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Effect of differences in cancer cells and tumor growth sites
on recruiting bone marrow-derived endothelial cells
and myofibroblasts in cancer-induced stroma
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Cancer-stromal interaction is well known to play important roles
during cancer progression. Recently we have demonstrated that
bone marrow-derived vascular endothelial cells (BMD-VE) and
myofibroblasts (BMD-MF) are recruited into the human pancreatic
cancer cell line Capan-1 induced stroma. To assess the effect of the
difference in cancer cell types on the recruitment of BMD-VE and
BMD-MF, 10 kinds of human cancer cell line were implanted into
the subctaneous tissue of the immunodeficient mice transplanted
with bone marrow of double-mutant mice (RAG-1-/— B-gal Tg or
RAG-1-/— GFP Tg). The recruitment frequency of BMD-VE
(%BMD-VE) and BMD-MF (%BMD-MF), and tumor-associated
parameters [tumor volume (TV), microvessel density (MVD) and
stromal proportion (%St)] were measured. The correlation among
them was analyzed. Although %BMD-VE and %BMD-MF varied
(from 0 to 21.6%, 0 to 29.6 %, respectively), depending on the can-
cer cell line, both parameters were significantly correlated with
%St (p < 0.005). Furthermore %BMD-VE and %BMD-MF also
significantly correlated (p < 0.005). In order to assess the effect of
tumor growth sites on the recruitment of the cells of interest, a
human pancreatic cancer cell line, Capan-1, was transplanted into
5 different sites: subcutaneous tissue, peritoneum, liver, spleen
and lung. Tumors in the subcutaneous tissue and peritoneum
induced desmoplastic stroma (%St = 22.7%, 19.5%, respectively)
and contained BMD-VE (%BMD-VE = 21.6%, 16.5% respec-
tively) and BMD-MF (%BMD-MF = 29.6%, 24.5%, respec-
tively), but weak stromal induction without recruitment of BMD-
VE or -MF was observed in the tumors at of the liver, spleen and
lung (%St = 9.7%, 9.1%, 5.4%, respectively). cDNA microarray
analysis identified the 29 genes that expression was especially up-
or down-regulated in the cell line that induced an abundant stro-
mal reaction. However they did not encoded the molecules that
were directly involved in stromal cell recruitment (chemokines),
differentiation (cytokines) or proliferation (growth factors). These
results indicate that the recruitment of BMD-VE and -MF is
required for stromal formation during cancer progression and
that the cancer microenvironment is important in stromal reac-
tion and the recruitment of BMD-VE and -MF.

© 2005 Wiley-Liss, Inc.

Key words: cancer-induced stroma; neovascularization; desmoplastic
reaction; bone marrow-derived cells; endothelial cells; myofibroblasts

Invasive cancer tissue is composed of not only cancer cells but
also various stromal cells: inflammatory cells, vascular cells and
fibroblasts. It is well recognized that cancer-stromal interactions
are critical in tumor growth and progression.'™ Pathological
“neovascularization” and “desmoplastic reaction”, ie., an
increase in myofibroblasts and collagen fibers, frequently appear
in the stroma of human invasive cancer lissue. Investigators
including us have reported that the assessment of neovasculariza-
tion and desmoplastic reaction is potentially useful for evaluating
biological prognostic and predictive factors in human solid
tumors.*® Weidner et al’ reported a significant correlation
between the degrees of microvessel density (MVD) and the proba-
bility of metastasis in invasive breast cancer patients.” In another
study with invasive ductal carcinoma of the breast, the presence of
a fibrotic focus defined as a dense fibroblast proliferation is closely
associated with c-erbB-2 or p53 protein expression and high pro-

liferative activity of the tumor cells and is the most useful inde-
pendent parameter to predict patient outcome.® These data
indicate that the cancer-stromal interaction plays important roles
in cancer progression.

Among cancer stromal cells, inflammatory cells and vascular
endothelial cells have been reported to be BM-derived and
involved in tumor progression.”! Concerning the origin of the
fibroblasts, the increase of cancer-induced fibroblasts is believed
to be a local event and results from clonal expansion, or alterna-
tively the fibroblasts originate from other sites and migrate into
the cancer tissue. Recently, we demonstrated that around 40% of
myofibroblast were recruited from BM and had significant prolif-
erative activity in the subcutaneously transplanted tumor of a
human pancreatic cancer cell line.'* Since myofibroblast has been
reported to play important roles in anégiogenesis, cancer cell sur-
vival, proliferation and invasion,'*"'® “BM-derived” myofibro-
blasts recruited into cancer-induced stroma might also enhance
cancer progression. Thus, the elucidation of the recruiting system
for BM-derived cells would facilitate better understanding of the
biological processes of cancer progression. However, the molecu-
lar characters of cancer cells promoting recruitment of BM-
derived stromal cells and the mechanism of recruiting stromal
cells (especially myofibroblasts) from bone marrow remain largely
unknown. Furthermore it is also unknown whether all of cancers
always recruil the stromal cells from bone marrow or not.

In order to investigate the effect of different kinds of cancer cell
lines on the recruitment of BM-derived vascular endothelial cells
(BMD-VE) and myofibroblasts (BMD-MF) in tumor tissue, we
used the bone marrow-labeled chimeric immunodeficient mouse
and 10 kinds of human cancer cell line. The frequency of BMD-
VE (%BMD-VE) and BMD-MF (%BMD-MF) in cancer-induced
stroma was assessed and the correlation between the recruitment
frequency and tumor-associated parameters [tumor volume (TV),
MVD and stromal proportion (%St)] were analyzed. Furthermore
in order to assess the effect of tumor growth sites on stromal
induction and the recruitment of BMD-VE and -MF, a human pan-
creatic cancer cell line, Capan-1, was transplanted into 5 different

Abbreviations: BMD-MF, bone marrow-derived myofibroblasts;
%BMD-MF, the recruitment frequency of BMD-ME; BMD-VE, bone
marrow-derived vascular endothelial cells; %BMD-VE, the recruitment
frequency of BMD-VE; GFP, recombination activating gene 1 deficient,
enhanced green fluorescence protein transgenic mice; MVD, microvessel
density; %St, stromal proportion; RAG-1—/— B-gal, recombination acti-
vating gene 1 deficient, Beta-galaciosidase transgenic mice; RAG-1—/—;
TV, tumor volume.
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sites: subcutaneous tissue, peritoneum, liver, spleen and lung, and
then TV, MVD, %St, %BMD-VE and -MF were analyzed.

Material and methods
Animal models

Transgenic mice for Beta-galactosidase (B-gal) (ROSA26,
alloantigen: H-2kb), Enhanced green fluorescence protein (GFP
mice, alloantigen: H-2kb) and Recombination activating gene-1
deficient mice (RAG-1—/— mice, alloantigen H-2kb) were pur-
chased from The Jackson Laboratory (Bar Harbor, ME). The dou-
ble-mutant, RAG-1—/— f-gal Tg mice and RAG-1—-/— GFP Tg
mice were generated in our animal facility, using a previously
reported method."? Five- to 6-week-old female SCID mice
(alloantigen: H-2kd) were purchased from CLEA JAPAN (Tokyo,
Japan). All animals were maintained and used in accordance with
institutional guidelines under approved protocols.

Bone marrow transplantation (BMT)

About 12 hr after sublethally irradiation (3.5 Gy), the recipient
SCID mice received an injection of 1 x 107 BM cells from double
mutant mice via the tail vein. When mice were sacrificed to har-
vest the tumor, the success of the BMT was confirmed by flow
cytometry analysis of the H-2 phenotype on FACScalibur gBecton
Deckinson, Mountain View, CA) as previously described.!

Cell culture

The human pancreatic cancer cell line PSN-1 was established
and provided by Dr. T. Yoshida (Genetics Division, National
Cancer Center, Japan). All other human cancer cell lines were
obtained from ATCC (Rockville, MD). Pancreatic cancer cell
lines (MIA PaCa-2, PSN-1), breast cancer cell lines (MDA-MB-
231, MDA-MB-468), colon cancer cell lines (COLO201, HT-29,
SW1116) and hematologic cancer cell lines (HL-60, IM-9) were
maintained in a humidified atmosphere of 5% CO, in RPMI 1640
medium supplemented with 10% fetal bovine serum. The pancre-
atic cancer cell line Capan-1 was maintained in RPMI 1640
medium supplemented with 20% fetal bovine serum.

Cell administration and tissue processing

In the subcutaneous implantation model, 10 kinds of human
cancer cell line (1 x 107 cells) were subcutaneously injected as a
suspension in 200 pl of serum-free medium into the BM-chimera
SCID mice at 4 weeks after BMT. Tumors were removed and
processed when their diameter reached >10 mm, or at 8 weeks
after injection of the cancer cells, whichever occurred first. In the
intraperitoneal implantation model, 5 x 108 cells of Capan-1 were
injected as a suspension in 200 pl of serum-free medium. Four
weeks after injection, mice were sacrificed, and the largest intra-
peritoneal tumor was examined. In the liver, spleen and lung
implantation model, 1 X 10° cells/200 ul of serum-free medium
were injected into the spleen (liver and spleen implantation model)
under ether anesthesia or via the tail vein (lung implantation
model). Mice were sacrificed 4 weeks after injection, and each
organ was extirpated. All tumor and tissue specimens were fixed
in 4% paraformaldehyde-PBS, were washed with sucrose-PBS,
embedded in OCT compound (Miles, Inc., Elkhart, IN), quickly
frozen in dry ice and stored at —80°C.

X-gal staining

After fixation in 4% paraformaldehyde-PBS for 1 hr on ice,
X-gal staining was immediately performed as previously
described.’® After X-gal staining, samples were frozen, sectioned
and counterstained with Kernechtrot.

Histological, immunohistochemical, immunofluorescent staining

Prefixed, frozen samples were serially sectioned at 5 pm and
processed for H&E staining, immunohistochemisiry and immuno-
fluorescent microscopy as previously described.'? Confocal micro-
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scopy was performed in the tumor from RAG-1—/— GFP Tg mice
using an LSMS5 PASCAL (Carl Zeiss, Jana, Germany). The pri-
mary antibodies used here were mouse monoclonal anti-mouse
H-2kb (AF6-88.5; PharMingen, San Diego, CA), ral monoclonal
anti-mouse CD31 (MEC13.3; PharMingen), mouse monoclonal
anti-a smooth muscle actin (a-SMA) (1A4; Sigma Chemical Co.,
St. Louis, MO), mouse monoclonal anti-multi-cytokeratin (AE1/
AE3; Novocastra, UK) and mouse monoclonal anti-human HLA
Class I antigen (W6/32; Sigma Chemical Co.). Antibodies for
immunofluorescent microscopy were rabbit polyclonal anti-GFP,
Alexa Fluor 488 conjugate (Molecular Probes, Eugene, OR) and
Alexa Fluor 546 F(ab’)2 fragment of goat anti-mouse IgG (Molec-
ular Probes).

Histomorphometric examination

All tumors (n = 3, 10 cell lines each) from RAG-1—/— B-gal
Tg mice were histomorphometrically analyzed for tumor volume,
stromal proportion in the tumor tissue, microvessel densit (and
the proportion of BM-derived cells as previously described.!*"?

Tumor volume (TV) and stromal proportion (%St)

The diameter of subcutaneous tumors was measured using cali-
pers, and the volume was calculated with the following formula:
TV = length (the longest dimension; 1) x width (w) x depth x
0.52 (mm~). The tumor size of other models and the stromal area
was measured using the KS 300 system Ver.3.00 (Carl Zeiss).
Briefly, tumor length and width were measured by examining the
maximum cross sections stained with Hematoxylin and eosin
(H&E) (x 5 magnification). At 3 fields, total-tumor area (T) and
tumor area (t) occupied by the cancer cells were measured based
on those cells staining positive for anti-multi-cytokeratin antibody
or anti-human HLA Class I antigen (x 200 magnification). TV
and %St was calculated with the following formula: TV =1 x
w? x 0.52 (mm?®), %St = (T — /T x 100 (%).

Microvessel density (MVD)

Microvessels were counted by scanning serial sections stained
with anti-CD31 antibody at 3 fields (x 200 magnification). MVD
was expressed as the number of microvessels per field.

Frequency of bone marrow derived vascular endothelial cells
(%BMD-VE) and myofibroblasts (%eBMD-MF)

After the fields that stained densely with «-SMA were identified,
individual antibody-positive cells were counted with serial sections
at more than 2 fields (x 400 magnification) by 2 investigators (TS
and GI). H-2kb positive cells were counted as BM-derived cells,
and then %BMD-VE and %BMD-MF were determined.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
Ver.3.03 (GraphPad Software, San Diego, CA). All data were
expressed as mean * standard deviation (SD). Five parameters
(TV, %St, MVD, %BMD-VE and %BMD-MF) were analyzed by
Spearman’s correlation. Correlations with a p < 0.05 were con-
sidered statistically significant.

Microarray analysis

We used human H133A oligonucleotide probe arrays (Affyme-
trix, Santa Clara, CA) for analysis of mRNA expression levels cor-
responding to 22,284 transcripts. The procedures were conducted
according to the supplier’s protocols, and are thus described
briefly. Every 1 mg of total RNA was used to generate a cRNA
probe by the T7-transcription. Ten micrograms of fragmented
cRNA was hybridized to the microarrays in 200 ml of hybridiza-
tion cocktail at 45°C for 16 hr in a rotisserie oven set at 60 rpm.
The arrays were then washed with nonstringent wash buffer
(6 x SSPE) at 25°C, followed by stringent wash buffer {100 mM
MES (pH 6.7), 0.1 M NaCl and 0.01% Tween 20] at 50°C, stained
with streptavidin phycoerythrin (Molecular Probes), washed again
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Ficure 1 — Comparison of cancer-induced stroma in 3 types of cancer cell line. Cancer cells were implanted into the subctaneous tissue of
immunodeficient BM-chimera mice and induced various grades of stroma. The difference in the stromal proportion was demonstrated by micro-
scopic appearance with H&E staining (a—c) and immunohistochemical staining for multi-cytokeratin (d,e). MDA-MB-468 induced the highest
grade of stroma (a,d). HT29 induced middle grade (b,e) but HL-60 failed to induce any stroma (c). The result of %St calculated by imaging anal-
ysis is summarized (f). The data shown represent means == SD. Bar length: 200 pm.

TABLE I ~ TUMOR-ASSOCIATED PARAMETERS AND THE FREQUENCY OF BMD- VE AND BMD-MF IN
SUBCTANEOUS TUMORS OF VARIOUS CANCER CELL LINES!

Cell lines TV (mm®) MVD DSt (%) %BMD-VE (%) Z%BMD-MF (%)
Capan-1 109.3 = 62.8 55.6 £ 17.7 227+ 1.2 21.6 9.1 29.6 = 4.0
MIAPaCa-2 803 =£24.2 353+ 14.0 49 %34 6.0 = 6.0 0.0+0.0
PSN1 83.8 + 755 49.0 £ 8.1 132+ 4.1 59*+74 0.0=00
MDA-MB-231 167.9 = 49.0 49.1 39 16.6 = 3.8 8832 20.6 + 4.8
MDA-MB-468 109.6 = 57.9 199 £26 31.0 £ 9.0 10.6 = 13.2 140 £25
COLO 201 186.4 = 35.0 246+ 08 13.5 £ 6.0 7T2x56 103 £ 127
HT-29 512.1 + 1764 322 %123 164 = 8.5 5822 39+ 1.7
SW1116 200.7 = 83.8 248 74 172 +53 85*39 85+ 64
HL-60 3922 + 2323 104 £34 0.0x00 0.0=x0.0 0.0+0.0
IM-9 740.0 = 160.6 303 *+ 121 07+12 0.0=%0.0 1.3X+23

"Values are expressed as the mean *+ SD.

with 6 x SSPE and stained with biotinylated anti-streptavidin
1gG, followed by a second staining with streptavidin phycoery-
thrin and a 3rd wash with 6 x SSPE. The arrays were scanned
using the GeneArray scanner (Affymetrix) at 3-micro m resolu-
tion, and the scanned image quantitatively analyzed with the com-
puter software Microarray Suite 5.0 (Affymetrix). For normalizing
the data to compare mRNA expression levels among samples, we
unified 1,000 as an average of AD scores corresponding to signal
intensities of all probe sets in each sample. For statistical analysis
to select genes, Microsoft Excel was used.

Results
Desmoplastic reaction in the animal model

H-2 phenotyping of BM cells from the recipient mice demon-
strated that BM cells were successfully reconstituted by donor-
derived marrows at high levels after BMT, as observed in the pre-

vious study.'® Ten human cancer cell lines (3 pancreas cancers, 2
breast cancers, 3 colon cancers and 2 hematologic cancers) that
had been established from different origins were subcutaneously
injected into the back of BM chimera mice. They grew and formed
various sizes of tumor and demonstrated histological variety
(Fig. 1a—c¢). Other human breast cancer cell lines, Hs578T, BT549
and SK-BR-3, were subcutaneously injected,; however, they did not
show tumorigenicity. When only medium was injected, there was
no scar formation and stromal induction was not observed (data not
shown). A human breast cancer cell line, MDA-MB-468 induced
the most abundant stromal reaction with characteristic desmoplas-
tic features similar to those usually observed in human cancer tis-
sue. A human colon cancer cell line, HT-29 showed a moderate
stromal reaction with many spindle-shaped fibroblasts in the tumor.
On the other hand, a human promyelocytic leukemia cell line, HL-
60 possessed little stromal reaction despite its marked growth.
Tumor cells were distinguishable from stromal component more
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Ficure 2 — Detection and evaluation of BM-derived stromal cells. BM-derived B-gal expressing cells were detected by X-gal staining as
blue-stained cells (a—c). The microscopic appearance of MDA-MB-231 tumors showed that blue-stained cells around cancer cells were not only
inflammatory cells but also fibroblasts (b: arrowheads) and vascular endothelial cells (¢: arrow), BM-derived stromal cells were also confirmed
by anti-H-2kb (d), «-SMA (e) and CD31 (f) with serial sections. Asterisks indicate blood vessels. Arrowheads and arrow indicated BM-derived
myofibroblasts and endothelial cells, respectively (d). Confocal microscopy identified the GFP (green) positive BM-derived cells (g) in the
MDA-MB-468 tumor formed in the back of BM-chimera mice. Some of the fibroblasts in the cancer-induced stroma expressed o-SMA (ved)
(k). The merged tmage shows both a-SMA and GFP positive fibroblasts (BM-derived myofibroblasts) (i: arrowheads). Bar length: 200 um (a);

20 pm (b,c¢,g—i); 100 pm (d-f).

clearly when the sections were stained with anti-cytokeratin anti-
body (Fig. ld,e) or anti-human HLA Class T antigen antibody. With
the stained sections, imaging analysis was performed using the
KS300 system to ascertain %St in the tumor tissue. All data are
summarized in Figure 1f and Table I. %St of MDA-MB-468 was
31.0+9.0% and the highest value in 10 kinds of cancer cells. %St
of HT29 was 16.4+8.5%, and HIL.-60 was the lowest at 0%.

Detection and evaluation of BM-derived stromal cells

We analyzed B-gal enzyme activity in the extirpated subcutane-
ous tumor with X-gal whole-mount staining, in order to detect the
BM-derived cells. Blue-stained areas were seen in paris of the
turor tissue. The microscopic appearance of MDA-MB-231
tumor showed the B-gal expressing cells as stained blue (Fig. 2a—
¢). The histopathological observation indicated that these were not

only inflammatory cells but also fibroblasts (Fig. 2b) and vascular
endothelial cells (Fig. 2¢). Further investigations were performed
by immunohistochemical staining with anti-mouse H-2kb antibod-
ies, because it was easier than X-pal staining for the detection of
BM-derived cells.

Immunohistochemistry with anti-H-2kb antibodies was per-
formed in serial sectioned tumors. In Capan-1 tumors, many H-2kb
positive cells were present in the peritumoral and intratumoral area,
as previously reported.'® Furthermore, H-2kb positive cells were
also found in the tumors arising from all other cancer cell lines.
MDA-MB-468 tumors showed many H-2kb positive cells that con-
tained some spindle-shaped fibroblasts and vascular endothelial cells
besides inflammatory cells (Fig. 2d). The expression of a-SMA or
CD31 as the marker of myofibroblasts or endothelial cells was con-
firmed by immunohistochemistry using serial sections (Fig. 2e,f).
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Figure 3 — Effect of growth sites on cancer-induced stroma. H&E stained Capan-1 tumors that were implanted in 5 different sites of immuno-
deficient BM-chimera mice showed histological differences. In the subcutaneous tissue (a) and peritoneum (b), Capan-1 formed mucous glands
with many spindle-shaped fibroblasts. In the liver (c), necrosis was frequently observed. In the spleen (d), Capan-1 formed poorly differentiated
tumors. In the lung (e), Capan-1 induced little reactive stroma. After immunohistochemical staining with anti-multi cytokeratin antibody, %St
was calculated with imaging analysis. Compared to Capan-1 tumors in the lung, the stromal proportion of Capan-1 tumors in the subctaneous tis-
sue and peritoneum increased 4-fold, and Capan-1 tumors in the liver and spleen increased 2-fold (f). Bar length: 200 pm

In order to more precisely confirm the participation of BM-
derived stromal cells in tumor tissue, we established another dou-
ble-mutant mouse (Rag-1—/— GFP Tg). The BM-chimera SCID
mouse with BM from this double-mutant mouse is also good for
studying the pathogenesis of cancer-induced stroma. Confocal
microscopy demonstrated that a part of o-SMA or CD31 positive
cells was also stained with anti-GFP antibodies in the MDA-MB-
468 tumor tissue sections 8 weeks after subcutaneous injection into
the back of BM-chimera mice. Fibroblasts in the cancer-induced
stroma displayed 3 different phenotypic expressions: 1) «-SMA-,
GFP- fibroblast (a-SMA shows as red), local myofibroblast; 2) o-
SMA—, GFP+- fibroblast (GFP shows as green), BM-derived fibro-
blast and 3) «-SMA+, GFP+- fibroblast (cytoplasm stained red/
nuclei stained green), BM-derived myofibroblast (Fig. 3g—i).

Relationship between %stromal area and frequency of bone
marrow-derived cells

In order to elucidate whether the participation of BMD-VE and
-MF in the cancer-induced stroma depended on tumor phenotype,
the frequency of BM-derived cells (%BMD-VE and %BMD-MF)
and tumor-associated parameters (TV, MVD and %St) were calcu-
lated (Table I). In most of the cancer cell lines, BM-derived cells
participated in a part of the cancer-induced stroma as either vessel
endothelium or myofibroblast. The highest average frequency of
BMD-VE and BMD-MF was 21.6%+9.1% and 29.6£4.0% in
Capan-1-induced stroma.

We then analyzed the correlation among these parameters
(Table II). Both %BMD-VE and %BMD-MF significantly corre-
lated with %St (p = 0.0011, p = 0.0047, respectively). %BMD-
VE strongly correlated with %BMD-MF (p = 0.0047) but did not

TABLE II - CORRELATIONS BETWEEN TUMOR-ASSOCIATED
FACTORS AND THE FREQUENCY OF BMD-VE AND BMD-MF IN
SUBCTANEOUS TUMORS

Variable Spearman r p value (two-tailed)
TV & MVD —0.4667 0.1786
TV & %St —-0.2606 0.4697
TV & %BMD-VE —0.5410 0.1139
TV & %BMD-MF —0.0552 0.8916
MVD & %St 0.2121 0.5603
MVD & %BMD-VE 0.3343 0.3487
MVD & %BMD-MFE 0.2638 0.4483
%St & %BMD-VE 0.8875 0.0011
%St & %BMD-MF 0.8283 0.0047
%BMD-VE & %BMD-MF 0.8308 0.0047

correlate with MVD (p = 0.3487). There was no correlation
between TV and MVD and %St. :

Effect of growth sites on cancer-induced stroma

In order to demonstrate whether the BM-derived stromal cells
recruitment was associated with specific sites, Capan-1 was
implanted in the subcutaneous tissue, peritoneum, liver, spleen
and lung. Capan-1 tumors that grew up in the various sites showed
different morphologies with varying amounts of stroma. Capan-1
formed glands with mucus production in the subcutaneous tissue,
peritoneum, liver and lung, but they formed solid nests without
mucin-producing glands in the spleen. Concerning stromal reactions,
Capan-1 induced desmoplastic stroma where spindle-shaped fibro-
blasts were seen, arranged in a haphazard fashion in the subcutane-
ous and intraperitoneal tumors. In contrast, Capan-1 induced only
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TABLE III - TUMOR-ASSOCIATED PARAMETERS AND THE FREQUENCY OF BMD-VE AND BMD-MF IN CAPAN-1
TUMORS GROWN IN THE VARIOUS SITES'

Implantation site TV (mm*) MVD %St (%) %BMD-VE (%)  %BMD-MF (%)
Subcutaneous tissue 1093 + 62.8 556+ 177 227 *x1.2 216 9.1 29.6 + 4.0
Peritoneum 749 +48.0 25795 195+ 12.1 16.5 £ 4.6 245 + 125
Liver 30.9 +~14.9 8.7 + 3.1 97 + 6.4 0.0 00 0.0+ 0.0
Spleen 85*£52 124 + 5.6 9.1*+46 0.0 £ 0.0 0.0 0.0
Lung 0.5 0.3 13.3 + 5.0 54*39 0.0+00 0.0 = 0.0

'Values are expressed as the mean + SD.

minor amounts of stroma at the liver, spleen and lung. Necrosis was
frequently observed in the larger liver tumors. Only small numbers
of reactive fibroblasts were observed in the peritumoral area of liver
and spleen. Small tumors showed no reactive stroma in the lung.

The frequency of BM-derived cells (%BMD-VE and %BMD-MF)
and 3 tumor-associated parameters (TV, MVD and %St) were calcu-
lated in order to disclose the growth site-associated effect on recruit-
ment of BMD-VE and -MF (Table II). %St of subcutaneous tumors
was 22.7+1.2%, and of intraperitoneal tumors was 19.5+12.1%. On
the other hand, the value for the %St of liver, splenic and lung tumors
were much lower (9.7£6.4%, 9.1£4.6% and 5.4+3.9%, respec-
tively). In the subcutaneous tissue and peritoneum, BMD-VE and -
MF were recruited to Capan-1 tumors in a stromal proportion-
dependent manner, whereas no BMD-VE or -MF could be identified
in Capan-1 induced stroma in the liver, spleen and lung.

Comparison between the expression profiles of cancer cell lines
inducing an abundant stromal reaction and little stromal reaction

To identify the genes whose products are involved in the formation
of reactive stroma and recruitment of BMD-VE and -MF, 10 human
cancer cell lines were separated into 3 groups: a group that induces
an abundant stromal reaction (Capan-1 and MDA-MB-468), a group
that induces a moderate stromal reaction (PSN-1, MDA-MB-231,
COLO20t1, HT-29 and SW1116) and a group that induces little stro-
mal reaction (MIA PaCa-2 and HL-60, IM-9). Genome-wide screen-
ing for genes with different expression patterns in the 3 groups was
performed using a microarray containing 22,284 probes. We first
selected genes whose average expression in the moderate-stromal-
reaction group was greater than 2 fold up- or down-regulated com-
pared to the little-stromal-reaction group. From among these genes,
we then selected the genes that were expressed more than 2-fold
more or 2-fold less in the abundant-stromal-reaction group than in
the moderate-stromal-reaction group (Table IV). Although they
included genes that encode membrane receptors, adhesion/polariza-
tion molecules and extracellular matrix components and their recep-
tors, and transcription factors, they did not contain the well-known
genes whose products are directly involved in stromal cell recruit-
ment, differentiation and proliferation.

Discussion

It is well recognized that endothelial cells are required for vas-
cularization during tissue remodeling,'>*° and stromal fibroblasts
or myofibroblasts are ubiquitous cells and regulate the prolifera-
tion and differentiation of both normal and abnormal epithelial
cells, 14167182124 We recently demonstrated that a significant pro-
portion of myofibroblasts was recruited from the BM and had pro-
liferative activity in the subcutaneously transPlanted tumors of a
human pancreatic cancer cell line, Capan-1."* In our study, we
clearly demonstrated that 7 other human cancer cell lines also
recruited BMD-VE and/or -MF into the cancer stroma in the sub-
cutaneous tissue and induced neovascularization and myofibro-
blast proliferation to a greater or less extent. Furthermore, there
was a positive correlation between the proportion of stroma (%St)
and the frequency of BMD-VE and -MF (%BMD-VE and -MF) in
the subcutaneous tumors. These results indicated that the recruit-

ment of BMD-VE and -MF is a general phenomenon during can-
cer-induced stroma formation.

The origin of BMD-MF and the molecules involved in their
directed migration remain unclear. The results obtained in our
study revealed a strong correlation between the frequency of
BMD-VE and BMD-MF and the following 2 possibilities were
considered to explain this phenomenon. The first is that common
progenitor cells differentiate into both BMD-VE and BMD-MF in
the local cancer tissue. Earlier studies have reported that adult-
blood-derived CD34+VEGFR-2+ angioblasts differentiated into
endothelial cells,“‘zs‘26 and recent cumulative findings have sug-
gested that peripheral-blood-derived mature CD144 monocytes
are also capable of transdifferentiating into endothelial lineage
cells under angiogenic conditions.””° On the other hand, it has
been reported that CD14+- enriched peripheral mononuclear cells
give rise to fibrocytes and that these fibrocytes differentiate
into myofibroblasts in vitro®® and in vivo.”® The above findings
suggest that CD14+ mononuclear cells may be the common pro-
genitor of BMD-VE and -MF. The second possibility is that both
BMD-VE and BMD-MF progenitor cells are recruited into cancer
tissue by a common molecular mechanism. Endothelial progenitor
cells express CXCR4 and migrate in response to stromal cell
derived factor-a. (SDF-1),%° and they promote neovascularization
for ischemic muscle,34 whereas BM-derived fibroblasts obtained
from lung fibrosis expressed the chemokine receptors CXCR4 and
CCR7 and responded chemotactically to their cognate ligands,
SDF-1 and secondary lymphoid chemokine (CXCL21), respec-
tively.*> Thus SDF-1 may be a key regulator of the recruitment of
vascular endothelial and myofibroblast progenitor cells from BM
during stroma formation.

Microarray analysis identified 29 genes differentially expressed
in the group that induced an abundant stromal reaction. Among
them, upregulated genes, such as epidermal growth factor recep-
tor, transmembrane 4 superfamily member 13, tropomyosin 1, car-
cinoembryonic antigen-related cell adhesion molecule 6, junction
plakoglobin, desmoplakin, mucin 1 and integrin alpha V, seem to
reflect the epithelial phenotype and include important genes for
cell-cell and -substratum adhesion. But these genes could be
picked up even when microarray analysis was performed without
hematologic cancer cell lines (date not shown). Further analysis
should be directed at addressing the exact role of these genes with
regard to BMD-VE and -MF recruitment by gene overexpression
or silencing methods. We were unable to find the well-known
genes whose products are directly involved in stromal cell recruit-
ment (chemokines), differentiation (cytokines) or proliferation
(growth factors). Because the interactions between cancer cells
and host stromal cells are greatly important in cancer-induced
stromal reaction, identification of key molecules might be difficult
by only in vitro experiment. An analysis of the tissue specimen
using microdissection technique would be required to identify the
molecules that are directly involved in stromal reaction and BM-
derived stromal cells’ recraitment.

A human pancreatic cancer cell line, Capan-1, which formed
subcutaneous and peritoneal tumors with a relatively high propor-
tion of stroma, failed to induce active stroma when implanted into
the liver, spleen or lung, and a significant proportion of BMD-VE
and -MF were recruited into the subcutaneous and peritoneal
tumors but not into the spleen or lung. Furthermore, Capan-1
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TABLE 1V - ¢cDNA MICROARRAY SEARCH FOR GENES THAT ARE DIFFERENTIALLY EXPRESSED IN CELL LINES
THAT INDUCE AN ABUNDANT STROMAL REACTION

Accession number Gene name Ratio 1' Ratio 2?
Genes upregulated in cell lines inducing abundant stromal reaction
Extracellular matrix components and receptors
NM002456 mucin 1 17.3 38
NMO002210 integrin aipha V 8.0 2.7
Adhesion/polarization
NMO000366 tropomyosin | 27.2 6.5
NM002483 carcinoembryonic antigen-related cell 24.7 7.4
adhesion molecule 6
NM002230 junction plakoglobin 21.2 8.6
NMO004415 desmoplakin 14.8 6.8
Membrane receptors
NMO014399 transmembrane 4 superfamily member 13 100< 373
NM005228 epidermal growth factor receptor 20.5 3.7
Transcription factors
NMO003489 nuclear receptor interacting protein 1 100< 100<
NMO002051 GATA binding protein 3 43.1 8.2
NMO015925 liver-specific bHLH-Zip transcription factor 342 154
NMO006368 cAMP responsive element binding protein 3 12.0 4.5
NMO005596 nuclear factor I/B 8.0 2.9
Signal transduction
NMO002353 tumor-associated calcium signal transducer 2 100< 100<
NMO004815 PTPL1-associated RhoGAP 1 26.1 12.5
NMO05766 FERM, RhoGEF and pleckstrin domain protein 1 13.3 5.4
RNA and protein synthesis
NM002952 ribosomal protein S2 7.9 3.1
Proliferation/apoptosis
NMO004585 retinoic acid receptor responder 3 20.9 92
NM006142 stratifin 9.9 3.4
NMO020749 mitochondrial tumor suppressor | 9.8 2.1
NM004394 death-associated protein 54 2.6
Others
NMO002844 protein tyrosine phosphatase, receptor type, K 100< 100<
NMO020169 latexin 26.1 12.5
NMO002970 spermidine N1 acetyltransferase 13.3 5.4
NMO002959 sortilin 1 7.9 3.9
Genes downregulated in cell lines inducing abundant stromal reaction
Signal transduction
NMO004811 leupaxin 0.1 0.4
RNA and protein synthesis
NMO001970 Eukaryotic translation initiation factor 5A 0.1 0.3
Others
NM004955 Solute carrier family 29 0.2 0.5
NMO013300 Protein predicted by clone 23733 0.2 0.5

'Ratio 1: A group that induces an abundant stromal reaction/moderate stromal reaction.—“Ratio 2: A
group that induces a moderate stromal reactiony/ little stromal rcaction.

tumors in the liver undergo massive necrosis without recruitment
of BMD-VE and -MF. These results suggest the microenviron-
ment of the liver might be suitable for tumorigenesis by Capan-1
but not for inducing stromal component and maintaining them-
selves. BMD-VE and -MF were also recruited into pathological
neovascularization and fibrosis under the condition of inflamma-
tion and regeneration without cancer cells.??>%7 These results
may indicate that the mechanism of the stromal reaction and
recruitment of BMD-VE and -MF does not depend on the biologi-
cal character of the cancer cells themselves but on the microenvir-
onment created by the cancer-stroma interaction.

Tumor angiogenesis is essential for tumor growth, and intra-
tumoral microvessel density has been found to correlate with tumor
progression. We did not find any correlation between MVD and
%BMD-VE in our study. Although BMD-VE was incorporated into
some newly developed microvessels, the %BMD-VE varied with
the characteristics of the cancer. This seems to indicate that the
recruitment of BMD-VE into microvessels required for the neovas-
cularization might be influenced by cancer microenvironment.

Even though MVD is a useful prognostic factor in some can-
cer patients, previous studies found that intratumoral MVD in
breast carcinoma does not correlate with tumor cell prolifera-

tion,”® and their findings arc consistent with our results showing
that TV does not correlate with MVD. Therefore, MVD and
tumor cell proliferation may be regulated by separate mecha-
nisms.

Surgically resected specimens of certain kinds of cancers, i.e.,
malignant lymphoma and small cell carcinoma, have been found
not to contain active stroma. Therefore, our results showing that
TV did not correlate with %St are reasonable and may be
explained by the fact that the HL-60 and IM-9 used in our study
do not need stromal cell components for the development and
maintenance of cancer tissue. MIAPaCa-2 and PSN-1 had the low-
est TV and these tumors had lower %St. This finding seems to cor-
roborate the idea that tumor growth would not be suppressed by
cancer-induced stroma. The fact that when Capan-1 was implanted
at different sites, TV increased with %St supports this view.
Alternatively, stromal components are required for certain kinds
of cancer cells to develop cancer tissue,

Because BMD-VE and -MF are generally engrafted into a
stroma-inductive type of cancer tissue, endothelial and myofibro-
blast progenitors may be used as a vehicle for biological agent and
gene 1herapy‘39’40 Moreover, the cancer tissue microenvironment
requires more vascular endothelium and myofibroblasts to main-
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“tissue homeostasis” than the normal tissue microenviron-

ment. Just as drugs that target the tumor context and inhibit neo-
vascularization are already recognized as effective means of

cancer therapy,“'

42 inhibition of myofibroblasts recruitment into

the cancer tissue may also be effective as a new therapy for the
stroma-inductive type of cancer.
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ABSTRACT

Fibroblasts, which are widely distributed and play a key part
in tissue fibrosis, are phenotypically and functionally het-
erogeneous. Recent studies reported that bone marrow can
be a source of tissue fibroblast. In the study reported here,
we investigated in vivo characterization of bone marrow-
derived fibroblasts recruited into various fibrotic lesions.
Mice were engrafted with bone marrow isolated from trans-
genic mice expressing green fluorescent protein (GFP), and
fibrotic lesions were induced by cancer implantation (skin),
excisional wounding (skin), and bleomycin administration
(lung). A small population of GFP* fibroblast was found
even in nonfibrotic skin (8.7% + 4.6%) and lung (8.9% =
2.5%). The proportion of GFP* fibroblasts was significantly

increased after cancer implantation (59.7% + 16.3 %) and exci-
sional wounding (32.2% +4.8%), whereas it was not elevated
after bleomycin administration (7.1% = 2.4%). Almost all
GFP* fibroblasts in fibrotic lesions expressed type I collagen,
suggesting that bone marrow—derived fibroblasts would con-
tribute to tissue fibrosis. GFP* fibroblasts expressed CD45,
Thy-1, and a-smooth muscle actin at various proportions.
Our results suggested that bone marrow-derived fibroblasts
expressed several fibroblastic markers in vivo and could be
efficiently recruited into fibrotic lesions in response to inju-
rious stimuli; however, the degree of recruitment frequency
might depend on the tissue microenvironment. STEM CELLS
2005;23:699-706

INTRODUCTION

Injury evokes a sequence of events in tissue. Once injury occurs,
the host initiates a coordinated repair response. However, if the
injury is prolonged, a repeated process of repair and destruction
occurs, which subsequently leads to tissue remodeling. During
the process, tissue fibroblasts migrate into the injured site and
produce collagens and extracellular matrix proteins in response
to several extracellular stimuli. Their functions include impor-
tant roles in growth and differentiation of adjacent epithelia and

healing and inflammatory response. Fibroblasts represent the
key source of interstitial collagens, but these cells are known to be
heterogeneous with respect to a number of phenotypic and func-
tional features [1—6). This heterogeneity may arise notonly from
the activation and differentiation processes that take place in the
cells but from their ditferent cellular origins.

Stem cells in the adult have traditionally been thought to be
restricted in their potential to differentiate and regenerate tissues
in which they reside. Recent advances have revealed that after
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transplantation of bone marrow (BM), hematopoietic stem cells or
nonhematopoietic mesenchymal stem cells, muscle [7-11], heart
{12-14], liver [15-19], vascular cells [20, 21], and other mesenchy-
mal cells [22-24] of donor origin have been detected. Investiga-
tors revealed that BM-derived cells can be progenitors for tissue
fibroblasts that are recruited through the circulation to populate
peripheral organs [25-29]. During renal fibrosis, a small number
of fibroblasts were BM origin using BM chimera and transgenic
reporter mice [25]. We previously reported that cancer-induced
stroma generated by the human pancreatic cancer cell line con-
sist of BM-derived fibroblasts and that BM-derived fibroblasts
become a major component of cancer-induced stromal cells in the
later stage of tumor development [26]. Furthermore, BM-derived
fibroblasts were engrafted into multiple organs, and it was found
that these cells are recruited into injured tissue [27, 28]. However,
the phenotype and functional roles of BM-derived fibroblasts have
not been fully understood.

In the study reported here, we investigated the possible rela-
tionship between BM-derived fibroblasts and various fibroblast
phenotypes. Cancer implantation (skin), excisional wounding
(skin), and bleomycin administration (lung) were used to assess
whether fibroblast engraftment was modulated by tissue damage
and to analyze the phenotypes of BM-derived fibroblasts. Using
BM chimera mice expressing enhanced green fluorescent protein
(GFP) only in BM-derived cells, we found that excisional wound-
ing is a stimulus for the recruitment of BM-derived fibroblasts
within the skin but not in the lung. Furthermore, we found that
BM-derived fibroblasts expressed type I collagen, CD45, Thy-1,
and a-smooth muscle actin (a-SMA).

MATERIALS AND METHODS

Animals

For cancer implantation, we generated GFP transgenic (GFP
Tg) and recombination activating gene 1 knockout (RAG-
1) double-mutant mice. GFP Tg on C57/BL6 background and
RAG-1"- mice on B6 background [30] were purchased from
Jackson ImmunoResearch Laboratories (West Grove, PA, http://
www.jacksonimmuno.com). Briefly, the GFP Tg mice were
mated with RAG-17 mice to generate F1 offspring that were
heterogenous for both genes. The F2 offspring of the F1 inter-
breeding were screened by Western blot analysis for absence of
serum immunoglobulin M (IgM) [19]. Mice identified as GFP*-
were screened for fluorescence of skin keratinocytes. RAG-
1-- GFP Tg mice that were identified were further intercrossed,
and the F3 offspring were screened based on serum IgM level and
GFP fluorescence. GFP Tg and RAG-1--mice were further bred.
For BM transplantation (BMT), female severe combined immu-
nodeficient (SCID) mice (C.B17 background)and C57/BL6 mice,
6 weeks of age, were purchased from Clea Japan, Inc. (Tokyo,

http://www.clea-japan.co.jp) and maintained in our animal facil-
ity. All animals were maintained under specific pathogen-free
and air temperature—controlled conditions throughout this study,
in accordance with the institutional guidelines. Written approval
of all animal experiments (K03-011) was obtained from the local
Animal Experiments Committee of the National Cancer Center
Research Institute.

Cell Preparation and BMT

A 21-gauge needle on a 5-ml syringe was used to flush BM from
the femurs of GFP Tg RAG-1-"- mice or GFP Tg mice with RPMI-
1640 medium. A single-cell suspension was prepared by repeated
gentle aspirations of the marrow plug with the same syringe, and
large tissue pieces were removed from the suspension by filtering
them through a nylon filter. After 3.5-Gy whole-body irradiation
of SCID mice or 9-Gy whole-body irradiation of B6 mice with a
50,000 Ci °Co source in the irradiation room, 1 x 107 donor mar-
row cells were injected via the tail vein.

Cancer Implantation, Excisional Wounding, and
Bleomycin Administration '

For creating fibrotic lesions induced by cancer implantation, we
transplanted marrow cells from GFP Tg RAG-17" mice into irra-
diated (3.5 Gy) SCID mice. At 4 weeks after BMT, we subcuta-
neously inoculated SCID recipients with a transplantable human
large-cell neuroendocrine carcinoma of the lung (613LCNEC),
which was established in our laboratory and propagated in SCID
niice for more than 10 passages. Four weeks later, tumors that had
developed were resected and examined histologically (Fig. 1).

35 Gy&

marrow cells from
GFP Tg RAG-1*+

QGy%

marrow cells from
GFP Tg

Cancer xehograft
e m

Excisional wounding

&

” Bleomycin administration

Figure 1. Protocol of mouse bone marrow transplantation and induc-
tion of fibrotic lesions. Marrow cells from green fluorescent protein
(GFP) Tg and RAG-1~- (GFP transgenic and recombination activat-
ing gene 1 knockout) mice were transplanted into irradiated (3.5 Gy)
severe combined immunodeficient mice for cancer implantation.
Marrow cells from GFP Tg mice were transplanted into irradiated (9
Gy) B6 mice for excisional wounding and bleomycin administration.
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For creating fibrotic lesions induced by excisional wounding,
we transplanted marrow cells from GFP Tg mice into irradiated
(9 Gy) B6 mice. At 4 weeks after BMT, we cut the skin of the right
thigh using a dispopunch (Maruho Co., Osaka, Japan). One week
later, skin of the right thigh was resected and examined histologi-
cally. For control analysis, skin of the left thigh was also resected.

For creating fibrotic lesions induced by bleomycin admin-
istration, B6 mice transplanted with GFP Tg marrow cells were
treated with endotracheal bleomycin (Nihon Kayaku, Tokyo,
http://www.nipponkayaku.co.jp/english) 4 weeks after BMT.
Briefly, bleomycin was dissolved in sterile saline at 3.3pug/ml.
BMT mice were treated with 5 pg/g body weight of bleomycin or
the same volume of saline only. Four weeks after treatment, the
lungs were removed and histologically analyzed.

Immunohistochemical Analysis

Immunostaining was performed on 4-pum formalin-fixed, paraf-
fin-embedded tissue sections. Sections were treated for 20 min-
utes using a microwave-based antigen-retrieval technique with
10 mmol/L citrate buffer, at pH 6.0 and 90°C. Endogenous perox-
idases were inactivated with 3% H,0, in methanol. Sections were
incubated for 1 hour with rabbit polyclonal anti-GFP Ab (Molec-
ular Probes, Eugene, OR, http://www.probes.com), then with the
DAKO EnVision+System-HRP (Dako Cytomation, Glostrup,
Denmark, http://www.dakocytomation.com). The reacted prod-
ucts were stained with diaminobenzidine.

Immunofluorescence and Confocal Microscopy

Paraffin-embedded specimens were cut into 4-pum thick sections.
Sections were treated using either a microwave-based antigen-
retrieval technique (for CD34, C-kit and a-SMA staining) or a
proteinase K solution (Dako) for 10 minutes at room temperature
(for collagen type I staining). When rat monoclonal antibodies
were used, sections were blocked using the MOM immunode-
tection kit (Vector Laboratories, Burlingame, CA, http://www.
vectorlabs.com). Sections were incubated with the primary anti-
bodies, including rabbit polyclonal anti-GFP Alexa Fluor 488
(Molecular Probes) at a 1:500 dilution and rabbit polyclonal anti-
collagen type I (Calbiochem, San Diego, http://www.emdbiosci-
ences.com) at a 1:500 dilution; rat monoclonal anti-mouse CD34
(MECI14.7; HyCult Biotechnology, Uden, Netherlands, http://
www.hbt.nl) ata 1:10 dilution; rabbit polyclonal anti-C-kit (Santa
Cruz Biotechnology, Santa Cruz, CA, http://www.scbt.com) at a
1:100 dilution; and rabbit polyclonal anti-a-SMA (Lab Vision,
Fremont, CA, http://www.labvision.com) at a 1:50 dilution. After
washing the sections, either Alexa Fluor 546 goat anti-rat IgG
or Alexa Fluor 546 goat anti-rabbit IgG (Molecular Probes) was
used as the secondary antibody. Frozen sections were cut into 5-
wm thick sections and were fixed in 10% formaldehyde for 5 min-
utes. Endogenous peroxidases were inactivated with 3% H,0, in
methanol. Sections were incubated with the primary antibodies,
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including rabbit polyclonal anti-GFP Alexa Fluor 488 at a 1:500
dilution; rat monoclonal anti-mouse CD45 (30-F11; eBioscience,
San Diego, http://www.ebioscience.com) at a 1:200 dilution;
and rat monoclonal anti-mouse Thy 1.2 (53-2.1, BD Bioscience,
Franklin Lakes, NJ, http://www.bdbioscience.com) at a 1:50 dilu-
tion. After washing the sections, Alexa Fluor 546 goat anti-rat IgG
was used as the secondary antibody. Before mounting, all sections
were stained with DRAQS (Alexis Biochemical, Lausen, Swit-
zerland, hitp://www.alexis-corp.com) for the discrimination of
nucleated cells.

After mounting, the sections were examined using an LSM5
Pascal confocal imaging system (Carl Zeiss, Jena, Germany, http:/
www.zeiss.com). The sections were examined using an inverted
microscope with an excitation wavelength of 488 nm for Alexa
Fluor 488, 568 nm for Alexa Fluor 546, and 633 nm for DRAQS.
Confocal images were stored as digital files and viewed using Pho-
toshop (Adobe, Mountain View, CA, http://www.adobe.com).

Laser Capture Microdissection and Reverse
Transcription Polymerase Chain Reaction (RT-PCR)
To confirm the specificity of immunofluorescence with collagen
type I, RT-PCR was performed on fibroblasts staining positive
and negative for GFP using material obtained by the laser capture
microdissection system (PixCell-I1; Arcturus, Mountain View,
CA, http://www.arctur.com). In brief, the dehydrated 10-pum fro-
zen tissue section was overlaid with a thermoplastic membrane
mounted on optically transparent caps, and GFP* and GFP- fibro-
blasts (each corresponding to 500 to 1,000 cells) were captured
by focal melting of the membrane through laser activation. The
captured tissues were then immersed in denaturation Trizol solu-
tion (Life Technologies, Gaithersburg, MD, http://www.lifetech.
com), and total RNA was extracted. RNA was redissolved in
10 plof oligo(dT)yo primer solution, and cDNAs were synthesized
using the ThermoScript RT-PCR system (Life Technologies) in a
final volume of 20 p1. One pl of cDNA solution was subjected to
40 PCR cycles of 10 seconds at 95°C, 10 seconds at 53°C-65°C,
and 5-15seconds at 72°Cina 10-ul mixture containing 2.25 mM
MgCl;and 0.25 uM each of forward and reverse specific primers,
The primer sequences were as follows:

Collagen type I: forward: 5'-CTACTCAGCCGTCTGTGCCT-3
reverse: 5'-GGCAGG GCCAATGTCTAGT-3'

GFP: forward: 5'-AAGTTCATCTGCACCACCG-3'; reverse:
5S“TCCTTGAAGAAG ATGGTGCG-3'

GAPDH: forward: 5" TTGAAGGTAGTTTCGTGGAT-3";
reverse: 5-GAAAATCTG GCACCACACCTT3'

Assessment of the Immunohistochemistry and Double
Immunofiuorescence Findings

The proportions of BM-derived fibroblasts were determined
by the ratio of GFP* fibroblasts (GFP-Fbs) to the total number

— 180 —



702 Bone Marrow—-Derived Fibroblasts Recruited into Fibrotic Lesions

of tissue fibroblasts. The fields for cell counting were randomly
selected in each tissue of BMT mice (n=3 or 4). Atleast 100 fibro-
blasts were counted in each high-power field (x400), and each
numerical value was averaged. The proportion of both GFP and
each fibroblast marker (CD34 , C-kit, CD45, Thy-1,and a-SMA)
fibroblasts to the total GFP-Fbs was analyzed by the overlay
image of the three fluorescent images (GFP, fibroblast marker,
and DRAQS). At least 10 fields were randomly selected in each
tissue for cell counting. At least 100 GFP-Fbs were counted in
each high-power field (x400), and each numerical value was
averaged. All data are presented as mean + SEM. Comparison
between groups was made using two-way analysis of variance. p <
.05 was considered statistically significant.

REsvurrs

Recruitment of BM-Derived Fibroblasts into
Noninjured Skin and Lung

Sublethally irradiated mice were injected with 1 x 107 GFP-
fabeled BM cells. GFP phenotyping of BM cells from the recipi-
ent mice demonstrated that their marrows had beenreconstituted
by high levels (>80%) of donor cells 4 weeks after BMT (data
not shown). Since sublethal irradiation may induce sequential
events of tissue damage, we first evaluated the effects of irradia-
tion on the skin and lung of the BM chimera mice. Histological
examination revealed essentially normal skin and lung architec-
ture without fibrosis, although mild perivascular inflammatory
cellinfiltration was pointed out. Since we focused on fibroblasts
as cells with pivotal roles in the fibrosis, BMT in the process of
creating BM chimera mice had no significant effects on the mor-
phological analysis of the fibrotic process of the skin and lung.
An antibody specific for GFP was used to investigate whether
fibroblasts were of BM origin. In the skin of BM chimera mice,
GFP-Fbs were mainly found adjacent to striated muscle of the
dermis (Fig. 2 A~C). The frequency of GFP-Fbs within the total
skin fibroblast was 8.7% = 4.6%. In the lung, GFP-Fbs were
found located around the bronchus and the vessels within the
bronchovascular bundle (Fig. 2 D~F). The frequency of GFP-
Fbswas 8.9% 2.5 % (Table 1).

Increased Recruitment of BM-Derived Fibroblasts into
Fibrotic Lesions Induced by Cancer Implantation and
Excisional Wounding

After implantation of a transplantable human large cell neuro-
endocrine carcinoma of the lung into the skin, stromal fibrosis
occurred prominently (Fig. 3A~B). Among the fibroblasts around
the cancer nests, numerous fibroblasts showed positive reaction
for GFP, and the frequency of GFP-Fbs was 59.7% = 16.3% (Fig.
3C, Table 2). Upon excisional wounding, the injured area involv-
ing the deeper structure of the dermis and tissue was replaced by
granulation tissue, which is comprised of many inflammatory

cells and fibroblasts. Although GFP-Fbs were observed within
the whole layer of skin, these cells have a tendency to locate in the
deeper layer (Fig. 2 D—F). The frequency of GFP-Fbs per total
fibroblasts was 32.2% = 4.8%. In contrast, within lung fibrotic
lesions induced by bleomycin administration, GFP* cells were
mainly mononuclear cells without spindle cytoplasm, as shown in
Figure 31. The frequency of GFP-Fbs was 7.1% + 2.4%, which was
similar to the frequency found in control lung tissue.

BM-Derived Fibroblasts Expressed Collagen Type I

Deposition of collagen typel is a key characteristic finding in tis-
sue fibrotic processes, and fibroblasts are a well-known major
producer of this molecule. To determine whether GFP-Fbs
express collagen type I and contribute to tissue fibrosis, sections
from cancer implantation and excisional wounding were ana-
lyzed by confocal immunofluorescence microscopy. When ger-
minal center B cells of the spleen in BMT mice were stained with
GFP and type I collagen, numerous B cells showed positive for
GFP, buttype I collagen—positive cells were hardly observed (Fig.
4A). Any GFP* cells could not be detected in the mice reconsti-

A, B

: Cime are
Figure 2. Microscopic appearance of (A—C) skin and (D-F) lung
after bone marrow transplantation. Boxes indicate magnified regions
of the (A, B) skinand (D, E) lung. C and F are serial sections of B and
E, respectively. Arrowhead indicates GFP* fibroblasts. Abbrevia-
tions: GFP, green fluorescent protein; H.E., hematoxylin and eosin.

&

Table 1. Population (%) of green fluorescent protein—positive (GFP*)
fibroblasts

% Population

Skin

Noninjured 87146

Cancer implantation 59.7+16.32

Excisional wounding 32248
Lung

Saline 89+25

Bleomycin 71+24

Dataare shown as the percentage of GFP* fibroblasts in whole fibro-
blasts of skin and lung. Data represent the mean + SEM from three
or four mice with bone marrow transplantation.

ap<.01.
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tuted with GFP~~ (wild-type) marrow cells (Fig. 4B). As shown in
Figure 4C—E, when GFP-Fbs were intermingled with GFP~ fibro-
blasts within cancer implantation (Fig. 4C), excisional wounding
(Fig. 4D), and noninjured skin (Fig. 4E), both GFP positive and
negative fibroblasts expressed type I collagen. This phenomenon
was further confirmed using microdissection analysis. Microdis-
sected dermal fibroblasts of the mouse without BMT expressed
type I collagen mRNA but did not express GFP mRNA (Fig. 4F,

e

Figure 3. Microscopic appearance of skin and lung after (A-C) can-
cer implantation, (D-F) excisional wounding, and (G-I) bleomycin
administration. Boxes indicate magnified regions of the skin after
(A, B) cancer implantation, (D, E) excisional wounding, and (G, H)
bleomycin administration. C, F, and I are serial sections of B, E, and
H, respectively. Note that numerous GFP* fibroblasts are found in the
fibrotic lesions induced by (C) cancer implantation and(F) excisional
wounding, whereas few are found in (f) bleomycin administration.
Abbreviation: H.E., hematoxylin and eosin.
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left lane). Microdissected GFP-Fbs around the cancer nests of
BMT mice expressed both collagen type  and GFP mRNA (Fig.
4F, right lane). These results indicated that BM-derived fibro-
blasts produce type I collagen and contribute to tissue fibrosis.

Phenotype of BM-Derived Fibroblasts Within Fibrotic
Lesions in the Skin
We assessed further phenotypes of GFP-Fbs with respect to their

Figure 4. Colocalization of green fluorescent protein (GFP) and
type I collagen on fibroblasts in the fibrotic lesions induced by can-
cer implantation and excisional wounding. (A): Germinal center
B cells of the spleen in bone marrow—transplanted (GFP Tg) mice
were stained with GFP and type I collagen. (B): Fibroblasts in can-
cer-induced stroma in the mice reconstituted with GFP-~ (wild-type)
marrow cells were stained with GFP and type I collagen. (C-E):
Fibroblasts in (C) cancer implantation, (D) excisional wounding,
and (E) noninjured skin were stained with GFP and type I collagen.
The upper left panel shows GFP fluorescence. The upper right panel
shows cells immunostained with anti-type I collagen antibody in the
same area. The lower left panel shows cells stained with DRAQS for
the discrimination of nucleated cells. The lower right panel shows
a composite of both fluorophores. (F): Reverse transcription poly-
merase chain reaction analysis of type I collagen gene in microdis-
sected GFP* fibroblasts. GFP- fibroblasts also expressed type [ col-
lagen transcripts.

Table 2. Summary of phenotypes (%) of green fluorescent protein—positive (GFP*) fibroblasts

Thy-1

CD34 C-kit CDhd5 a-SMA

Skin
Noninjured 0x0 37.5+3.5 62.6+15.2 0+0 272+52
Cancer implantation 0+0 43155 49.1+6.1 00 57421
Excisional wounding 0+0 38.5+6.3 46.7+2.8 0+0 28.3+5.0

Lung
Saline 0x0 35.0+12.0 30.1£3.9 00 142+2.5
Bleomycin 0+0 43.4+11.8 34.2+10.0 0+0 18.3£5.8

Data are shown as the percentage of CD34*, CD45*, Thy-1*, C-kit*, and a-SMA* fibroblasts in GFP* fibroblasts. Data represent the mean £

SEM from three or four bone marrow chimera mice.
ap=.002
Abbreviation: a-SMA, o.-smooth muscle actin.
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potential identity with previously identified fibroblast phenotypes.
Double immunofluorescence staining for GFP and fibroblast
markers (including CD34, C-kit, CD45, Thy-1, and a-SMA) was
performed with the sections from cancer implantation, excisional
wounding, and noninjured skin. We could not determine any GFP*/
CD34* or GFP*/C-kit* fibroblasts within the fibrotic lesions of the
skin. As shown in Figure 5, some GFP-Fbs showed CD45, and
these double-positive cells were intermingled with GFP*/CD45-
fibroblasts, The ratio of GEP*/CDA45* fibroblasts per GFP-Fbin the
cancer-induced stroma and in the granulation tissue produced by
excisional wounding was 43.1% = 5.5% and 38.5% + 6.3%, respec-
tively (Fig. 5A, D). GFP-Fbs in noninjured skin also expressed
CD45 in similar proportion (37.5% = 3.5%) (Fig. 5G; Table 2). The
cancer-induced stroma and granulation tissue induced by exci-
sional wounding contained GFP*/Thy-1* fibroblasts, and the fre-
quency of double-positive cells per GFP-Fb was 49.1% = 6.1% and
46.7% = 2.8%, respectively (Fig. 5B, E). GFP*/Thy-1* fibroblasts
were also found in noninjured skin, and its frequency was 62.6%
+15.2 % (Fig. 5H). The frequency of GFP*/a-SMA* fibroblasts

A

GFP-CD45 GFP-Thy-1 GFP-0-SMA
Figure 5. Colocalization of (A, D, G) green fluorescent protein
(GFP)/CD45, (B, E, H) GFP/Thy-1, and (C, F, I) GFP/ a-smooth
muscle actin (a-SMA) on fibroblasts in the fibrotic lesions induced by
cancer implantation (A—C) and excisional wounding (D-F), as well
as (G-T) fibroblasts in noninjured skin. The upper left panel shows
GFP fluorescence. The upper right panel shows cells immunostained
with CD45, Thy-1, or a-SMA antibody in the same area. The lower
left panel shows cells stained with DRAQS for the discrimination of
nucleated cells. The lower right panel shows a composite of both fluo-
rophores.

(BM-derived myofibroblasts) per GFP-Fb in the cancer-induced
stroma was 57.4% = 2.1%, and this frequency was significantly
higher than that in noninjured skin (27.2% = 5.2%; p = .002) (Fig.
5C, I; Table 2). To further confirm whether BM-derived fibroblasts
express CD45 and Thy—l', we performed immunohistochemical
staining for GFP/a-SMA/CDA45, and GFP/a-SMA/Thy-1 inserial
sections of cancer-induced stroma. In these sections, almost all
spindle cells showed positive for both GFP and a-SMA, indicat-
ing that these cells are BM-derived myofibroblasts. Within this
area, many CD45* spindle cells (Fig. 6A) and Thy-1* spindle cells
(Fig. 6B) were observed. These results showed that BM-derived
(myo)fibroblasts express CD45 and/or Thy-1.

DiscussioN

Fibroblasts that enter and proliferate within fibrotic lesions had
been thought to be of residual tissue origin; however, recent stud-
ies revealed that BM can be a source of fibroblast. The findings
described by the previous reports and the current study could be
a significant development toward understanding the potential
effects of the BM-derived fibroblasts on the pathogenesis of tissue
fibrosis. Controversy remains upon pulmonary fibrosis induced
by bleomycin administration. Hashimoto et al. [29] reported that
in the lung injury model induced by bleomycin, a significant num-
ber of BM-derived fibroblasts migrated into the fibrotic lesionin
response to a factorreleased by lung injury. In contrast, we barely
found a small number of GFP-Fbs (7.1% + 2.4%), whereas many
GFP*inflammatory cells existed in the fibrotic lesion. To confirm
this result, we isolated and cultured fibroblasts from bleomycin-
treated lung tissues, and the population of fibroblasts expressing
GFP was examined by flow cytometry. The frequency of GFP*
fibroblasts was about 7.3%, which was similar to the result found
by immunohistochemical analysis. The reason for the discrep-

ancy was unclear; however, the differences in the contribution of
BM-derived fibroblasts might be caused by the different methods
of irradiation or different doses of drugs.

o ) cur ibiA
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Figure 6. Immunohistochemical detection of CD45* bone mar-
row (BM)—derived fibroblasts and Thy-1* BM-derived fibroblasts.
(A): Green fluorescent protein (GFP), alpha-smooth muscle actin
(0-SMA), and CD45 staining of serial sections of cancer-induced
stroma. (B): GFP, a-SMA, and Thy-! staining of serial sections of
cancer-induced stroma.
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As fibroblastis akey producer of collagen and has a central role
in tissue fibrosis, we examined whether BM-derived fibroblasts
also produce type I collagen. Almost all of the BM-derived fibro-
blasts within a fibrotic lesion induced by cancer implantation and
excisional wounding expressed type I collagen (Fig. 4A, B). Con-
sidering the fact that significant numbers of BM-derived fibroblasts
were present within the cancer stroma (59.7% = 16.3%) and wound
healing tissue (32.2% =+ 4.8%), these results argue for the major
direct role for these cells in the process of pathological fibrosis.

To define the further phenotypic signatures of BM-derived
fibroblasts in vivo, we performed double immunofluorescence
analysis. It should be noted that GFP-Fbs within both fibrotic
lesion and dermis of the noninjured skin expressed in varying
degrees of CD45, Thy-1, and a-SMA, indicating BM-derived
fibroblasts were heterogenous with respect to phenotypic fea-
tures. Although CD45 has been considered to be a lineage-
restricted pan-hematopoietic marker [31, 32] and CD45* mouse
marrow stromal cells could not be detected in vitro culture in our
preliminary experiment (data not shown), recent study showed
that human BM mesenchymal cells expressed CD45 in vivo and
were dramatically downregulated by in vitro culture [33]. Singer
etal. [34] reported that the BM stromal cell line generated by SV-
40 transformation expressed hematopoietic markers, including
CDA45. In the current study, the frequency of CD45* fibroblasts
per GFP~ fibroblast was 29.2% + 0.6% (data not shown), whereas
the frequency of CD45" fibroblasts per GFP-Fb within cancer
stroma and wound-healing tissue was 52.9% = 15.9% and 66.1%
* 3.9%, respectively. Therefore, given that mesenchymal stem
cells are the source of BM-derived fibroblasts, CD45 might be a
candidate marker of BM-derived fibroblasts in this model. Fur-
thermore, the presence of a significant proportion of CD45-BM-
derived fibroblasts would be explained by the possibility that BM-
derived fibroblasts are of heterogenous origin or that CD45 might
be downregulated within fibrotic microenvironments.

Thy-1is a cell-surface glycoprotein, whose function remains
ill-defined. Human fibroblasts were heterogeneous with respect
to surface Thy-1 expression [35-37]. Thy-1* and Thy-1- subsets
showed functionally distinct subpopulations in inflammatory
cytokine production, prostaglandin production, CD40 expression
[35,36], and lineage differentiation [37], suggesting that the bal-
ance between these populations might contribute to tissue homeo-
stasis. We investigated whether BM-derived fibroblasts within
fibrotic lesions belong to either the Thy-1* or the Thy-1- subpopu-
lation. We found, however, that BM-derived fibroblasts comprised
both Thy-1* and Thy-1- subpopulations to the same degree. There-
fore, BM-derived fibroblasts are phenotypically heterogeneous
with respect to the Thy-1 expression, which may have important
consequences in the pathogenesis of fibrotic process.

A subpopulation of fibroblasts has been reported to express o.-
SMA, and these cells are called myofibroblasts. Myofibroblasts
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have been observed in normal and pathological situations and are
considered responsible for the contractile forces that close wound
margins. The frequency of GFP*/a-SMA* per GFP-Fb within
cancer-induced stroma was 59.3% = 2.0%, and this frequency was
significantly higher than that found within the dermis of nonfi-
brotic skin (37.4% = 8.5%). In our data, the proportion of a-SMA*
fibroblasts was variable and depended on the cancer characteris-
tics (unpublished data). This phenomenon might be explained by
the persistent provision of mediators such as transforming growth
factor—beta and tumor necrosis factor-a secreted by cancer cells,
which are implicated in maintaining myofibroblast formation.

Early studies described the presence of fibroblasts in nor-
mal peripheral blood, termed circulating fibrocytes. Circulating
fibrocytes comprise 0.1%—0.5% of the human nonerythrocytic
cell population in peripheral blood [38, 39]. Thus it is possible to
speculate that BM-derived fibroblasts are identical with the pop-
ulation of circulating fibrocytes. However, the results obtained
here revealed that BM-derived fibroblasts and circulating fibro-
cytes showed different phenotypes, since circulating fibrocytes
express both CD45 and CD34, whereas BM-derived fibroblasts
in our model express CD45 but not CD34. Furthermore, previous
reports described that when using sex-mismatched BM chimera
mice, circulating fibrocytes originated from the host tissue, not
from transplanted marrow celis. It would be interesting to exam-
ine whether BM-derived fibroblasts and circulating fibrocytes
are from the same source.

The results that GFP-Fbs could also be found in subcutaneous
tissue of noninjured skin and lung suggested that BM can poten-
tially contribute to the turnover of fibroblasts and are involved
in tissue homeostasis. However, it must be kept in mind that this
occurred in the context of sublethal irradiation and BMT.

Increased research on fibroblasts has made clearer the con-
cept of subset specialization of fibroblasts. Further studies about
the phenotypical and functional analyses of BM-derived fibro-
blasts would help us gain insight into the pathogenesis of the
fibrotic process.
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