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TGF-β/Smad3 signalling regulates the transition of bone marrowderived macrophages into myofibroblasts during tissue fibrosis
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ABSTRACT
Myofibroblasts are a main cell-type of collagen-producing cells during tissue
fibrosis, but their origins remains controversial. While bone marrow-derived
myofibroblasts in renal fibrosis has been reported, the cell origin and mechanisms
regulating their transition into myofibroblasts remain undefined. In the present
study, cell lineage tracing studies by adoptive transfer of GFP+ or dye-labelled
macrophages identified that monocyte/macrophages from bone marrow can give rise
to myofibroblasts via the process of macrophage-myofibroblast transition (MMT) in a
mouse model of unilateral ureteric obstruction. The MMT cells were a major source of
collagen-producing fibroblasts in the fibrosing kidney, accounting for more than 60%
of α-SMA+ myofibroblasts. The MMT process occurred predominantly within M2-type
macrophages and was regulated by TGF-β/Smad3 signalling as deletion of Smad3 in
the bone marrow compartment of GFP+ chimeric mice prevented the M2 macrophage
transition into the MMT cells and progressive renal fibrosis. In vitro studies in Smad3
null bone marrow macrophages also showed that Smad3 was required for TGF-β1induced MMT and collagen production. In conclusion, we have demonstrated that bone
marrow-derived fibroblasts originate from the monocyte/macrophage population via
a process of MMT. This process contributes to progressive renal tissue fibrosis and is
regulated by TGF-β/Smad3 signalling.

INTRODUCTION

than one precursor population, [4] including epithelialmesenchymal transition (EMT) [5–8], endothelialmesenchymal transition (EndoMT) [9–11], and local
proliferation of resident fibroblasts or pericytes [12, 13].
An extra-renal origin for myofibroblasts has also
been established through studies in chimeric mice showing
that bone marrow-derived cells can differentiate into
collagen I producing cells myofibroblasts during renal
fibrosis [14–20], although not all studies have confirmed
this finding [12, 21]. In addition, the chemokine CXCL16
and chemokine receptor CXCR6 are required for the

Fibrosis is a key pathological feature and is
considered to be a final common pathway leading to endstage organ failure in many chronic diseases regardless
of the underlying aetiology [1]. The principal cell type
responsible for increased deposition of fibrillar collagen
during active tissue fibrosis are myofibroblasts – a subset of
activated fibroblasts characterized by expression of alphasmooth muscle actin (α-SMA) [2, 3]. Myofibroblasts are a
heterogeneous population which may be derived from more
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recruitment of bone marrow-derived fibroblasts into the
fibrosing kidney [22, 23]. However, a number of questions
remain unresolved, including; (i) do bone marrow-derived
fibroblasts come from the macrophage compartment,
(ii) does the transition of bone marrow-derived macrophages
to fibroblasts occurs within the fibrosing kidney, and
(iii) what is the mechanism governing this transition?
This study used the well-characterised unilateral
ureteric obstruction (UUO) model of renal fibrosis to
address these questions. We present evidence based upon
cell transfer studies that bone marrow macrophages can
undergo a process of macrophage-myofibroblast transition
(MMT) within the fibrotic kidney. Chimeric mice and
in vitro studies defined a requirement for TGF-β/Smad3
signalling in the transition of bone marrow-derived
macrophages into collagen-producing myofibroblasts. In
addition, we suggest that MMT occurs more prominently
in M2-type macrophages.

recruitment and α-SMA+ myofibroblast accumulation on
day 7 UUO; however, transfer of GFP+F4/80+ bone marrow
cells reconstituted the accumulation of GFP+F4/80+
macrophages and GFP+F4/80+α-SMA+ myofibroblasts
as shown by two-color confocal microscopy and threecolor flow cytometric analysis (Figure 3), demonstrating
that many of α-SMA+ myofibroblasts isolated from the
UUO kidney originated from transferred bone marrow
macrophages (Figure 3C). Furthermore, the reduction
seen in expression of collagen and α-SMA in the UUO
kidney due to irradiation was partially reconstituted
by the adoptive transfer of GFP+F4/80+ bone marrow
macrophages (Figure 3D).
In further analysis of this study, flow cytometry
identified a small number of GFP+F4/80+ macrophages
within the sham-operated kidney and these cells exhibited
a predominant M1 phenotype, based on expression of the
M1 marker CX3CR1 and lack of expression of the M2
marker CD206 (Figure 4A). In contrast, the majority
(> 75%) of GFP+F4/80+ cells from the UUO kidney
expressed CD206 and lacked CX3CR1 (Figure 4A).
Importantly, the majority of α-SMA+ cells in day 7
UUO kidney that originated from GFP+F4/80+ bone
marrow macrophages had a predominant M2 phenotype
(CD206+CX3CR1-) (Figure 4B). Furthermore, many
collagen I producing cells isolated from the UUO kidney
were bone marrow-derived GFP+F4/80+α-SMA+ cells with
a predominant CD206+ M2 phenotype (Figure 4C).
To further characterize the transition of bone
marrow macrophages into myofibroblasts, we performed
a second adoptive transfer strategy in which dye-labelled
CD11b+ bone marrow macrophages were transferred
into mice 2 days after UUO surgery. Whilst only small
numbers of dye-labelled cells were observed in the day 7
UUO kidney, confocal microscopy identified expression of
α-SMA by dye-labelled cells indicating transition towards
a myofibroblast phenotype (Figure 5A). Furthermore,
PCR analysis of dye-labelled cells isolated from the
day 7 UUO kidney demonstrated a clear differentiation
towards a myofibroblast phenotype with up-regulation
of numerous pro-fibrotic molecules, including α-SMA
and collagen I and III compared to the cells initially
transferred (Figure 5B). A similar, though less marked,
transition response was evident using adoptive transfer of
bone marrow-derived macrophages prepared by a standard
6 day culture with M-CSF (Figure 5C).

RESULTS
Chimeric studies identify bone marrow-derived
myofibroblasts in renal fibrosis
To establish whether a subset of α-SMA+
myofibroblasts in the fibrosing kidney derive from the
bone marrow compartment, we performed a chimera study
in which C57BL6 mice were lethally irradiated and then
injected with bone marrow cells from transgenic C57BL6
mice that constitutively express the green fluorescence
protein (GFP). Following reconstitution for 8 weeks,
chimeric mice underwent the UUO procedure. Compared
to the contralateral control kidney, confocal microscopy
identified a population of α-SMA+ myofibroblasts that coexpressed GFP and F4/80, indicating a process of MMT
from bone marrow macrophages (Figure 1A–1C). This
was confirmed by examination with Z-stack confocal
microscope, showing a single F4/80+α-SMA+ cell under
the process of MMT (Figure 2 and Supplementary video).
Further studies by flow cytometric analysis of single cell
suspensions prepared from enzyme-digested kidneys
showed that a substantial population of α-SMA+ cells
(> 60%) within the UUO kidney were from GFP+ bone
marrow macrophages (Figure 1D).

Cell transfer studies identify bone marrow
macrophages as a source of myofibroblasts in
renal fibrosis

Macrophage-myofibroblast transition operates
via the TGF-β/Smad3 pathway in renal fibrosis

To formally establish that a subset of myofibroblasts
derived directly from bone marrow macrophages,
we performed a cell transfer study. Mice underwent
lethal irradiation and 3 days later underwent UUO or
sham surgery plus adoptive transfer of highly purified
GFP+ F4/80+ bone marrow cells and were killed 7 days
later. Irradiation substantially reduced macrophage
www.impactjournals.com/oncotarget

TGF-β1 can induce transition of epithelial or
endothelial cells into myofibroblasts in vitro [24–29];
however, whether this operates in the process of
macrophage-myofibroblast transition during renal
fibrosis is not clear. TGF-β receptors signal via members
of the Smad family, of which Smad3 has been most
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clearly implicated in renal fibrosis [25, 28]. We used
chimeric mice to examine TGF-β/Smad3 signalling in
the transition of bone-marrow-derived macrophages
into myofibroblasts. Irradiated C57/BL6 wild-type
mice were reconstituted with either GFP+Smad3−/− or
GFP+Smad3+/+ bone marrow cells from C57/BL6 mice
for 8 weeks, followed by induction of the UUO model.
In the UUO kidney, a majority of α-SMA+ myofibroblasts
co-expressed GFP and F4/80 in mice reconstituted with
GFP+Smad3+/+ bone marrow (Figure 6A and 6B). By
contrast, mice reconstituted with GFP+Smad3−/− bone
marrow showed a reduction in the overall accumulation
of α-SMA+ myofibroblasts and a reduction in the
proportion of α-SMA+ cells co-expressing GFP and F4/80
(Figure 6A and 6B). However, this difference was not
due to altered recruitment of GFP+F4/80+ bone marrowderived macrophages into the injured kidney which was
equivalent in the two groups (Figure 6A and 6B). Thus,
the recruited Smad3− /− macrophages failed to transition
into myofibroblasts within the fibrosing kidney. This had

a functional impact since mice reconstituted with Smad3−/−
bone marrow showed a substantial reduction in renal
fibrosis on the basis of collagen I deposition in the UUO
kidney along with reduced mRNA levels for α-SMA and
collagen I (Figure 6C–6E).

In vitro studies of TGF-β1/Smad3 induced
macrophage-myofibroblast transition
A more detailed analysis of TGF-β1/Smad3 signaling
in macrophage to myofibroblast transition was performed
using F4/80+ cells purified from the bone marrow of
Smad3+/+ or Smad3−/− mice by fluorescence-activated cell
sorting. Culture of bone marrow Smad3+/+F4/80+ cells
for 7 days with M-CSF did not up-regulate expression of
α-SMA or collagen I (Figures 7A and 8A). However, the
addition of TGF-β1 for 3 or 7 days induced transition of
macrophages into collagen-producing myofibroblasts as
shown by de novo expression of α-SMA (CD68+α-SMA+)
and collagen I (CD68+Col I+) in Smad3+/+ bone marrow

Figure 1: Bone marrow-derived myofibroblasts express macrophage markers in the UUO model. (A-C) Lethally irradiated
mice were reconstituted with GFP+ bone marrow cells, and 8 weeks later underwent a 7 day UUO. (A) Confocal microscopy of the
contralateral control kidney shows α-SMA expression in an arteriole (red), the presence of GFP+ cells (green), and F4/80+ macrophages
(blue). Note, most F4/80+ resident macrophages within the control right kidney lack GFP. (B) The obstructed kidney contains many
interstitial α-SMA+ cells (red) that co-express GFP (green), and F4/80 (blue). An inset illustrating triple labelled GFP+α-SMA+F4/80+
cells are clearly shown. (C) Quantification of the cell populations in the UUO kidney based on confocal microscopy. (D) Three-color flow
cytometric analysis of cells isolated from the UUO kidney showing that the majority of α-SMA+ myofibroblasts co-express the F4/80
macrophage antigen (+α-SMA+F4/80+ cells), and most of these cells also express GFP indicating a bone marrow origin. Data represent
results from groups of 6 animals and each bar resents mean ± SEM. Scale bar, 20 μM.
www.impactjournals.com/oncotarget
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macrophages (Figures 7 and 8). Three-color confocal
imaging also identified CD68+ macrophages expressing
α-SMA and collagen I with a characteristic myofibroblast
morphology (Figures 7A and 8). In contrast, bone marrow
macrophages lacking Smad3 showed substantial resistance
to TGF-β1-induced α-SMA and collagen I expression
(Figures 7 and 8). Consistent with the in vivo studies,
most bone marrow macrophages induced to transition into
α-SMA+ myofibroblasts in vitro expressed a predominant
CD206+ M2 phenotype (Figure 9).

or indeed in any type of fibrotic disease, is problematic
given the current lack of tools available for lineage tracing
of fibrocytes and the major overlap of the commonly used
fibrocyte markers (CD45+collagen I+ cells) with other
leukocyte populations.
In contrast to previous studies of bone marrowderived fibroblasts, the current study utilised adoptive
transfer strategies to identify the macrophage compartment
as the primary source of fibroblast precursors within the
bone marrow. The transfer of GFP+F4/80+ bone marrow
macrophages in the UUO model performed in irradiated
mice identified these cells as the direct precursor of a subset
of myofibroblasts within the obstructed kidney. In the second
adoptive transfer model, analysis of dye-labelled CD11b+
bone marrow macrophages before and after entry into the
obstructed kidney indicates that these cells underwent
transition into collagen-producing myofibroblasts within the
fibrosing kidney. This argues against circulating or splenic
fibrocytes as the main source of bone marrow-derived
fibroblasts [15, 33]. The consistent findings across the
bone marrow chimera and two independent transfer studies
provide a strong argument for bone marrow macrophages
as the main precursor for bone marrow-derived fibroblasts
in interstitial renal fibrosis. These findings are supported by
a recent study in which macrophages isolated from kidneys
undergoing fibrosis secondary to glycerol-induced acute
kidney injury were shown to express pro-fibrotic transcripts,
including collagen III and fibronectin [32]. Finally, these
in vivo findings are supported by in vitro experiments
establishing that TGF-β1 is capable of inducing collagenproducing MMT cells (F4/80+ α-SMA+ collagen I+) in
bone marrow-derived macrophages, although macrophages
may also participate in the collagen internalization and
degradation in the disease status.
An interesting finding was that most macrophages
undergoing MMT in the fibrosing kidney expressed the M2

DISCUSSION
The identification of bone marrow-derived cells in
the obstructed kidney which express α-SMA and collagen
I confirms the findings of a number of recent studies.
[14– 18, 20] We have substantially extended these studies
by identifying the macrophage compartment as the source
of these bone marrow-derived myofibroblasts. Importantly,
we have also demonstrated that MMT is a major source of
myofibroblast origin (> 60%) that occurs locally within
the fibrosing kidney and is regulated by TGF-β/Smad3
signalling.
There are many distinct cell populations within
the bone marrow, three of which have been implicated
in modifying renal fibrosis. Bone marrow-derived
mesenchymal stem cells exert anti-inflammatory and
anti-fibrotic actions in different models of kidney disease.
[30, 31]. In contrast, bone marrow-derived fibrocytes and
macrophages have been proposed as fibroblast precursor
cells in renal fibrosis. [19, 20, 22, 32, 33]. Fibrocytes are a
poorly defined off-shoot of the monocyte lineage in which
CD45+CD34+CD11b+ monocyte precursors differentiate
into a population of collagen I expressing cells which exist
in the circulation or within the spleen. [33–35] However,
establishing the specific role of fibrocytes in renal fibrosis,

Figure 2: Z-stack analysis of a single F4/80+ α-SMA+ cell undergoing the MMT process in the fibrotic kidney of UUO
by confocal microscope. Z-stack analysis shows a sequence of 9 slices of the image in the Z-plane illustrating a MMT cell undergoing
the MMT process by co-expressing F4/80 (green) and α-SMA (red) antigens in the UUO kidney, which is further illustrated by a video
image in the Supplementary file.
www.impactjournals.com/oncotarget
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Figure 3: Adoptive transfer identifies bone marrow macrophages as myofibroblast precursors during renal fibrosis.

Mice underwent lethal irradiation 3 days before UUO surgery, with groups of mice either given no cells (radiation only - Ra) or receiving
GFP+ bone marrow-derived macrophages (GFP+F4/80+) 1 hr after UUO surgery (radiation plus bone marrow macrophage transfer BMT) and killed 7 days later. (A) Confocal imaging shows that bone marrow depletion by lethal irradiation prevents F4/80+ macrophage
infiltration and reduces α-SMA+ myofibroblast accumulation (Ra+UUO) when compared to the UUO kidney, which is partially restored by
GFP+ bone marrow macrophage transfer. An example of a GFP+α-SMA+ cell is shown in the insert. (B, C) Flow cytometry shows α-SMA
and F4/80 double staining in cells isolated form sham (B) and the UUO kidney following irradiation and transfer of GFP+F4/80+ bone
marrow macrophages (C). Many α-SMA+F4/80+ cells in the UUO kidney express GFP. (D) Western blotting shows increased levels of
collagen I and α-SMA proteins in the UUO kidney which is reduced by lethal irradiation but partially restored by transfer of bone marrow
macrophages. Graphs show quantification of Western blotting for collage I and α-SMA. Data represent results from groups of 6 animals
and each bar resents mean ± SEM. *P < 0.05, compared to sham-operated mice or control cells. ***P < 0.001 compared with UUO mice
with irradiation. Scale bar, 20 μM.
www.impactjournals.com/oncotarget
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Figure 4: Bone marrow macrophages that transition into myofibroblasts display a predominant M2 phenotype in the
UUO kidney. Mice underwent lethal irradiation and 3 days later underwent UUO or sham surgery plus adoptive transfer of GFP+F4/80+
bone marrow cells and were killed 7 days later. (A) Flow cytometry of GFP+ cells isolated from the day 7 UUO kidney shows that most
GFP+CD68+ cells express the M2 marker, CD206, while a minority express the M1 marker, CX3CR1. In contrast, few GFP+ cells were
detectable in the sham-operated kidney. (B) Analysis of α-SMA+ myofibroblasts from the UUO kidney shows 80% of GFP+α-SMA+F4/80+
cells express CD206 while a small population expresses CX3CR1. (C) Analysis of collagen I producing cells from the UUO kidney shows
more than 65% of collagen I+F4/80+ cells expressed CD206 while a minority expressed CX3CR1. Data represent results from 5 animals and
each bar resents mean ± SEM. ***P < 0.001 as compared to controls; ***P < 0.001 versus CX3CR1+ macrophages.

Figure 5: Myofibroblast transition of adoptively transferred bone marrow macrophages in the UUO kidney. Dyelabelled CD11b+ bone marrow cells were transferred into mice on day 2 following UUO surgery which then were killed on day 7.
(A) Confocal microscopy shows a dye-labeled macrophage cell (green) in the UUO kidney with co-expression of α-SMA (red). (B) Dyelabeled cells were isolated from day 7 UUO kidneys by fluorescence-activated cell sorting and analysed for fibrotic gene expression by realtime PCR in comparison to dye-labelled CD11b+ bone marrow cells before transfer (control). (C) A similar study using adoptive transfer of
dye-labelled cells showed that bone marrow-derived macrophages following a 6 day culture with M-CSF can also home to the UUO kidney
and up-regulate the same panel of myofibroblast markers. Data are from 3 groups of mice in which dye-labelled cells were isolated from 2
pooled UUO kidneys. Data are mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 compared to control cells. Scale bar, 20 μM.
www.impactjournals.com/oncotarget
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Figure 6: Smad3 is required for macrophage to myofibroblast transition during renal fibrosis. (A) Wild type mice were

lethally irradiated, reconstituted with GFP+Smad3−/− or GFP+Smad3+/+ bone marrow cells and 8 weeks later underwent UUO and were
killed 7 days later. Confocal microscopy showing GFP+ cells (green), α-SMA+ (red, myofibroblasts) and F4/80+ (blue, macrophages).
GFP+Smad3+/+ reconstituted mice show numerous infiltrating GFP+ cells in the UUO kidney, many of which co-express F4/80 and α-SMA
(example in inset). While many GFP+ and F4/80+ cells are seen in the UUO kidney in mice reconstituted with GFP+Smad3−/− bone marrow,
there is a marked reduction in GFP+α-SMA+F4/80+ cells. (B) Quantification of confocal microscopy analysis in the UUO kidney (n = 6).
(C) Collagen I immunohistochemistry staining of kidney sections. (D and E) Real time PCR analysis is shown for; (D) α-SMA, and (E)
collagen I, mRNA levels. Bars represent mean ± SEM for 6 mice. *P < 0.05, **P < 0.01, ***P < 0.001 versus sham-control; *P < 0.05,
**
P < 0.01, ***P < 0.001 as indicated. Scale bar, 50 µM.
www.impactjournals.com/oncotarget
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Figure 7: Smad3 is required for macrophage to myofibroblast transition in vitro. (A) F4/80+ cells were isolated from the

bone marrow of wild type (S3WT) or Smad3−/− (S3KO) mice by fluorescence-activated cell sorting and cultured with M-CSF (50 ng/ml)
for 3 or 7 days in the presence or absence of TGF-β1 (5 ng/ml) to induce transition. Immunofluorescence staining for CD68 (green) and
α-SMA (red) with nuclear DAPI (blue) counterstain identified CD68+α-SMA+ cells following TGF-β1 stimulation, which is prominent in
S3WT cells but not in S3KO cells. A high power view of a Smad3 WT bone marrow macrophage in transition is shown. A graph shows
quantification of the immunofluorescence staining. (B) Two-color flow cytometry identified a time-dependent increase in the percentage
of F4/80+α-SMA+ cells following TGF-β1 stimulation in Smad3+/+ bone marrow macrophages which is substantially reduced in Smad3−/−
macrophages. A graph shows quantification of the flow cytometry analysis. Data represent results from 4 independent in vitro experiments
and each bar resents mean ± SEM. **P < 0.01, ***P < 0.001 compared to control cells (CTL); *P < 0.05, ***P < 0.01, ***P < 0.001 versus
Smad3 WT macrophages. Scale bar, 50 mM.

Figure 8: Smad3 is Required for Collagen Production by Transformed Macrophages in vitro. (A) F4/80+ cells were

isolated from the bone marrow of wild type (S3WT) or Smad3−/− (S3KO) mice and cultured with M-CSF (50ng/ml) for 3 or 7 days in the
presence or absence of TGF-β1 (5 ng/ml) to induce transition. Two-colour immunostaining showed collagen I (red) producing macrophages
(CD68+, green) following TGF-β1 stimulation were much more prominent in Smad3+/+ cells compared to Smad3−/− cells. A graph shows
quantification of the immunofluorescence staining. (B) An example of a collagen-producing macrophage identified by three-color confocal
microscopy featuring polarization with de novo peripheral α-SMA+ actin localization and characteristic head-end, back-end formation. Data
represent results from 4 independent in vitro experiments and each bar resents mean ± SEM. ***P < 0.001 compared to control cells (CTL);
***
P < 0.01, ***P < 0.001 versus Smad3 WT macrophages. Scale bar, 50 μM.
www.impactjournals.com/oncotarget
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marker, CD206, with only a minor subset expressing the
M1 marker. Analysis of the MMT response using cultured
bone marrow macrophages also showed a greater response
of macrophages expressing M2 compared to M1 markers.
It is well known that M1- type inflammatory macrophages
in acute inflammatory lesions can differentiate into
reparative or pro-fibrotic M2-type macrophages in active
fibrotic lesions [36–39]. However, mechanisms regulating
the distinct functions of M2 macrophages during tissue
repair or fibrosis remain largely unclear. Transfer of
splenic M2 macrophages protects against, but transfer of
bone marrow –derived M2 macrophages promotes renal
fibrosis, [40] suggesting that M2 macrophages from bone
marrow have a greater capacity to undergo MMT compared
to M1 macrophages, whereas, M2 macrophages from
spleen are reparative. The distinct role of bone marrow
versus spleen –derived M2 macrophages in renal fibrosis
may be associated with the local proliferating activities
of macrophages. Indeed, recent studies have shown that

bone marrow-derived M2-type pro-fibrotic macrophages
are highly proliferative, which may contribute to promote
renal fibrosis in the UUO kidney and the adriamycin
nephropathy [40–42]. Interestingly, systemic depletion of
monocytes and macrophages using liposomal clodronate,
but not diphtheria toxin, attenuates acute kidney injury,
suggesting a distinct role between the circulating and
resident macrophages during acute or repairing process
[43]. Although results from the present study could
not clearly distinguish the fibrotic response caused by
circulating or resident macrophages, the finding of more
than 90% of MMT cells co-expressing GFP in chimeric
mice demonstrated a bone marrow origin and may play a
direct and indirect role during renal fibrosis. [44]
It is well accepted that TGF-β1 is a key growth
factor which drives tissue fibrosis. Canonical TGF-β1
signalling operates via TGF-β receptors and Smad2/3/4
transcription factors [25]. The protection of Smad3 gene
knockout mice in models of tissue fibrosis indicates that

Figure 9: In vitro bone marrow macrophages undergoing myofibroblast transition have a predominant M2 phenotype.

F4/80+ cells were isolated from bone marrow and cultured with M-CSF (50 ng/ml) in the presence or absence of TGF-β1 (5 ng/ml) for 3
or 7 days. Flow cytometry identified de novo expression of α-SMA in a subset of cultured F4/80+ macrophages. The majority of α-SMA+
macrophages co-expressed the M2 marker CD206 (> 70%), with a minority expressing the M1 marker, CX3CR1. Data represent results
from 5 animals or 4 independent in vitro experiments and each bar resents mean ± SEM. **P < 0.01, ***P < 0.001 as compared to control
cells (CTL); **P < 0.01, ***P < 0.001 versus CX3CR1+ macrophages.
www.impactjournals.com/oncotarget
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TGF-β/Smad3 signalling is pro-fibrotic, while conditional
Smad2 deficiency promotes fibrosis, indicating opposing
effects of Smad2 and Smad3 [25, 28, 45, 46]. The present
study identifies that Smad3 was required for the efficient
transition of recruited macrophages into collagen
I-producing α-SMA+ myofibroblasts within the injured
kidney. In addition, the protection seen in Smad3−/−
chimeric mice provides evidence that bone marrowderived macrophages make a substantial contribution to
the development of renal fibrosis via the MMT process
that is regulated by TGF-β/Smad3 signaling. Thus, the
present study provides a mechanistic link between MMT
as a source of myofibroblasts and the central role for
the TGF-β/Smad3 signalling pathway in tissue fibrosis.
However, this finding does not exclude a significant

contribution of pericytes, fibrocytes, EMT or EndoMT
as other sources of myofibroblasts during tissue fibrosis.
It is also possible that other fibrogenic pathways may
also contribute in part to this MMT process during renal
fibrosis.
In conclusion, as shown in Figure 10, we identify
bone marrow-derived macrophages, via the process of
MMT, as an important source of collagen producing
α-SMA+ myofibroblasts which accumulate in active
fibrotic lesions in experimental kidney disease. This
process operates via the TGF-β/Smad3 signalling
pathway. These findings suggest that targeting the MMT
pathway may represent as a novel therapeutic target
for the treatment of chronic diseases associated with
progressive fibrosis.

Figure 10: Schematic Diagram of Macrophage-Myofibroblast Transition (MMT) in Tissue Fibrosis. Hematopoietic stem

cells (HSC) can differentiate into monocytes in the bone marrow. Blood monocytes entering the injured tissue can differentiate into an
M2 pro-fibrotic phenotype, either directly or via an M1 pro-inflammatory phenotype. TGF-β/Smad3 signalling then drives macrophage
transition into collagen-producing α-SMA+ myofibroblasts via the process of MMT.
www.impactjournals.com/oncotarget
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MATERIALS AND METHODS

were examined using a fluorescent microscope (Model:
Axioplan2 imaging, Carl Zeiss, Oberkoche, Germany)
or confocal microscope (Model: LSM 510 META, Carl
Zeiss). In addition, a single MMT cell co-expressing F4/80
and α-SMA antigens was examined by a Z-stack image.
Single, double, or triple positive cells were counted in 10
high-power fields (× 40) per section by means of a 0.0625
mm2 graticule fitted in the eyepiece of the microscope and
expressed as cells per mm2.

Animals and experimental models
GFP+ mice (C57BL/6) were crossed with
Smad3+/− mice (C57BL/6) to generate GFP+Smad3+/+
or GFP+Smad3−/− mice. Chimeric mice were generated
by lethally irradiation of C57BL/6 mice followed by
transfusion of 5 × 106 GFP+Smad3−/− or GFP+Smad3+/+
bone marrow cells and waiting 8 weeks to develop full
(> 95%) bone marrow chimerism.47 UUO surgery was
performed by ligation of the left ureter and mice killed 7
days later. [10, 28] Groups of 6 mice of both genders, aged
8–10 weeks, were studied. Experiments were approved by
the Animal Experimentation Ethics Committee of The
Chinese University of Hong Kong.

Flow cytometry
Single cells were isolated from both normal and
diseased kidneys using enzyme-digestion and analyzed
by flow cytometry as previously described.47 After
permeabilization, cells were incubated with FITCconjugated rat anti-mouse F4/80 (eBioscience) or rat antimouse CD11b (Serotec) followed by Cy5-conjugated goat
anti-rat IgG (Millpore), PE-conjugated anti-α-SMA (R & D,
Minneapolis, MN, USA), FITC-labeled rat anti-mouse
CD206 (Serotec) or rabbit anti-CX3CR1(Prosci Inc).
Collagen I was stained with rabbit anti-mouse collagen
I (Millpore) followed by the Cy5 labeled goat anti-rabbit
Ig (Invitrogen). Cells incubated with isotype-matched
irrelevant control antibodies and unstained cells were
used as negative controls. Cells were detected by a FACS
Calibur flow cytometer (BD Biosciences) and analyzed
using Cellquest software.

Macrophage transfer studies
In the first set of studies, F4/80+ macrophages were
purified (> 99% purity) by fluorescence-activated cell
sorting (FACS) from GFP+ C57BL6 bone marrow cells
cultured for 7 days in DMEM/F12 media supplied with
10% FBS and 50 ng/ml M-CSF for 7 days. C57BL/6
mice were lethally irradiated, UUO surgery performed 3
days later and 1 hr after surgery mice were given 1 × 106
GFP+F4/80+ cells by intravenous injection 1 hr after
surgery. Mice were killed on day 7.
In the second set of studies, CD11b+ cells were
isolated from fresh bone marrow by FACS, labelled
in vitro with SP-DiOC18 (Sigma-Aldrich, Castle
Hill, NSW, Australia) and 5 × 106 cells were injected
intravenously per mouse (n = 6) on day 2 after UUO
surgery. Mice were killed on day 7 after UUO and the
dye-labelled cells examined by confocal microscopy or
isolated from 2 pooled UUO kidneys following enzyme
digestion using FACS for subsequent RNA extraction and
PCR analysis. In addition, macrophages were prepared
by culturing bone marrow cells for 6 days with M-CSF,
dye-labelled and injected into mice on day 2 after UUO
surgery and then killed on day 7 and analyzed as above.
These studies were performed at Monash Medical Centre,
Clayton, Australia with the approval of the local animal
ethics committee.

Culture of bone marrow-derived macrophages
Bone marrow cells were isolated from Smad3+/+
or Smad3−/− mice by flushing the femur and tibia with
DMEM/F12 medium, dispersing the cells and isolating
F4/80+ cells via FACS (> 99% purity). Bone marrow
F4/80+ cells were cultured for 3 or 7 days with DMEM/F12
containing 10%FBS and 50 ng/ml M-CSF in the presence
or absence of TGF-β1 (5 ng/ml). Cells then were analyzed
by confocal microscopy or flow cytometry for expression
of F4/80, α-SMA, collagen I, and M1 (CX3CR1) or M2
(CD206) markers. Cells were cultured in Smooth Muscle
Differentiation medium (Invitrogen) with M-CSF in the
presence or absence of TGF-β1 (5 ng/ml) for 3 or 7 days.

Histology and immunohistochemistry

Immunofluorescence and confocal microscopy

Immunostaining was performed on 3 μm paraffin
sections using a microwave-based antigen retrieval
technique [26, 27, 48].

Immunofluorescence and confocal microscopy
were performed on frozen sections using: rat anti-mouse
F4/80 (Serotec Ltd, Oxford, UK); Cy3-labeled mouse
anti-mouse α-SMA (Sigma, St. Louis, MO); goat anticollagen I (Southern Tech, Birmingham, AL, USA);
FITC-labeled rat anti-mouse CD206 (Serotec Ltd, Oxford,
UK); rabbit anti-CX3CR1 (Prosci incorporated, Poway,
CA); Cy5-labeled goat anti-rabbit antibody (Invitrogen,
Carlsbad, CA, USA) and Alexa555-labeled donkey
anti-goat antibody (Invitrogen, Carlsbad, CA). Sections
www.impactjournals.com/oncotarget

Real-time PCR and Western blot analysis
Total RNA was isolated from kidney tissue or isolated
cells using the RNeasy Isolation Kit (Qiagen, Valencia,
CA). Real time RT-PCR was performed as previously
described [26, 27, 49, 50]. Western Blotting of kidney tissue
lysates was performed as previously described [26, 27, 50].
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Statistical analysis

endothelial-to-mesenchymal transition. J Am Soc Nephrol.
2008; 19:2282–2287.

Data are expressed as the mean ± SEM and analyzed
using one-way analysis of variance (ANOVA), followed
by Tukey’s post-hoc test using GraphPad Prism 5.

10. Zeisberg EM, Tarnavski O, Zeisberg M, Dorfman AL,
McMullen JR, Gustafsson E, Chandraker A, Yuan X,
Pu WT, Roberts AB, Neilson EG, Sayegh MH, Izumo S,
et al. Endothelial-to-mesenchymal transition contributes to
cardiac fibrosis. Nat Med. 2007; 13:952–961.
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