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Background & Aims: Bone marrow (BM) cells may trans-
differentiate into or fuse with organ parenchymal cells.
BM therapy shows promise in murine models of cirrho-
sis, and clinical trials of bone marrow stem cell therapy
for organ healing are underway. However, the BM may
contribute to scar-forming myofibroblasts in various or-
gans including the liver. We have studied this axis of
regeneration and scarring in murine models of cirrhosis,
including an assessment of the temporal and functional
contribution of the BM-derived myofibroblasts. Methods:
Female mice were lethally irradiated and received male
BM transplants. Carbon tetrachloride or thioacetamide
was used to induce cirrhosis. BM-derived cells were
tracked through in situ hybridization for the Y chromo-
some. BM transplants from 2 strains of transgenic mice
were used to detect intrahepatic collagen production.
Results: In the cirrhotic liver, the contribution of BM to
parenchymal regeneration was minor (0.6%); by con-
trast, the BM contributed significantly to hepatic stellate
cell (68%) and myofibroblast (70%) populations. These
BM-derived cells were found to be active for collagen
type 1 transcription in 2 independent assays and could
influence the fibrotic response to organ injury. These
BM-derived myofibroblasts did not occur through cell
fusion between BM-derived cells and indigenous hepatic
cells but, instead, originated largely from the BM’s mes-
enchymal stem cells. Conclusions: The BM contributes
functionally and significantly to liver fibrosis and is a
potential therapeutic target in liver fibrosis. Clinical trials
of BM cell therapy for liver regeneration should be vigi-
lant for the possibility of enhanced organ fibrosis.

here have been claims that bone marrow (BM) stem

cells may differentiate into cells within organs previ-
ously thought to regenerate only from local tissue stem
cells.’=4 However, this so-called “plasticity” may be limited
in extent or result from the fusion of BM-derived cells and
recipient somatic cells.>¢ In the liver, BM transplant has
been shown to cure the fumarylacetoacetate hydrolase-
deficient (Fah™/~) mouse, a murine model of hereditary

tyrosinemia.” Initially thought to occur through stem
cell plasticity,® this cure was later shown to occur
through cell fusion of donor BM-derived macrophages
with the recipient hepatocytes. Although the therapeutic
repopulation of liver parenchyma by BM-derived hepa-
tocytes in a mouse model of cirrhosis is reported,® this
has not been found in similar liver damage models.’-12
There has been recognition that many nonparenchymal
cell populations are at least in part of BM origin, such as
the hepatic endothelium!? and scar-associated macro-
phages.'4 Hepatic stellate cells occupy the space of Disse;
following injury, they become activated into a myofibro-
blast phenotype and produce collagen.'>-'7 Stellate cells
have been thought to be of neural crest origin; however,
recent data indicate that their histogenesis may be more
complex. Circulating BM-derived myofibroblasts are
prominent in a number of organs.'®-2° Hepatic stellate
cells of BM origin have been identified in mouse mod-
els,?! and a proportion of hepatic myofibroblasts are of
BM origin in human liver fibrosis.?? Fractionated BM
injections have been used in a murine model to amelio-
rate CCly-induced liver fibrosis.?> Studies such as this
have encouraged the investigation of BM therapy in
chronic organ injury and regeneration.?* Knowledge of
the specific BM-derived cells mediating both the profi-
brotic and therapeutic response in injured organs is
critical for the rational planning of clinical trials of BM
stem cell therapy.

Here, we have examined the temporal, quantitative,
and functional role of BM-derived myofibroblasts in the
carbon tetrachloride (CCly) and thioacetamide (TAA)

Abbreviations used in this paper: a-SMA, a-smooth muscle actin;
B-gal, B-galactosidase; BM, bone marrow; CCl,, carbon tetrachloride;
FISH, fluorescent in situ hybridization; GFAP, glial fibrillary acidic pro-
tein; HSC, hematopoietic stem cells; MSC, mesenchymal stem cells;
TAA, thioacetamide; ISH, in situ hybridization.
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mouse models of liver fibrosis. We show that, following
liver damage, the BM supplies increasing numbers of
hepatic stellate cells and myofibroblasts and that these
BM-derived hepatic myofibroblasts are of mesenchymal
stem cell (MSC) origin and contribute functionally to
liver fibrosis. We show that, by altering the source of
donor BM used in the transplant experiments, we could
modulate the liver’s fibrotic response to injury. This
suggests that the BM may be a potential therapeutic
target in fibrotic diseases affecting the liver and other
organs.

Materials and Methods
Mouse Models

All animal work was carried out under procedural and
ethical guidelines of the British Home Office. To determine
the contribution of the BM to hepatic stellate cells and myo-
fibroblasts during the development of cirrhosis, we performed
sex mismatched BM transplantations from male donor mice
into female recipients; 6-week-old female Balb/c mice received
lethal irradiation (8 Gy in a divided dose 4 hours apart) and
whole BM transplants from 6-week-old male donors. Mice
immediately received a tail vein injection of BM; unless stated,
this was 1 X 10° whole BM cells isolated from flushing the
femur, tibia, and pelvis of male donor mice with a 29-gauge
needle containing phosphate-buffered saline (PBS)/2% fetal
calf serum (FCS). Mice were placed on acidified water, and, 4
weeks later, mice received intraperitoneal (IP) injections of 1
RL per gram body weight of a CCly/olive oil mixture (1:7
ratio, Sigma-Aldrich, Gillingham, United Kingdom) every 5
days. Groups of mice (n = 4 unless stated) were killed at
intervals from O to 12 weeks of CCly, always at 72 hours
following the last injection.

To determine whether BM-derived stellate cells and myo-
fibroblasts were a stable cell population after the recovery of
liver injury, BM transplanted mice that had received 8 weeks
of CCly were allowed to recover for 8 weeks prior to tissue
analysis. A second model of liver damage was also used: female
Balb/c mice received male BM transplants as before; 4 weeks
later, TAA (Sigma, T-8531) was administered IP at 200
mg/kg body weight (diluted in distilled water) 3 times each
week for 4 weeks. Mice receiving TAA (n = 8) and controls
(no damage, n = 4) were killed, and tissue was harvested 3
days after the final dose of TAA.

Cells of BM origin were tracked in liver sections through
the use of fluorescent in situ hybridization (FISH) for the Y
chromosome. In addition, to confirm the FISH analysis in
tissue, male and female control mice and a number of mice that
had received BM transplants and 8 weeks of CCly had stellate
cells isolated from their livers, using collagenase and pronase
digestion followed by density centrifugation.?> FISH was per-
formed on the isolated stellate cells.

To assess whether the BM-derived hepatic myofibroblasts
were capable of intrahepatic collagen transcription, 6-week-old
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female C57/B6 mice (after 10 Gy irradiation in a divided dose
4 hours apart) underwent transplantation with whole BM from
6-week-old male Colla2 mice that express the [3-galactosidase
(B-gal) reporter gene under control of the a2(I) collagen gene
enhancer, giving a direct assay of transcriptional activity for
collagen type 1.2 This mouse model activates the transgene
following CCly injury.?” Control mice received BM transplants
from C57/B6 mice; all mice received 12 weeks of CCly.

To analyze whether BM-derived myofibroblasts can deter-
mine the fibrotic phenotype in liver injury, C57/B6 mice
received BM transplants from Col 1al™ mice (n = 4). These
mice have mutated collagen, which is collagenase resistant,
and, when their livers are injured by CCly, the mice develop
extensive pericellular fibrosis.?® Control mice received BM
transplants from C57/B6 mice (n = 4); all mice received 8
weeks of CCly and were killed 1 week following the final
injection.

To determine whether the hepatic myofibroblasts were of
MSC or hematopoietic stem cell (HSC) origin, 6-week-old
female Balb/c mice were lethally irradiated and received BM
from donor mice as follows: Group 1 received injections of 1.2
X 10° enriched female MSCs and 2.3 X 10° enriched male
HSCs (n = 3). Group 2 received injections of 1.2 X 10°
enriched male MSCs and 2.3 X 10° enriched female HSCs (n
= 3). All mice received 6 weeks of CCly. The contribution of
each BM stem cell fraction to hepatic myofibroblast popula-
tions was assessed by performing immunohistochemistry for
o-smooth muscle actin (a-SMA) together with FISH for the Y
chromosome.

MSC Enrichment

We used Balb/c mice aged 4—6 weeks. Mice were
killed by cervical dislocation at the time of BM harvest. BM
cells were extracted from the tibia and femur by flushing with
culture medium using a 10-mL syringe and a 29-gauge needle.
The cells were then passed through a 70-mm nylon mesh and
were washed 3 times with PBS containing 2% FCS. Next, cell
numbers were counted using a hemocytometer, and cell via-
bility was determined using trypan blue staining. The cells
were plated at a density of 7 X 107 per 150-cm? tissue culture
flask and cultured for 1 week in MSC culture medium (Mes-
enCult medium plus Mesenchymal Stem Cell stimulatory
supplements; Stem Cell Technologies, Vancouver, Canada) at
37°C in a humidified atmosphere of 5% CO, and 95% air. The
culture medium was replaced twice a week to remove the
nonadherent cells. Next, the adherent cells thus obtained were
trypsinized (0.05% trypsin and 0.53 mmol/L EDTA; Gibco
BRL), washed, and used for the experiments. Each recipient
received 1.2 X 10 MSCs via tail vein injection.2®

HSC Enrichment

For HSC isolation and characterization, mouse BM was
obtained by flushing femoral, tibial, and pelvic bones with a
29-gauge needle containing cold PBS/2% FCS. After red blood
cell lysis, the BM cells were counted using a hemocytometer,
and cell viability was determined using trypan blue staining,
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and then washed before double lineage depletion by using the
standard immunomagnetic StemSep protocol (StemSep Mu-
rine Kit; StemCell Technologies) according to manufacturer’s
instruction.?® The antibodies used were against mouse CD5
(clone Ly-1), myeloid differentiation antigen (Gr-1), CD45R
(B220), erythroid cells (TER119), CD11b (Mac-1), and neu-
trophils (7-4) (Stem Cell Technologies). Each recipient re-
ceived 2.3 X 10> double lineage-depleted HSCs via tail vein
injection.

Tissue Analysis: Collagen Staining and
Immunohistochemistry

Sirius red (BDH Laboratory Supplies, Poole, Dorset,
England) staining was performed to identify collagen. To
identify stellate cells, sections were immunostained for glial
fibrillary acidic protein (GFAP; polyclonal rabbit, Z 0334,
DAKO Cytomation Ltd, Cambridgeshire, United Kingdom)
or desmin (monoclonal mouse anti-human desmin, M0760,
DAKO). To identify activated myofibroblasts, sections were
immunostained for ®-SMA (mouse monoclonal Clone 1A4,
A-2547, Sigma, Poole, United Kingdom). To detect B-gal, a
rabbit anti--gal antibody (ab 616, Abcam Ltd. Cambridge,
United Kingdom) was used. Five-micrometer-thick sections
were dewaxed and, when peroxidase detection was used, slides
were incubated with hydrogen peroxide (1.8%) in methanol,
taken through graded alcohol to PBS, and microwaved for 5 to
10 minutes in sodium citrate (2.94 g/L). For GFAP detection,
the slides were also digested with trypsin for 20 minutes at
room temperature. A biotin-blocking step was used (DAKO
X0590). Slides were preincubated in normal rabbit or swine
serum (DAKO D0396) at 1:25 dilution in PBS for 10 min-
utes. The slides were then incubated in primary antibody
(0t-SMA, GFAP, or -gal) at a dilution of 1:4000, 1:500, and
1:500, respectively, in PBS (35 minutes at room temperature
for a-SMA and GFAP detection and overnight at 4°C for
B-gal detection). The secondary antibody was a biotinylated
rabbit anti-mouse (DAKO, E0354) for a-SMA and biotinyl-
ated swine anti-rabbit (DAKO E353) for GFAP and [3-gal
detection, applied for 35 minutes at room temperature. A
tertiary layer of either streptavidin-alkaline phosphatase (AP)
(DAKO D0396) diluted to 1:50 in PBS or streptavidin-
horseradish peroxidase (HRP) (DAKO P0397) diluted to
1:500 in PBS was used for 35 minutes at room temperature.
Sections were washed in PBS between each antibody layer and
developed in Vector Red substrate (Vector Laboratories SK
5100, Peterborough, United Kingdom) or DAB substrate
(Sigma D 5637).

For a-SMA immunohistochemistry prior to FISH for the
both the X and Y chromosomes, the sections were washed in
PBS and then incubated with Cy5-labelled goat anti-rabbit
IgG (Cambridge BioScience 81-6116, Cambridge, United
Kingdom) diluted to 1:100. Sections were again washed in
PBS prior to the FISH protocol. All antibodies (ab) were
diluted in PBS except for the anti 3-gal ab, which was diluted
1:500 in PBS + 1% BSA + 0.1% Tween 20 + 0.1 mmol/L
CaCl..
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Tissue Analysis: In Situ Hybridization

The BM origin of myofibroblasts was confirmed by
FISH for the Y chromosome (STARFISH 1189-YMF; Cam-
bio, Cambridge, United Kingdom). To determine the chro-
mosomal complement of the cells with a myofibroblast
phenotype, we performed FISH for both X (Cy3 labelled,
STARFISH, 1200-MCy3, Cambio) and Y (FITC labelled,
STARFISH, 1189-YMF, Cambio) chromosomes, combined
with immunohistochemistry for ®-SMA using an indirectly
labelled Cy5 signal. Each myofibroblast nucleus was ana-
lyzed using confocal microscopy for the number of signals
from the X and Y chromosomes. Sections were incubated in
1 mol/L sodium thiocyanate for 10 minutes at 80°C, washed
in PBS, and digested in pepsin (0.4% wt/vol) in 0.1 mol/L
HCI at 37°C for 12 minutes. The protease was quenched in
glycine (0.2% vol/wt) in double-concentration PBS, and the
sections were then rinsed in PBS, postfixed in paraformal-
dehyde (4% wt/vol) in PBS, dehydrated through graded
alcohols, and air-dried. The chromosome paints were used
in the supplier’s hybridization mix, added to the sections,
sealed under glass with rubber cement, heated to 60°C-
80°C for 10 minutes, and incubated overnight at 37°C. The
slides were rinsed in 0.5 X SSC and then PBS. The slides
were mounted in Vectashield (Vector Laboratories), except
when sections that were immunostained with the Cy5-
labelled antibody (when Citifluor mounting was used) and
when slides that were processed for in situ hybridization
(ISH) for the Y chromosome probe combined with ISH for
pro(al)I collagen messenger RNA (mRNA) where the pre-
treatments were extensively modified. Then the slides were
washed with PBS and incubated with 1:250 peroxidase-
conjugated antifluorescein antibody (150 U/mL; Boehringer
Mannhein; Indianapolis, IN; http://www.roche-applied-sci-
ence.com) for 60 minutes at room temperature and devel-
oped in DAB substrate. mRNA for pro(a1)I was located by
ISH using an antisense riboprobe synthesised with T3 RNA
polymerase using [3H}-UTP (~ 800 Ci/mmol; Amersham
PLC, Buckinghamshire, UK) and plasmid prepared from
I.M.A.G.E. consortium Clone I.D. 335137 linearized with
EcoRI to yield an antisense probe, which was used without
hydrolysis. The region of sequence used to produce the
riboprobe did not show significant homology to any other
known gene sequences in the database. [PH}-UTP decays
releasing low-energy particles (0.018 MeV) and hence im-
proves spatial resolution (0.5-1.0 wm) compared with 8.
Slides were pretreated with Proteinase K (Sigma P4914: 20
mg/mL in prewarmed PBS for 10 minutes). The presence of
hybridizable mRNA in all compartments of the tissues
studied was established in near serial sections using an
antisense [3-actin probe. Autoradiography was at 4°C, be-
fore developing in Kodak D19 and counterstaining with
hematoxylin. Sections were examined under conventional
light microscopy that allowed individual autoradiographic
silver grains to be seen as black spots and the Y probe as a
nuclear peroxidase label.
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Figure 1. (A) Female Balb/c mice received whole BM transplants at the age of 6 weeks from 6-week-old male Balb/c donor mice. From 4 weeks
post-irradiation groups of mice received CCl, injections to induce cirrhosis. Control mice received no liver damage. (B-D) To confirm that
hematopoietic reconstitution from the donor mouse had occurred, spleens were routinely analyzed for the Y chromosome (B). Here, we can see
that, even at 1 week, the cells are of donor (male) origin (original magnification, X400). To confirm that the irradiation protocol does not deplete
stellate cells were analyzed within the liver, these were analyzed in liver sections using GFAP immunohistochemistry; (C) stellate cells were readily
detected in the livers of irradiated mice at 24 and 48 hours following irradiation (original magnification, X400); (D) quantification revealed no loss
in the number of stellate cells in irradiated mice compared with controls (n = 4 per group).

Microscopy and Image Capture

For light microscopy, a Nikon Eclipse E600 micro-
scope (Nikon UK Ltd., Surrey, UK) was used with a DXM
1200F digital camera. For fluorescent microscopy, slides were
visualized using a Zeiss Axioplan 2 fluorescence microscope
(Carl Zeiss UK Ltd., Hertfordshire, UK) equipped with a
triple bandpass filter. Gray-scale images were collected with a
cooled charge-coupled device camera (Quantix Corporation,
Cambridge, MA) and analyzed using Mastercapture software.
For confocal microscopy, a Zeiss Axiovert 200 M microscope
equipped with a triple bandpass filcer was used; images were
collected with a CCD camera and analyzed with Zeiss LSM
Image Browser software. Image processing was performed
using Adobe Photoshop software (Adobe Systems UK, Ux-
bridge, Middlesex, UK).

Cell Counting

To document the myofibroblast response of the liver to
damage, we analyzed tissue by immunostaining for the myofibro-
blast marker a-SMA combined with FISH for the Y chromosome.
For each mouse liver, sections were analyzed by digitally photo-

graphing 10 consecutive sections at X400 total magnification.
The number of myofibroblasts in each field and the proportion of
BM-derived (Y chromosome positive) myofibroblasts was quan-
tified. Five-micrometer-thick tissue sections may result in the X
and Y chromosome being missed and, therefore, a correction
factor was determined.>' Five male mice received 12 weeks of
CCly treatment then the proportion of hepatic myofibroblasts in
which the Y chromosome could be detected was counted and
found to be 62.3% (n = 5). Therefore, absolute chromosome
counts were divided by 0.623 to give corrected counts, which are
presented throughout. To determine the X and Y chromosomal
ratios within Y chromosome-positive hepatic myofibroblasts, liver
tissue was analyzed from mice that had received 12 weeks of CCly
treatment, with X and Y chromosome detection combined with
immunohistochemistry for ®-SMA. For each animal, 10 random
myofibroblasts were selected in which the nucleus was within the
tissue section as observed by confocal microscopy. Using “z-stack”
scanning through the nucleus, evidence for multiple X and Y
chromosomes within myofibroblast nuclei was sought. Results
throughout the text are expressed as median (range, n = number/

group).
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Figure 2. Photomicrographs of livers from female Balb/c mice that had received BM transplants from male donor mice, and 4 weeks later,
the mice received CCl, injections for 12 weeks to induce cirrhosis. Column 1 shows liver after 1 week of CCl, (A, D, G, J). Column 2 shows
liver after 6 weeks CCly (B, E, H, K). Column 3 shows liver after 12 weeks CCl, (C, F, I, L). H&E-stained sections show the developing liver
damage with nodules (A-C). Collagen staining (Sirius red) demonstrates the formation of extensive collagen in the livers over the 12-week
period (D-F) (original magnification, X100). Immunostaining for stellate cells (GFAP, brown) shows the location of stellate cells
predominantly in the areas of tissue damage (G-/) (original magnification, X400). Immunostaining for myofibroblasts (a«-SMA, brown) shows
the increasing number of myofibroblasts with increasing tissue damage; these myofibroblasts are in the area of scarring surrounding the

nodules (J-L) (original magnification, X200).

Results

We confirmed that, following lethal irradiation
and BM transplantation, hematologic reconstitution was
complete: the spleens of all the female recipient mice
showed reconstitution by male cells (Figure 1B). We
confirmed that the indigenous stellate cells in the recip-
ient mice were not damaged by the irradiation; stellate
cells (red) can be seen in the liver of a mouse 48 hours
following lethal irradiation, and total numbers of stellate
cells were quantified in groups of mice at 0, 24, and 48
hours after irradiation, which confirmed no depletion of
stellate cell numbers. We therefore concluded that the

irradiation and transplant model was valid and reflected
the situation in nonirradiated nontransplanted mice.

Following transplantation initially, there were no stel-
late cells of BM origin at 1 week (n = 4) and 2 weeks (n
= 4); however, stellate cells of BM origin could be
detected by 4 weeks post-BM transplantation, at a fre-
quency of 14.4% (range, 2; n = 4); the proportion of
BM-derived stellate cells remained steady in the absence
of liver damage with 13% (range, 15; n = 4) at 8 weeks
post-BM transplantation.

We then sought to assess the role of the BM in the
damaged liver. Cirrhosis was induced by the administra-
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Figure 3. (A-G) Photomicrographs of livers from female mice that have received male BM transplants. (A) In undamaged liver, scattered
GFAP-positive (red) stellate cells can be seen; only a few of these cells contain signals for the Y chromosome (green, arrow). (B) Liver from an
animal that received 6 weeks of CCly; in the areas of scarring, there are GFAP-positive (red) stellate cells that are frequently positive for the Y
chromosome (original magnification, X400). (C) The total numbers of GFAP-positive stellate cells and (D) the proportion of stellate cells from the
BM seen during the development of cirrhosis (compared with animals without liver damage at 8 weeks post-BM transplant). To confirm the tissue
analysis, stellate cells were isolated from the livers of mice that had received 8 weeks CCl,. (E) In female mice, the cells are Y chromosome
negative (F). In male mice, the stellate cells contain the Y chromosome (green spot); and (G) in female mice that received male BM transplants
prior to liver damage, the stellate cells often contained the Y chromosome (green spots, arrows) (original magnification, X400).

tion of CCly over 12 weeks. Hepatic nodules (Figure
2A-C) and bridging fibrosis developed in all livers,
indicated by an increase in intrahepatic collagen staining
(Figure 2D-F). The total numbers of GFAP-positive
stellate cells remained constant during the development
of cirrhosis with 383 (range, 337; n = 4) cells/unit area
in the undamaged liver and 375 (range, 78; n = 4)
cells/unit area after 12 weeks of administration of CCly
(Figure 3C). In the undamaged liver, stellate cells were
evenly distributed throughout the liver, but, by 12
weeks of CCly, stellate cells were found predominantly in
the areas of scarring (Figure 2I). Over the 12 weeks of
liver damage, the proportion of stellate cells from the
BM increased markedly to 68% (range, 19; n = 4) by 12
weeks of liver damage, suggesting an axis of renewal

from the BM (Figure 3D). In contrast, the total number
of a-SMA-positive myofibroblasts/unit area increased in
all mice receiving CCly. In the undamaged liver, no
o-SMA-positive myofibroblasts were identified that were
not associated with hepatic vessels or the liver capsule.
Following 1 week of liver injury, there were 120 (range,
121; n = 4) myofibroblasts/unit area, which increased to
349 (range, 481; n = 4) myofibroblasts/unit area after 12
weeks of CCly (Figure 3L). The myofibroblasts were
found in the areas of scarring, and, by 12 weeks, they
surrounded the hepatic nodules. The proportion of myo-
fibroblasts of BM origin remained constant during the
development of liver fibrosis, being 69% (range, 22; n =
4) at week 1 and 69% (range, 8; n = 4) at week 12
(Figure 3M). After only 1 week of liver damage, 67.8%
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Figure 3 (cont). (H-M) Photomicrographs of female mouse livers that have received whole male BM transplants followed by CCl, injections for
1-12 weeks; a-SMA-positive myofibroblasts (red) can be seen that contain the Y chromosome (green, arrows). (H) These cells are seen in small
groups following 1 week of liver damage and (/) are seen in areas of developing scars by 6 weeks of liver injury (arrows and enlarged box) (original
magnification, X400). (J) After 12 weeks of CCl,, the myofibroblasts are in dense bands associated with the collagen scars surrounding the
regenerative nodules (arrows) (original magnification, X200). (K) Occasional cytokeratin 8/18-positive hepatocytes were identified with single Y
chromosome nuclear signals (arrow) (original magnification, X600). (L) The total hepatic myofibroblast density (a-SMA-positive cells) increases
significantly during the development of cirrhosis. (M) The proportion of myofibroblasts from the BM remains relatively constant throughout the
development of cirrhosis. Figure shows median values (line), interquartile range (boxes), and range (whiskers).

of the hepatic myofibroblasts were of BM origin, and this
remained unchanged during the formation of cirrhosis.
At this time, only 11.6% of the stellate cells were BM
derived (1 week of liver injury). This could indicate 2 or
more sources of BM-derived hepatic myofibroblasts: first,
a path via the hepatic stellate cells and, second, a direct
pathway from the BM. An alternative explanation for
these findings could be that BM-derived stellate cells are
preferentially activated in liver injury.

We sought evidence of “BM-derived” hepatocytes. In
mice that had received 12 weeks of CCly, only 0.6%
(range, 0.8; n = 7) of hepatocytes had nuclear Y chro-
mosome signals; in control animals with no liver damage
(sham CCly for 12 weeks), no Y chromosome-positive
hepatocytes were found (n = 5). We only found single Y
chromosome signals in the positive hepatocyte nuclei,
(Figure 3K) in contrast to the X chromosome signals,

which were invariably multiple. This apparent imbalance
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Figure 4. The stability of the BM-derived stellate cells and myofibroblasts in a liver injury-recovery model. Six-week-old female mice received
whole male BM transplants from 6-week-old male donor mice. Four weeks later, the mice received CCl, injections every 5 days for 8 weeks. Mice
were allowed to recover for 8 weeks and then killed and the livers analyzed. (A) H&E-stained sections show only minimal nodularity within the
liver (original magnification, X100). (B) Stellate cells (GFAP, brown) are seen throughout the liver parenchyma (arrows) (original magnification,
X 200). (C) Desmin-positive myofibroblasts (brown, arrows) were located predominantly in areas of tissue damage (original magnification, X200).
(D) a-SMA-positive cells (brown) were found only in association with the hepatic vessels (original magnification, X200). (E) Collagen staining (red)
demonstrates the presence of thin residual collagen bands in the livers (original magnification, X100). (F) GFAP-positive stellate cells (red) can
be seen that contain the Y chromosome (green) (original magnification, X400). (G) Desmin-positive cells (red) can be seen that contain the Y
chromosome (green) (original magnification, X400). (H and /) The numbers of stellate cells/myofibroblasts per 10 high-power fields and the
proportions of stellate cells/myofibroblasts of BM origin following the recovery from injury for each cell phenotype. Figure shows median values
(line), interquartile range (boxes), and range (whiskers).

would be in keeping with a cell fusion event between a Following 8 weeks recovery, the livers had only min-
BM-derived cell and a polyploid hepatocyte, although  imal nodularity and fine residual collagen bands (Figure
this was not formally assessed because 5-pum tissue sec-  4A and E). GFAP-positive stellate cells were distributed
tions do not include the whole of the hepatocyte nucleus.  evenly throughout the liver parenchyma, and, again, the
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Figure 5. A second model of liver fibrosis was used to induce liver damage (4 weeks TAA) in female mice that had previously received male BM
transplants. (A) H&E staining shows the early development of hepatic nodularity (original magnification, X200); (B) collagen staining (Sirius red)
shows the development of collagen bands (arrows) (original magnification, X200), and (C) hepatic hydroxyproline is increased over control
(undamaged) mice. (D) «-SMA-positive myofibroblasts are seen in the liver (red, arrows) (original magnification, X200); (E) these hepatic
myofibroblasts were frequently of BM origin (Y probe positive, green, arrows [original magnification, X400] and enlarged examples in red boxes).

total numbers of stellate cells/unit area remained con-
stant (Figure 4B). The proportion of stellate cells of BM
origin fell to 16% (range, 8; n = 4), suggesting an
intrahepatic source of renewal. The only oi-SMA-positive
cells seen in these livers were associated with vessels
(Figure 4D). We did, however, identify a population of
desmin-positive cells (Figure 4C) that were predomi-
nantly found in areas of residual scarring, and 42%
(range, 11; n = 4) of these cells were of BM origin
(Figure 4I). These results suggest that the hepatic stellate
cell-myofibroblast populations are heterogeneous in ori-
gin and phenotype and that both intrahepatic and BM-
derived sources are important in the development of
fibrosis.

To confirm the importance of the BM in supplying
myofibroblasts to the damaged liver, another model of
liver injury was tested (TAA). Here, we confirmed in our
BM transplant model that, following 4 weeks of TAA,
there was an increase in hepatic collagen and parenchy-
mal myofibroblasts (Figure 5); again following 4 weeks
damage, the hepatic myofibroblasts were frequently
found to be of BM origin at 33.9% (range, 7; n = 8).

We sought to define the functionality of the BM-
derived myofibroblasts. We found (3-gal-positive cells in

the areas of liver scarring in mice that had received BM
from Colla2 mice but not in mice that had received
wild-type BM (Figure 6A and B). When B-gal immu-
nostaining was combined with FISH for the Y chromo-
some, this confirmed that the 3-gal-positive cells were of
BM origin (Figure 6C and D), indicating that the BM-
derived myofibroblasts were transcriptionally active for
collagen type 1. These B-gal-positive cells were slightly
less common at 161.5 cells/unit area (range, 110; n = 6)
compared with the absolute numbers of BM-derived
a-SMA-positive myofibroblasts seen at 226.3 cells/unit
6), which may indicate that not all
myofibroblasts are actively transcribing collagen at a

area (range, 87; n =

single time point. We also assessed collagen transcrip-
tion using an independent technique: we performed ISH
for mRNA for pro(a1)I collagen together with FISH for
the Y chromosome and immunohistochemistry for
o-SMA in livers from the female mice that received male
BM transplants and 12 weeks CCly. We again identified
collagen transcription in the scar areas of liver that could
be localized to BM-derived myofibroblasts (Figure 6E
and F).

Mice that received BM from the Col lal™ mice de-

veloped extensive and characteristic pericellular fibrosis
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BM from Col1a2 donor BM from C57/B6 donor
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Figure 6. To assess whether the BM-derived myofibroblasts are active for collagen transcription, we performed BM transplants into C57 /B6 mice
from Col1a2 mice. These mice express the B-gal reporter gene under control of the a2(l) collagen gene enhancer Colla2. Four weeks later, the
mice received CCl, for 12 weeks. Photomicrographs of liver from female C57/B6 mice that had received BM transplants from either (A and C)
male Colla2 mice or (B and D) male C57/B6 mice and then received 12 weeks of CCl,. (A and B) Sections have been immunostained for B-gal
(brown), indicating that collagen transcription from BM-derived cells is seen in the mice that received BM from the Col1a2 mice. No B-gal
immunopositivity is seen in the control mice that were transplanted with wild-type BM. (C and D) Sections have been immunostained for B-gal
with alkaline phosphatase detection (red) followed by FISH for the Y chromosome. The mice receiving BM from the Col1a2 donor mice have B-gal
positive (red) cells associated with areas of scarring that are positive for the Y chromosome (green) confirming that the cells producing collagen
(B-gal positive) are from the BM. Control mice have BM-derived cells in areas of scarring but have no B-gal immunopositivity (original
magnification, X400). Using an independent technique, we assessed collagen transcription in livers from the female mice that have received
whole male BM transplants and 12 weeks CCl,. Sections were processed using ISH for mRNA for pro(al)l. (E) This revealed active collagen
transcription in the scar areas of liver (black spots, arrows). (F) When this was combined with ISH for the Y chromosome and «-SMA
immunostaining, we identified BM-derived (peroxidase brown nuclear signal) myofibroblasts (red) that were active for collagen transcription (black
spots, arrows, and enlarged cell in the inset) (original magnification, X600).
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typical of the Col 1al™ mouse, unlike control mice that
had more restricted linear collagen deposition with less
pericellular collagen (Figure 7A and D). Hydroxyproline
quantification in the 2 groups revealed that the mice
receiving the mutant BM transplants had a higher level
of hepatic hydroxyproline (Figure 7E). The myofibro-
blasts seen within these areas of scarring were BM de-
rived (Figure 7C); the total proportion of myofibroblasts
of BM origin was 63% (range, 8; n = 4) in the mice
receiving BM from the Col 1al™ mice and 48.9% (range,
8; n = 4) in the mice receiving BM from the C57/B6
mice. This suggests that the genotype of the BM-derived
myofibroblasts can influence the injured organ’s fibrotic
response and indicates that the BM is a potential thera-
peutic target in organ fibrosis.

We sought evidence of cell fusion between BM-de-
rived cells and stellate cells/myofibroblasts because fusion

BONE MARROW-DERIVED LIVER FIBROSIS 1817
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Figure 7. To determine whether the BM can carry the fibrotic pheno-
type in liver injury, C57/B6 mice received BM transplants from Col
1al™ mice. These mice have mutated collagenase-resistant collagen,
and, when their livers are injured by CCl,, the mice develop extensive
pericellular fibrosis. The photomicrographs demonstrate the livers of
female C57/B6 mice that had received BM transplants from (A-C)
male Col 1al™ mice or (D) male C57/B6 mice followed by CCly
injections for 8 weeks. (A) Collagen staining (red) (original magnifica-
tion, X200) and (B) immunostaining for myofibroblasts (a-SMA,
brown) demonstrates the formation of extensive collagen in the livers
over the 8week period, with characteristics of pericellular fibrosis
typical of the Col 1a1™ mouse. (C) a-SMA-positive myofibroblasts (red)
associated with the scarring frequently contain the Y chromosome
(green) and are therefore of BM origin (original magnification, X400).
(D) Control mice that received BM transplants from C57/B6 donors
had relatively delicate collagen staining (red) in the liver. (E) Hy-
droxyproline assay confirmed the increased collagen deposition in the
mice that have received BM transplants from the Col 1a1™ mice.

can result in BM “derived” hepatocytes.?? Cirrhotic liver
tissue from the sex mismatched BM transplant experi-
ments was analyzed by confocal microscopy for X and Y
chromosomes (10 myofibroblast nuclei per section in the
4 cirrhotic livers) in combination with immunohisto-
chemistry for a-SMA; in no case was a chromosome
pattern indicative of cell fusion (eg, XXXY) seen within
a myofibroblast nucleus. We identified only single X and
Y chromosomes within myofibroblast nuclei, whereas
multiple X chromosome signals were seen in adjacent
hepatocyte nuclei (Figure 8A—D). Although the lack of
multiple or imbalanced X and Y chromosomes does not
definitively rule out cell fusion, cells found arising from
fusion between BM-derived cells and indigenous hepa-
tocytes have multiple unbalanced chromosome copies.??

In the mice that received BM enriched for male MSCs,
53% (range, 13; n = 3) of myofibroblasts contained the Y
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Figure 8. Confocal tissue analysis to seek evidence of cell fusion
between BM cells and intrinsic hepatic myofibroblasts. Female mice
received whole BM transplants at the age of 6 weeks from 6-week-old
male donor mice and 4 weeks later received CCl, injections every 5
days for 12 weeks. Photomicrographs of liver that have been immu-
nostained for a-SMA (blue) followed by FISH for the detection of Y
(green) and X (red) chromosomes. (A) Multiple X signals can be seen
in the polyploid hepatocyte nuclei (arrows), whereas single X and Y
chromosome signals only are present in the myofibroblast nuclei
(original magpnification, X 600). (B-D) Confocal “image slices”
through a single BM-derived myofibroblast nucleus demonstrating the
presence of only single X and Y chromosomes.

chromosome, unlike mice that received BM enriched for
male HSCs, in which only 8.2% (range, 7; n = 3) of hepatic
myofibroblasts contained the Y chromosome (Figure 9F).
We therefore concluded that the predominant source of
hepatic myofibroblasts within the BM is the MSCs. To
determine whether the double lineage depletion population
contained cells with a MSC phenotype, a proportion of these
cells (1 X 10° cells/well in 6-well plates) were plated into
Mesencult medium as before. This resulted in only occa-
sional single plastic adherent cells after 1 week culture, and
we failed to grow MSC colonies from these cells (Figure 9B).
In contrast, 1 week after plating whole BM cells in Mesen-
cult medium, cells frequently showed a typical MSC phe-
notype (Figure 9C).

Discussion

Cirrhosis develops in the chronically damaged
liver and is thought to occur by activation of stellate cells

GASTROENTEROLOGY Vol. 130, No. 6

into activated myofibroblasts, resulting in cell prolifera-
tion, oi-SMA expression, and collagen deposition.!”-34
However, hepatic myofibroblasts can display phenotypic
heterogeneity,?>¢ a-SMA-negative cells can produce in-
trahepatic collagen,?” and BM-derived hepatic myofibro-
blasts have been identified.??

We have sought to study systematically the contribu-
tion of BM to hepatic stellate cells and myofibroblast cell
populations. We first confirmed that the irradiation pro-
tocol used to deplete the recipients’ BM did not deplete
intrahepatic stellate cell numbers, and, therefore, we
concluded that the findings in the transplantation mice
mirror those occurring in nontransplantation mice. In
the absence of liver damage, the proportion of BM-
derived stellate cells remained at approximately 14% in
the absence of liver damage. During the development of
cirrhosis, we found an increase in the proportion of
stellate cells of BM origin and total numbers of BM-
derived myofibroblasts, suggesting an axis of recruitment
from the BM, which is activated during tissue injury.
Remarkably, by the time cirrhosis had developed, the
majority of the hepatic myofibroblasts were of BM ori-
gin, indicating the importance of this axis in chronic
hepatocellular liver damage. Following the recovery from
liver injury, the proportion of stellate cells of BM origin
fell markedly, suggesting an intrahepatic source of re-
newal. BM therapy has been suggested for the failing
liver to replace hepatocyte mass. However, we could
identify only a minor population of BM-derived hepato-
cytes. Our results contrast with findings using BM in-
jections from a green fluorescent protein transgenic do-
nor in a mouse model of cirrhosis, in which it was
reported that much of the liver parenchyma could be
repopulated by BM-derived cells.” Furthermore, it has
been suggested that BM injections may abrogate the
development of cirrhosis in the mouse CCL4; model and,
in contrast to our studies, few stellate cells of BM origin
were identified.?® One possible explanation for these
seemingly contradictory results may be that our studies
looked at the situation of BM transplantation mice with
the aim of observing what is occurring typically in the
pathogenesis of liver damage, whereas the studies by
Terai et al? and Sakaida et al*® look at BM injected into
nonirradiated recipient mice. In these studies, it is un-
likely that the donor BM engrafts the recipient BM and
therefore is not subject to the influence of the BM stem
cell niche, which may determine BM stem cell behavior.

We sought evidence of the in vivo functionality of
BM-derived myofibroblasts and identified BM-derived
myofibroblasts in the region of hepatic scarring that were
transcriptionally active for collagen using 2 independent
techniques: first, by the use of donor mice that had a
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Figure 9. Analysis of the BM stem cell origin of hepatic myofibroblasts. (A) Six-week-old female Balb/c mice (n = 6) received lethal irradiation
followed by transplants of BM, which was enriched for either female MSCs and male HSCs or female HSCs and male MSCs. Four weeks later,
the mice received CCl, injections for 8 weeks. FISH for the Y chromosome in the livers was performed to track whether the BM-derived
myofibroblasts were predominantly of MSC or HSC origin. MSC cells were enriched from whole BM by culture in Mesencult for 1 week, and the
plastic-adherent cell population was used. To enrich for HSCs, double lineage depletion was performed. (B) To determine whether the double
lineage depletion population contained cells with a MSC phenotype, a proportion of these cells (1 X 10° cells/well in 6-well plates) were plated
into Mesencult medium as before. This resulted in only occasional single plastic adherent cells after 1-week culture, and we failed to grow MSC
colonies from these cells. (B) In contrast, 1 week after plating whole BM cells in Mesencult medium, frequently, cells showed a typical MSC
phenotype. (D) In mice that received male HSC and female MSC, the myofibroblasts (a«-SMA, red) were largely Y chromosome (green) negative
(original magpnification, X400). (E) In mice that received male MSC and female HSC, the myofibroblasts (a-SMA, red) were frequently Y
chromosome (green) positive (original magnification, X400). (F) The proportion of BM-derived hepatic myofibroblasts in mice that had received
BM transplants with either male HSC/female MSC or male MSC/female HSC, suggesting that the predominant source of hepatic myofibroblasts
within the BM are the MSCs. Figure shows median values (/ine), interquartile range (boxes), and range (whiskers). Enlarged examples from Figure
9E in red boxes.

characteristic pericellular fibrosis typical of the Col 1al™
mouse, unlike control mice that had more restricted

marker gene that is activated in the presence of collagen
transcription and, second, by performing dual ISH on

liver sections with radioactive probes to detect the pres-
ence of collagen mRNA and fluorescent probes to detect
Y chromosome DNA. Both techniques clearly indicated
that the BM-derived cells transcribed collagen in the
damaged liver. We therefore asked whether the pheno-
type of the BM-derived myofibroblasts influences the
damaged organ’s fibrotic response. Mice that received
BM from the Col 1al™ mice developed extensive and

linear collagen deposition. This suggests that, by manip-
ulating the phenotype of the BM-derived myofibroblasts,
we can influence the injured organ’s fibrotic response,
and, as such, it may be possible to abrogate the damaged
organ’s fibrotic response by manipulation of this axis.
We determined that the hepatic myofibroblasts of BM
origin were predominantly from cells enriched for mes-
enchymal progenitor cells, although it is worth noting
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there were also some BM-derived myofibroblasts that
originated from cells enriched for HSCs. This may sim-
ply reflect an inability to purify cells absolutely, but it
may also reflect a contribution to the BM-derived myo-
fibroblast population from circulating fibrocytes of HSC

origin.

In conclusion, in chronic liver injury, the BM has a

minor role in hepatocyte regeneration but is a major
source of functional hepatic stellate cells and myofibro-
blasts. This axis of organ fibrosis is worthy of further
study and is a potential therapeutic target. The BM has
therapeutic potential in organ damage, but it would
seem prudent that such stem cells be tested in various

models of organ damage to identify stem cell progeny in
target and nontarget organs.
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