor-
phology, but the former appeared larger in size than the latter
(n = 5; BLM-GFP" vs. SAL-GFP"; 8.6 + 1.9 vs. 5.7 * 1.1 um;
P = 0.02). BLM-GFP" and SAL-GFP" cells expressed a variety
of genes associated with inflammation and immune responses
(Figure 2B). Among these are genes associated with both M1
(Ifng, Nos2) and M2 macrophage (Argl, Fizzl, Chi3i3, and
Igfl) differentiation. However, only Argl and Igfl expression
was increased in BLM-GFP" cells relative to that in SAL-
GFP" cells, whereas FizzI and Chi3l3 expression was similar
in both. In contrast, Nos2 expression was lower in BLM-GFP™
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Figure 2. Characteristics of sorted GFP™ cells. (A) Morphology of sorted lung GFP" cells, obtained from GFP-BM chimera mice 21 days after
treatment with bleomycin (BLM) (BLM-GFP", Jeft) or sterile saline (SAL) (SAL-GFPM, right), under culture is shown by phase-contrast microscopy.
Magnification is X400. (B) Expression of the indicated genes, including cytokines, and type | collagen was analyzed by quantitative polymerase
chain reaction in BLM-GFP" or SAL-GFP", sorted GFP'®" cells obtained from GFP-BM chimera mice treated with BLM (BLM-GFP'*%), and lung tissues
of GFP-BM chimera mice treated with BLM (BLM-Lung) or SAL (SAL-Lung). Measured mRNA levels (n = 3 per group) were expressed relative to
internal control 785 mRNA level and normalized to the lowest value in the each group (which equaled one). *P < 0.05 versus BLM-GFP" group. (C)
Chemotactic activity (expressed as % of Medium) of BLM-GFP™, SAL-GFP", or BLM-GFP'" cell products (n = 3 per group) for fibroblasts obtained
from lungs treated with BLM (BLM Fibroblasts) or SAL (SAL Fibroblasts). *P < 0.05 versus BLM-GFP" group. (D) Effect of BLM-GFP™, SAL-GFP", or
BLM-GFP"* conditioned media (n = 3-4 per group) on aSMA mRNA expression by fibroblasts obtained from lungs treated with BLM (BLM

Fibroblasts) or SAL (SAL Fibroblasts). *P < 0.05 versus medium alone.

cells, whereas Ifng expression was not significantly different
relative to SAL-GFP™ cells. Although both cell types expressed
the Th2 cytokine IL13, IL4 mRNA was not detectable. Both
cell types also expressed similar levels of 7gfbI and type I col-
lagen (Collal). However, Tgfbl expression in these cells was
significantly higher than that in lung tissue, whereas Collal
expression in both GFP™ and GFP'™ cells was much less than
in lung tissue. BLM-GFP'°" cells primarily exhibited higher
levels of both Thl and Th2 (including /L4) cytokine mRNA
levels, but lower levels of the other genes relative to those in
BLM-GFP" cells. Interestingly, when cocultured with murine
lung fibroblasts obtained from BLM- or SAL-treated WT mice,
only BLM-GFP" cells expressed chemotactic activity for fibro-
blasts from BLM-treated, but not SAL-treated, murine lungs
(Figure 2C). Furthermore, when cocultured with murine fibroblasts
obtained from BLM- or SAL-treated mice, both BLM-GFP" and
SAL-GFP" cells up-regulated the expression of aSMA mRNA of

the fibroblasts (Figure 2D). Thus, these BMDCs might represent
a source of profibrogenic mediators, including the recruitment of
fibroblasts and myofibroblast differentiation.

GFP" Cells Exacerbated BLM-induced Pulmonary Fibrosis

Given the BLM-induced increased recruitment and altered
properties of GFP" cells, we next evaluated the role of these
cells in BLM-induced pulmonary fibrosis in vivo. We isolated
BLM-GFP" cells by flow sorting and transferred them into re-
cipient WT mice treated with BLM. Endotracheal transfer of
BLM-GFP" cells into injured lung (2 d after BLM treatment)
caused significantly increased lung hydroxyproline content with-
out significant increase in inflammation as measured by re-
covered cells in the bronchoalveolar lavage fluid (Figures 3A
and 3B) when compared with control BLM-treated lung
(endotracheally injected with phosphate-buffered saline only
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Figure 3. Bleomycin (BLM)-GFP" cells enhanced BLM-induced pulmonary fibrosis. Sorted BLM-GFP" cells were transferred endotracheally into
recipient wild-type mice, which had been treated with BLM 2 days previously. Control group was transferred phosphate-buffered saline alone. The
effects of this cell transfer on (A) lung hydroxyproline content (n = 3-4 per group), (B) alveolar inflammation (n = 3-8 per group), and (C)
the percentage of lung cells (n = 4 per group) positive for GFP, collagen |, or myofibroblasts (defined as double positive for collagen | and «SMA) are
shown. Masson trichrome-stained lung tissue sections of BLM-treated lung without (D) and with BLM-GFP" transfer (E) are shown. Magnification is
X40. (F) Ashcroft scores were also evaluated as described in the MeTHoDps section using Masson trichrome-stained lung tissue sections of control and
BLM-GFP"' transfer group. *P < 0.05, **P < 0.01 versus BLM-GFP" transfer group. BAL = bronchoalveolar lavage.

at 2 d after BLM treatment). This was accompanied by signif-
icant increases in collagen I-positive cells and myofibroblasts
(double positive cells for collagen I and aSMA) in the lung
without increase of GFP™ cells (Figure 3C). Compared with
control mice (Figure 3D), histologic analysis also confirmed that
transfer of BLM-GFP" cells caused more severe fibrosis (Figure
3E). As shown in Figure 3F, enhanced fibrosis in BLM-GFP™
group was also observed on the basis of histopathology evaluated
by the Ashcroft score. Thus, endotracheal transfer of a GFPM
subpopulation of BMDCs exacerbated pulmonary fibrosis in
this animal model.

Adoptive Transfer of CD11c” BMDCs from BLM-treated
Donor Mice Exacerbated BLM-induced Pulmonary Fibrosis

To confirm the profibrotic effect of CD11c™ cells derived from
BLM-injured mice, and to exclude the possibility of nonspecific
effects of increased cell numbers on pulmonary fibrosis, we fur-
ther evaluated the effect of BMDCs generated from BLM- or
SAL-treated mice on pulmonary fibrosis. Induced dendritic cell
skewed CD11c* BLM- or SAL-BMDCs were endotracheally
transferred into recipient WT mice (3 d after BLM treatment).
BLM-BMDC s, but not SAL-BMDCs significantly enhanced
lung hydroxyproline content (see Figure E2A), which was ac-
companied by up-regulated type I collagen mRNA expression
in the lung (see Figure E2B). Thus, enhancement of pulmonary

fibrosis by BMDCs was observed specifically when such cells
originated from BLM-injured mice.

Characteristics of HPCs in the Lung

To further elucidate the identity of GFP" cells, we first analyzed
and defined the HPCs in the BM and lung. After BLM treat-
ment, the HPC population changed in the BM with rapid in-
crease in myeloid progenitors, followed by increase in lymphoid
progenitors (see Figure E3). The number of CFCs in the lung
was much smaller relative to the BM and was significantly
enriched in Lin /cKit" cells (Figure 4A). However, in contrast
to the Lin /cKit" cells in the BM, most of the Lin /cKit™ cells
in the lung were Scal™ (Figure 4B). We also found that almost
60% of the cKit™ cells were both Scal*/Ly6c* (Figure 4C).
Next, to determine the characteristics of HPCs in the lung, we
analyzed the colony-forming ability of cKit" populations. The
results indicated that cKit™/Ly6c™ cells, cKit*/CD11c™ cells,
and cKit"/ F4/80" cells lacked the ability to form colonies (data
not shown). After the removal of Ly6c™, CD11c*, and F4/80*
cells, the residual fraction of cKit" cells in the lung (cKit™*
in Lin"/Ly6c™/CD11¢™/F4/807) was very small (Figure 4B).
Among this residual (Lin~ /Ly6c /CD11c /F4/80) population,
only cKit*/Scal~ cells, but not cKit*/Scal™ or cKit /Scal™ cells,
exhibited the enriched colony-forming ability (Figure 4D). These find-
ings suggested that this cKit*/Scal~/Lin~/Ly6c~/CD11c™/F4/80~
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Figure 4. Characteristics of colony-forming cells in the lung. (4) Using Methocult colony forming assay, numbers of colony derived from Lin™,
Lin~/cKit™, or Lin~/cKit™ cells in the bone marrow (BM) and lung were counted (n = 4 per group). *P < 0.05 versus Lin~/cKit*. (B) Flow-
cytometric analyses of Scal and cKit expression in BM Lin~ cells, lung Lin™ cells, or lung Lin"/Ly6c™/CD11c™/F4/80~ cells are shown. The
numbers of cKit*/Scal~/Lin~/Ly6c™/CD11c™/F4/80~ and cKit"/Scal™/Lin"/Ly6c~/CD11c™/F4/80~ cells in lung were enumerated and shown
as percent of total lung cells (n = 4 per group). (C) The numbers of Scal and Lyé6c positivity in lung Lin~/cKit™ cells were enumerated and shown
as percent of total. (D) Numbers of colonies derived from sorted cKit*/Scal™, cKit /Scal™, or cKit*/Scal ™ cells among the lung Lin" /Ly6c™ /CD11c™ /F4/
80~ cells are shown. *P < 0.05 versus cKit*/Scal~. (E) GFP positivity rate in lung cKit*/Scal~/Lin~/Ly6c~/CD11c”/F4/80~ cells obtained from
BM-chimera mice are shown (n = 4 per group). (F) Kinetics of cKit*/Scal~/Lin"/Ly6c™/CD11c”/F4/80~ cells in the BM, lung, and spleen revealed
significant increases occurred only in the lung in the BLM-treated mice (n = 3-5 per group). *P < 0.05 versus DO.

population comprised the LHPCs. In the GFP-BM chimera mice,
more than 90% of LHPCs are GFP™, suggesting that virtually all
LHPCs are BM-derived (Figure 4E). After BLM treatment, the
LHPC population was significantly increased (greater than three-
fold at its peak on Day 14 after BLM treatment) but remained
unchanged in the BM or spleen (Figure 4F). This BLM-induced
increase in the LHPC population presumably was caused by in-
creased recruitment from the BM and/or proliferation after reach-
ing the lung.

LHPCs as the Source of GFPM

To evaluate this possibility, LHPCs were purified by flow sorting
(using the markers identified previously) from lungs of GFP-BM
chimera mice and their differentiation ability assessed in vitro.

Sorted LHPCs were cultured in medium with or without serum,
and serum-free medium with various growth factors including
basic fibroblast growth factor, platelet-derived growth factor, epi-
dermal growth factor, GM-CSF, macrophage colony-stimulating
factor, or SCF. The results showed that LHPCs proliferated
best in the presence of SCF, although GM-CSF had a weak
effect (Figure 5). When cultured in the presence of SCF, LHPCs
grew well, forming colonies and differentiating into cells with
diverse size and GFP fluorescence intensity (Figures SC-5F).
When cytospun onto slides, most of the differentiated cells in
SCF-containing media exhibited mononuclear morphology,
whereas some cells showed granular cytoplasm or lobulated
nuclei (see Figure E4). Analysis by flow cytometry revealed that
culturing in the presence of GM-CSF and/or SCF caused these
LHPCs to brighten with respect to GFP fluorescence and
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Figure 5. Differentiation ability of sorted bone marrow (BM)-derived hematopoietic progenitor cells (HPCs) in the lung. Directly sorted BM-derived
HPCs in the lung (GFP™/cKit™/Scal~/Lin~/ Ly6c~/CD11c™/ F4/80~ cells) from BM GFP-chimera mice were cultured in media supplemented with
serum (A) or stem cell factor (SCF) (B—F). Bright-field (A and B, X100 magnification; C and E, X200) and fluorescence (D and F, X200) micrographs
of these cells are shown. (G) Cell numbers of sorted HPCs cultured for 5 days in serum-free media supplemented with or without the indicated
growth factors are shown (n = 3 per group). *P < 0.05 versus Media alone. (H) Flow-cytometric analyses of cultured HPCs with or without the
indicated growth factors (n = 4 per group) are shown to monitor the effect on GFP expression. (/) Flow-cytometric analyses of GFP* population in
growth factor treated cultured HPCs for select cell markers are shown (n = 3 per group). *P < 0.05 versus granulocyte-macrophage—colony

stimulating factor (GM-SCF) group, *P < 0.05 SCF group.

resembled the GFP™ cells with high side scatter present in the
lungs of SAL- and BLM-treated mice (Figure SH). Among the
GFP" population, virtually all the cells expressed CD45 on their
cell surface (Figure 5I). GM-CSF induced the expression of CD11b,
CDl1c, and F4/80 to differing extents, whereas, SCF predomi-
nantly induced cKit, Scal, or FceRIa expression (Figure 5I).
This differentiated pattern of cell surface markers resembled
those in the BLM-GFP" cells (Figure 1C).

DISCUSSION

The current study demonstrated that only a subpopulation of
lung BMDCs was increased in BLM-induced pulmonary fibrosis.
This subpopulation was characterized by high GFP expression
with high side scatter characteristics (GFP™ cells), whereas
the GFP'O‘”' subpopulation was essentially unchanged. More-
over, GFP" cells were not present in the BM, suggesting that
the lung microenvironment was necessary for assumption of the
GFP" phenotype either because of increase in cell size

(consistent with higher side scatter) and/or GFP expression.
These GFP™ cells were CD45" and resembled dendritic cells
and macrophages on the basis of marker protein expression
(CD11c, MHC class II, and F4/80) and expressed immunoreg-
ulatory genes, such as 7gfb1, and those associated with both M1
and M2 macrophage differentiation. They resembled fibrocytes
by their expression of type I collagen and CD45, but were es-
sentially negative for CD34. Some GFP" cells were positive for
CXCR4, but virtually no GFP™ cells coex ressed both CXCR4
and type I collagen, suggesting that GFP™ subpopulation was
essentially devoid of fibrocytes, which coexpress these markers.
GFP" cells obtained from BLM-treated mice exhibited a greater
proportion of cells positive for Scal and cKit, suggesting an
increase in less-differentiated cells. However, increases in the
proportion of cells that are positive for CD11b along with the
increased expression of Argl and Igfl but decreased Nos2 ex-
pression suggested possible differentiation toward an M2 mac-
rophage phenotype, albeit an atypical one given the lack of
change in Fizzl and Chi3l3 expression. Nevertheless, the
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selective expansion of this lung GFP" population and its altered
composition in BLM-treated mice suggested a significant role
for these BMDCs in pulmonary fibrosis. Indeed, these cells
were found to secrete chemotactic activity for fibroblast cultures
isolated from BLM-injured lungs only since it was inactive for
cultures from control SAL-treated lungs. Furthermore, these
GFP" cell conditioned media enhanced myofibroblast differen-
tiation in lung fibroblast cultures. Thus, it is conceivable that
these BM-derived GFP™ subpopulations could play a significant
role in pulmonary fibrosis by secretion of factors capable of
fibroblast recruitment and myofibroblast differentiation that may
be critical for expansion of the mesenchymal response and perhaps
formation of fibrotic foci. Additionally, the increased expression of
Igfl by these cells could also promote fibroblast ]?roliferation.
This possible in vivo role of the BLM-GFP™ cells was then
investigated by examining the effect of transferring these cells
on BLM-induced fibrosis in recipient mice. In mice receiving
endotracheal transfer of BLM-GFP" cells there was a significant
increase (>50%) in lung hydroxyproline with morphologic
evidence of enhanced pulmonary fibrosis relative to control
BLM-treated mice. However, this was not accompanied by a sig-
nificant increase in recovered cells from the bronchoalveolar
lavage fluid. Thus, the transfer of these cells by endotracheal
instillation caused significant increase in severity of pulmonary
fibrosis in recipient mice with BLM-induced lung injury without
significant increase in inflammatory cell recruitment. Their abil-
ity to recruit fibroblasts and to induce myofibroblasts differen-
tiation as shown in vivo and in vitro may be a mechanism by
which these cells could promote fibrosis, although additional or
alternative mechanisms cannot be ruled out at this time.
Phenotypic characterization of the BLM-GFP" cells revealed
most to express markers of progenitor cells, namely cKit and
Scal. In contrast, only a minority of the SAL-GFPM cells
expressed these markers, especially for cKit wherein less than
10% were positive for this marker. This would indicate an ex-
pansion in this less mature subpopulation as a consequence of
BLM-induced lung injury, either through increased mobiliza-
tion and recruitment from the BM and/or expansion of progen-
itors on recruitment to the lung. Similarly, BMDCs, obtained
from BLM-treated but not SAL-treated mice, demonstrated
exacerbation of pulmonary fibrosis when transferred in vivo.
Examination of LHPCs (cKit*/Scal™/Lin~/Ly6c™/CD11c™/F4/
807) revealed them to be derived from the BM and mobilized
rapidly at the initiation of pulmonary fibrosis. A recent report
suggested that HPCs, which are equivalent to KSL cells, patrol
by blood circulation into peripheral organ including lung (12).
Surprisingly, CFCs in the lung were highly enriched in cKit™"/
Scal /Lin~, but not KSL population. This population is dissimilar
to previously reported lung side population cells, most of which
did not express cKit (10). The BM-derived HPCs in the current
study, namely LHPCs, can differentiate into CD11b*/CD11c"/
GFP" cells that are predominantly cKit negative when cultured
with GM-CSF. However, SCF, the ligand for cKit, significantly
increased LHPC proliferation with promotion of cKit and Scal
expression. Because granulocyte and monocyte progenitors give
rise to monocytes-macrophages and mast cells (23), LHPCs may
be equivalent to myeloid progenitors including common myeloid
progenitors, and granulocyte-monocyte progenitors. This notion is
consistent with the noted increase in BM myeloid progenitors
immediately after BLM treatment. The potential of LHPCs as
a source of the profibrotic BLM-GFP™ cells is also supported by
the ability of GM-CSF and/or SCF to induce appearance of these
cells in vitro. This could represent a possible explanation for the
appearance of these cells only on mobilization to the lung. Indeed,
SCF is significantly up-regulated in the BLM-injured lung, and
increases the number of BMDCs mobilized to the lung (24).

To date, several lines of evidences suggested that BMDCs,
including fibrocytes, expressed collagen (7, 18, 25, 26). Although
collagen-expressing BMDCs likely exist, their definition as
fibrocytes is not straightforward because of the lack of stable
unique markers for this cell type, with many of the markers used
being also expressed by any number of different cell types,
including macrophages and dendritic cells (8, 27). Our results
showed that virtually all of the BM-derived GFP* cells were
CD45" with a small proportion (<10%) being type I collagen—
positive. Moreover, the GFP™ cells were mostly (>99%) nega-
tive for CD34, lack coexpression of CXCR4/type I collagen, and
did not exhibit spindle-shaped morphology, all of which are
widely accepted characteristics of fibrocytes. Thus, we conclude
that GFP" cells did not fit the definition of fibrocytes, which
would be consistent with a recent report by Barisic-Dujmovic
and coworkers (25). ‘

Thus, the precise identity of these BLM-GFP" cells
remains uncertain. They expressed some markers (Argl,
Chi3I3) that characterize alternatively activated or M2 macro-
phages, which are known to be increased in rodent and human
fibrotic lung (28, 29). Furthermore, the depletion of macro-
phages by clodronate resulted in reduced pulmonary fibrosis
(28). Macrophages are generally considered as monocyte-
derived cells, and using transfer of donor-derived Ly6c™
monocytes, Gibbons and coworkers (28) cannot find any
donor-derived M2 macrophages in the recipient. Our results
also demonstrated that GFP™ cells (more than half of them
were Ly6c ™) did not expand when transferred in vivo (Figure
3C). Taken together, these findings suggest that Ly6c™ cells
are more differentiated cells and the origin of M2 macro-
phages seem to exist in the Ly6c™ population, as recently
reviewed (30). Despite this M2 marker expression, the
GFP" cells also express M1 macrophage markers (Nos2, Ifng)
and expression of the M2 marker, Fizzl, was quite low and
actually reduced in BLM-GFP" cells relative to that in SAL-
GFP™ cells, indicating an atypical M1 versus M2 differen-
tiation pattern. Another complicating factor is that virtually
all these cells expressed CD1lc, whereas only a minority
expressed CD11b. To distinguish alveolar macrophages from
dendritic cells, F4/80 expression on cell surface is often used
together with CD11c (31). However, F4/80 is also expressed
by some dendritic cells, especially those that are less mature
(32). Thus, cell surface markers alone do not clearly define
cellular identity (32, 33), and it may be prudent to consider
these GFP™ cells as dendritic cells and macrophages. The
importance of dendritic cells in BLM-induced pulmonary fi-
brosis has been demonstrated, and increased numbers of these
cells have been reported in lungs of patients with fibrotic
interstitial lung disease, including idiopathic pulmonary fibro-
sis (34, 35). However, the presence of LHPCs in human lung
remains to be demonstrated and because of ethical consider-
ations their origin and fate cannot be tracked by transgenic
GFP expression. Thus, there remains some uncertainty with
respect to the identity of the human counterpart of the murine
GFP" cells and their progenitors, and their relevance to hu-
man lung biology and disease.

In conclusion, the current study showed the recruitment of
BM-derived progenitor cells to the lung in pulmonary fibrosis,
which on mobilization to the lung gave rise to a distinct subpop-
ulation exhibiting markers consistent with dendritic cells and
macrophages. This subpopulation enhanced fibrosis when trans-
ferred to recipient mice with lung injury, and was shown to se-
crete fibroblast chemoattractant activity in vitro. The findings
taken together indicate that the recruited cells from the BM
represent less mature progenitor cells, which differentiate on
reaching the lung to the dendritic cell and macrophage-like
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phenotype and subsequently contribute to fibrogenesis in a para-
crine manner.
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