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Abstract
AIM: To establish novel intestinal myofibroblast (IMF) 
cell lines from mouse colonic mucosa and investigate 
their biological characters.

METHODS: Primary IMFs were isolated from mucosal 
tissues of mouse colon that was denuded of epithelial 
cells and smooth muscle layer. For immortalization, pri-
mary IMFs were transfected with simian virus 40 large 
T antigen (designated as LmcMF). We also isolated 
some primary IMFs that spontaneously became immor-
talized without transfection (designated as SmcMF). To 
check immortality and normality of these cells, we ex-
amined their proliferative ability and contact inhibition. 
Moreover, the expression levels of proteins character-
izing IMFs [including α-smooth muscle actin (α-SMA), 
vimentin, desmin, and type Ⅰ collagen] and proteins 
associated with the immune response [such as toll-like 

receptor 4 (TLR-4), CD14, MD2, IκBα, and p-p38] were 
determined by Western blotting. The localization of sev-
eral myofibroblast protein markers was also detected 
by immunofluorescence staining.

RESULTS: The cell growth assay results show that 
both LmcMF and SmcMF cells proliferated logarithmi-
cally at least up to passage 20. In addition, the contact 
inhibition assays show that LmcMF and SmcMF stopped 
growing after the cells reached confluence. These data 
suggest that these 2 types of cells were immortalized 
without losing contact inhibition of growth. Moreover, 
both LmcMF and SmcMF, like primary IMFs, showed 
spindle-shaped appearance. The expression levels of 
key myofibroblast protein markers, including α-SMA, vi-
mentin, and desmin, were also examined by the West-
ern blotting and immunofluorescence analyses. Our re-
sults show that these cells were positive for α-SMA and 
vimentin, but not desmin, as well as that both LmcMF 
and SmcMF expressed type Ⅰ collagen at a lower level 
than primary IMFs. Finally, we investigated the expres-
sion level of lipopolysaccharide (LPS) receptor-related 
proteins, as well as the response of the cells to LPS 
treatment. We found that the TLR4, CD14, and MD-2 
proteins were present in LmcMF and SmcMF, as well as 
in primary IMFs, and that all these cells responded to 
LPS.

CONCLUSION: We established 2 novel IMF cell lines 
from mouse colonic mucosa, namely, LmcMF and Smc-
MF, both of which were able to respond to LPS.

© 2013 Baishideng. All rights reserved.
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INTRODUCTION
The gastrointestinal mucosa is in contact with the ex-
tracorporeal environment and is exposed to various 
antigens and molecules that are mainly derived from 
ingested food and commensal bacteria[1]. Such antigens 
do not induce inflammation in healthy individuals, be-
cause intestinal epithelial cells form a physical barrier 
protecting against luminal bacteria and toxic substances. 
To achieve this protective function, differentiation and 
proliferation of  epithelial cells need to be properly regu-
lated. Accumulating evidence has recently revealed that 
subepithelial intestinal myofibroblasts (IMFs), which are 
located subjacent to the epithelium, play crucial roles in 
regulating epithelial cells[2-4]. 

IMFs belong to the myofibroblast family, which in-
cludes several functionally related cells, such as lung con-
tractile interstitial cells, pancreatic stellate cells, and orbital 
and synovial fibroblasts[5]. IMFs are spindle-shaped or 
stellate cells that exhibit phenotypic characteristics of  
both fibroblasts and smooth muscle cells[6,7]. In addition, 
it has been shown that IMFs, like other mesenchymal 
cells, synthesize collagen[6,8,9]. Notably, IMFs orchestrate 
diverse events in gastrointestinal health and diseases, 
including epithelial differentiation and development, mu-
cosal repair, carcinogenesis, and inflammatory respons-
es[3,4,10]. IMFs express toll-like receptor 4 (TLR-4), which 
is activated by lipopolysaccharide (LPS), a component of  
gram-negative bacteria, subsequently leads to secretion 
of  proinflammatory mediators[10-13]. Moreover, IMFs, as 
nonprofessional antigen-presenting cells in the intestinal 
mucosa, induce proliferation of  both resting CD4+ T 
cells and regulatory T cells in a major histocompatibility 
complex (MHC) class II-dependent manner to maintain 
intestinal mucosal tolerance[14,15]. Furthermore, entero-
toxins are known to engage MHC class II molecules on 
IMFs, which in turn leads to secretion of  inflammatory 
mediators[16].

Despite the crucial role of  IMFs in gastrointestinal 
health and diseases, the understanding of  their underly-
ing regulatory mechanism is limited. One of  the major 
issues that hinder the advance of  IMF research is the lack 
of  IMF cell lines that show myofibroblastic phenotypes 
without stimulation. Typically, primary IMFs isolated from 
intestine are used within passages 2-6, because their phe-
notypes change and the cells stop growing after repeated 
passages. In addition, CCD-18Co cells, which have been 
used as a human colon myofibroblast cell line, still need 
to be treated with transforming growth factor-β (TGF-β) 
for the expression of  α-smooth muscle actin (α-SMA)[17]. 
In this present study, to address these issues, we separated 
mouse intestinal myofibroblast cell lines (namely, LmcMF 
and SmcMF) and examined their properties.

MATERIALS AND METHODS
Culture of mouse intestinal myofibroblasts and mouse 
embryonic fibroblasts 
C57BL/6J mice purchased from Charles River Japan 

(Yokohama, Japan) were maintained in compliance with 
the guidelines of  the Animal Care and Use Committee 
of  Yamaguchi University. Mouse IMFs were isolated as 
previously described, with slight modifications[18]. Briefly, 
a segment of  the proximal colon was detached from 
the mesenterium, and mucosal layers were completely 
denuded of  epithelial cells by repeated (× 3) 30-min in-
cubation in 1 mmol/L EDTA-Hanks’ balanced salt solu-
tion at 37 ℃. Subsequently, smooth muscle layers were 
detached from mucosal layers with tweezers. De-epithe-
lialized mucosal samples were cultured in Dulbecco's 
Modified Eagle Medium (DMEM; Invitrogen, Tokyo, 
Japan) containing 100 mL/L fetal bovine serum (FBS) 
at 37 ℃ in a 50 mL/L CO2 atmosphere. Consequently, 
myofibroblast cells that migrated from mucosal tissues 
formed colonies. In this study, primary IMFs at passages 
2-6 were used. Mouse embryonic fibroblasts (MEFs) 
isolated from embryos of  C57BL/6J mice at embryonic 
day 11.5 were also grown under the same condition de-
scribed above. 

Antibodies and cell lines
The following antibodies were used in this study: anti-α-
SMA and anti-vimentin antibodies from Sigma (Tokyo, 
Japan); anti-desmin and anti-tubulin antibodies from 
Thermo Scientific (Yokohama, Japan); anti-TLR4, anti-
CD14, and anti-actin antibodies from Santa Cruz (CA, 
United States); anti-MD2 antibody from AbD Serotec 
(Kidlington, United Kingdom); anti-IκBα and anti-
p-p38 antibodies from Cell Signaling (MA, United 
States); anti-Collagen type Ⅰ antibody from Merck (To-
kyo, Japan); anti-valosin-containing protein (VCP) anti-
body from Gene Tex (CA, United States); horseradish 
peroxidase (HRP)-conjugated mouse anti-rabbit Ig Light 
Chain from ECM biosciences (KY, United States); and 
HRP-conjugated donkey anti-mouse IgG from R and D 
Systems (MN, United States). A mouse mammary gland 
epithelial cell line, Eph4, and a mouse macrophage-like 
cell line, RAW264.7, were grown in DMEM supple-
mented with 100 mL/L FBS at 37 ℃ in a 50 mL/L CO2 
atmosphere. 

Immortalization of IMFs
EGIP-EF1a-Large T-IRES-Puro, a lentiviral plasmid 
expressing simian virus 40 (SV40) large T antigen (LT) 
but not small T antigen (ST), was obtained from Ad-
dgene (ID No. 18922; MA, United States)[19]. Using Li-
pofectamine LTX (Invitrogen), lentivirus was produced 
by transfecting Lenti-X 293T cells in 60-mm dishes with 
3 μg of  EGIP-EF1a-Large T-IRES-Puro, 2.3 μg of  a 
packaging plasmid (psPAX2), and 1.3 μg of  a coat pro-
tein plasmid expressing vesicular stomatitis virus G pro-
tein (pDM2.G). Viral supernatants were collected after 
48 h, and filtered (0.22 μm). Primary IMFs were infected 
with virus for 8 h. With puromycin treatment for 6 d, 
immortalized LT-positive cells were selected and desig-
nated as LmcMF. 

To obtain spontaneously immortalized IMFs, pri-
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mary IMFs were repeatedly passaged until cells that kept 
proliferating emerged. These spontaneously immortal-
ized cells were designated as SmcMF.

Cell growth and contact inhibition assays
To determine the proliferative ability of  IMF cells, 5 × 
104 cells were plated in 35-mm dishes and passaged every 
3 d, and the number of  cells was subsequently counted 
using a hemocytometer. For the contact inhibition assay, 
5 × 104 cells were plated in 35-mm dishes, and the num-
ber of  cells was counted on the next day and then every 
other day.

Immunofluorescence staining
Primary IMFs, as well as LmcMF and SmcMF, were 
grown on glass coverslips and subsequently fixed with 
4% formaldehyde for 20 min at room temperature. Cells 
were permeabilized with 0.2% Triton X-100 in PBS-T 
(PBS containing 0.05% Tween 20) for 60 s and then 
blocked with 3% skim milk in PBS-T. After incubation 
with the first antibodies overnight at 4 ℃, Alexa594-
conjugated secondary antibodies (Alexa Fluor® 594 
goat anti-mouse IgG or Alexa Fluor® 594 donkey anti-
goat IgG; Invitrogen) were added and incubated for 1 h 
at room temperature. Nuclei were counterstained with 
SYTOX Green (Life Technologies, CA, United States). 

Finally, fluorescence images were captured by a confo-
cal laser-scanning microscope (LSM510; Zeiss, Tokyo, 
Japan).

Western blotting
The western blot analysis was performed as previously 
described[18]. Briefly, cells were lysed in a buffer consist-
ing of  50 mmol/L Tris-HCl (pH 8.0), 5 mmol/L EDTA 
(pH 8.0), 5 mmol/L EGTA (pH 8.0), 1% Triton X-100, 
1 mmol/L Na3VO4, 20 mmol/L sodium pyrophosphate, 
and Roche Complete Protease Inhibitor Cocktail (Roche, 
Tokyo, Japan). Amersham Hybond ECL Nitrocellulose 
Membranes (GE Healthcare, Buckinghamshire, United 
Kingdom) were blocked with 0.5% skim milk and treat-
ed with specific antibodies. Protein bands were detected 
using the ECL Western blotting Detection Reagents 
(GE Healthcare) or the Western Lightning ECL Pro 
(PerkinElmer, MA, United States) and visualized using 
a LAS-3000 mini luminescence imager (Fujifilm, Tokyo, 
Japan).

RESULTS
Immortalization of IMFs without losing contact inhibition 
of growth
First, we investigated the immortalization of  2 differ-
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Figure 1  Proliferation and contact inhibition of LmcMF and SmcMF. A, B: The cells were subcultured every 3 d, and the growth rate of LmcMF (A) and SmcMF (B) 
were assessed as described; C, D: Contact inhibition of LmcMF (C) and SmcMF (D). 
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α-SMA, whereas the α-SMA protein level in SmcMF 
was relatively low (Figure 3A and B). As expected, 
α-SMA was not detectable in the mouse mammary gland 
epithelial cell line, Eph4, which was used as a negative 
control. We also found that vimentin was present in both 
LmcMF and SmcMF, almost at the same level as that 
in primary IMFs, but was not detectable in the negative 
control RAW 264.7 cells (Figure 3C and D). Moreover, 
desmin, though not present in LmcMF, was detected 
at very low levels in SmcMF, compared to its expres-
sion level in intestinal smooth muscle tissues (positive 
control) (Figure 3E and F). Furthermore, both LmcMF 
and SmcMF expressed type Ⅰ collagen, however, at a 
lower level than that in primary IMFs (Figure 3G). As 
the negative control, RAW 264.7 cells did not express 
type Ⅰ collagen. Overall, these results suggest that Lm-
cMF and SmcMF share almost the same characteristics 
with intestinal myofibroblasts.

To confirm the expression pattern of  α-SMA and vi-
mentin in IMFs, we next performed the immunofluores-
cence analysis. In a cell, actin transits between its globu-
lar (G-) and filamentous (F-actin) states, and G-actin can 
be visualized by immunofluorescence microscopy in a 
spreading pattern, because they are monomeric actin[20]. 
As shown in Figure 4A, we observed strong filamentous 
α-SMA expression in primary IMFs. While LmcMF 
also showed filamentous α-SMA fibers, the amount of  
globular α-SMA was higher than that in primary IMFs. 
Most of  the α-SMA protein in SmcMF existed in a 

ent IMF cell lines, LmcMF and SmcMF. The cells (5 × 
104 cells) were seeded in 35-mm dishes and subcultured 
every 3 d during the examination of  the cell growth 
rate. As shown in Figure 1A and B, both LmcMF and 
SmcMF cells proliferated logarithmically at least up to 
passage 20, and their doubling times were 19.1 and 17.2 h, 
respectively. Primary IMFs, on the other hand, immedi-
ately stopped growing under this experimental condition, 
since they require a high cell density for proliferation.

For the contact inhibition assay, the cells (5 × 104 
cells) were seeded in 35-mm dishes and cultured up to 9 
d (Figure 1C and D). The cells became confluent around 
day 5 and reached the plateau phase by day 6 or 7. These 
data indicate that LmcMF and SmcMF were immortal-
ized without losing contact inhibition of  growth.

LmcMF and SmcMF show myofibroblastic phenotypes
IMFs have been defined as spindle-shaped or stellate 
cells that are positive for α-SMA and vimentin, and 
very weakly positive or negative for desmin[7]. As shown 
in Figure 2A and B, primary IMFs exhibited spindle-
shaped appearance, whereas MEFs were round-shaped. 
Both LmcMF and SmcMF, like primary IMFs, showed 
spindle-shaped appearance (Figure 2C and D). 

The expression levels of  key myofibroblast protein 
markers, including α-SMA, vimentin, and desmin, were 
subsequently examined by the Western blotting and im-
munofluorescence analyses. We observed that primary 
IMFs and LmcMF expressed an equivalent amount of  

DC

BA

Figure 2  Phase-contrast microscopic images of primary intestinal myofibroblasts, mouse embryonic fibroblasts, LmcMF, and SmcMF. A: Primary intestinal 
myofibroblasts; B: Mouse embryonic fibroblasts; C: LmcMF; D: SmcMF were cultured to confluence, and the phase-contrast microscopic images were taken. Repre-
sentative images are shown. Scale bars indicate 200 μm. 
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globular α-SMA form. On the other hand, vimentin was 
predominantly localized around the nucleus of  primary 
IMFs and LmcMF but diffused throughout SmcMF cells 
(Figure 4B).

Responses of LmcMF and SmcMF to LPS
It is well known that the LPS receptor complex is com-
posed of  TLR4, CD14, and MD-2 and that both CD14 
and MD-2 are required for the activation of  TLR4[21]. A 
study has previously shown that primary IMFs expressed 
all these 3 components and that the exposure of  cells to 
LPS activated the NF-κB and p38 MAPK pathways[10]; 
therefore, we assessed whether the same holds true for 
LmcMF and SmcMF. Our results show that although the 
expression level of  TLR4 was low in primary IMFs, the 
levels in LmcMF and SmcMF were much higher (Figure 
5A). As for CD14, the expression level was lower in Lm-
cMF, compared to primary IMFs and SmcMF, and the 
expression level of  MD-2 was relatively higher in pri-
mary IMFs and lower in SmcMF, compared to LmcMF.

Finally, we investigated the reactivity of  primary 
IMFs, LmcMF, and SmcMF to LPS. We found that LPS 
treatment (20 ng/mL) induced the degradation of  IκBα, 
as well as the phosphorylation of  p38 MAPK (Figure 
5B-D). While the maximal levels of  IκBα degradation 
and p38 MAPK phosphorylation were detected at 30 
min after LPS treatment, their expression was restored 
to basal levels within 2 h. Consistent with the previous 
study (performed in primary IMFs)[10], our results dem-
onstrate that both LmcMF and SmcMF preserve myofi-
broblastic phenotypes.

DISCUSSION
IMFs play an important role in intestinal injury, inflam-
mation, fibrosis, and tissue repair; however, their exact 
function and involvement are still not completely under-
stood[6,8,10,22]. One issue that hinders the development of  
IMF research is the lack of  IMF cell lines. In this present 
study, we established 2 IMF cell lines, namely, LmcMF 
and SmcMF, both of  which were immortalized without 
losing contact inhibition of  growth. LmcMF was estab-
lished by transfecting primary IMFs with plasmid DNA 
encoding the LT of  replication origin-defective SV40. 
It is known that 2 oncoproteins, LT and ST, encoded by 
the SV40 early region play an essential role in inducing 
transformation of  mammalian cells[23]. In addition, pre-
vious studies have also shown that LT can immortalize 
cells but cannot induce neoplastic transformation with-
out ST[23]. Moreover, it has been shown that immortaliza-
tion of  mouse cells can be achieved by transfecting only 
with LT[24]. Based on these findings, we used a plasmid 
that expresses LT, but not ST, for our immortalization 
experiments of  IMFs. On the other hand, SmcMF was 
derived from cells that spontaneously immortalized. It 
has been reported that murine cells tend to immortalize 
spontaneously in culture, because mouse somatic cells 
have the telomerase activity[25]. 

IMFs can be distinguished from other types of  mes-
enchymal cells, such as smooth muscle cells and fibro-
blasts, by the expression of  3 protein markers: α-SMA, 
vimentin, and desmin. It was reported that IMFs are 
positive for α-SMA and vimentin, but negative or very 
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Figure 3  Expression levels of characteristic markers in LmcMF and SmcMF. A, B: The expression levels of α-smooth muscle actin (α-SMA); C, D: Vimentin; E, 
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weakly positive for desmin[7]. In contrast, smooth muscle 
cells are α-SMA-positive, vimentin-negative, and strong-
ly positive for desmin, whereas typical fibroblasts, such 
as dermal fibroblasts, are negative for α-SMA and des-
min, but positive for vimentin[7,8,26]. In the present study, 
we observed that all 3 cell lines (primary IMFs, LmcMF, 
and SmcMF) expressed both α-SMA and vimentin, sug-
gesting that these cells share the same characteristics 
and that LmcMF and SmcMF can be used as intestinal 
myofibroblast cell lines. It is also noted that the doubling 
time of  these cells is within a day, whereas that of  hu-
man primary IMFs is about 5 d[27]. Therefore, the use of  
LmcMF and SmcMF will be helpful for improving the 
efficiency of  IMF research.

There are, however, some differences among these 
cells. For instance, the α-SMA expression level was 

slightly lower in SmcMF, and α-SMA was organized 
into stress fibers in primary IMFs and LmcMF, but not 
in SmcMF. The vimentin expression level was slightly 
higher in SmcMF, whereas the type Ⅰ collagen levels in 
LmcMF and SmcMF were relatively lower than that in 
primary IMFs. We propose that these differences may 
depend on the differentiation stage of  the cells. In the 
present study, very low levels of  desmin were detected 
in primary IMFs and SmcMF. It has been reported that 
primary human colonic myofibroblasts and CCD-18Co 
cells do not express desmin[28], whereas some lesion 
myofibroblasts do[7]. These differences in the desmin 
expression may occur by cell differentiation or by the 
differences between animal species tested (for example, 
mice vs humans); however, to clarify this, additional ex-
periments are necessary. 
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Figure 4  Immunofluorescence staining for α-smooth muscle actin and vimentin in primary intestinal myofibroblasts, LmcMF, and SmcMF. Primary intes-
tinal myofibroblasts (IMFs), LmcMF, and SmcMF were immunostained with α-smooth muscle actin (α-SMA) (A) and vimentin (B) (red). SYTOX Green was used for 
nuclear labeling (green). Representative images are shown. Scale bars indicate 40 μm. 
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The differentiation of  fibroblasts into myofibroblasts 
is an important step in tissue repair and fibrosis[29]; how-
ever, it is a complex process and has not been completely 
elucidated. It was reported that CCD-18Co cells exhibit 
fibroblastic and myofibroblastic phenotypes and that 
TGF-β stimulates their differentiation into myofibro-
blasts[17]. CCD-18Co cells have also been used to inves-
tigate the mechanism of  differentiation into myofibro-
blasts during wound healing processes. However, CCD-
18Co cells poorly differentiate into myofibroblasts[30]; 
therefore, LmcMF and SmcMF may be useful to help 
reveal the role of  differentiated myofibroblasts in tissue 
repair.

Accumulating evidence has shown that IMFs play 
a crucial role in local immune regulation in the intes-
tine[10,14,15]; therefore, it is important that the developed 
cell lines show immune responses to external factors. 
Consistent with previous report[10], all three types of  
IMF expressed TLR4, CD14, and MD-2. We also dem-
onstrate that LmcMF and SmcMF, similar to primary 
IMFs, were able to respond to LPS stimulation. 

In the present study, we observed that the TLR4 
expression levels in LmcMF and SmcMF were higher 
than that in primary IMFs. It is possible that TLR4 was 
downregulated in primary IMFs and then recovered 
in LmcMF and SmcMF, since during the cell isolation 
procedure the intestinal tissues and cells were exposed 
to a large amount of  LPS that existed in the intestinal 
lumen. Interestingly, although the TLR4 expression level 
in primary IMFs was low, LPS induced almost the same 
responses, including IκBα degradation and p38 MAPK 
phosphorylation, in all 3 types of  IMFs. Together, our 
results indicate that the amount of  TLR4 protein in pri-
mary IMFs was sufficient to respond to LPS. 

In conclusion, we have successfully established 2 
novel types of  myofibroblast cell lines from mouse 
colon, namely, LmcMF and SmcMF, both of  which ex-
pressed the key myofibroblast markers. Moreover, these 
cell lines were immortalized (rather than transformed to 
neoplastic cells) and were able to respond to LPS, like 
primary IMFs. Furthermore, these cell lines proliferate 
much faster than primary IMFs, and therefore they can 
be used efficiently. Nevertheless, for the development of  
IMF research using LmcMF and SmcMF, more experi-
ments are necessary to determine their properties.
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Figure 5  Expression of lipopolysaccharide-related proteins and re-
sponses of primary intestinal myofibroblasts, LmcMF, and SmcMF to 
lipopolysaccharide. A: The expression levels of indicated proteins in primary 
intestinal myofibroblasts (IMFs) (primary), LmcMF, and SmcMF were investi-
gated by Western blotting; B-D: Primary IMFs (B), LmcMF (C), and SmcMF (D) 
were stimulated with lipopolysaccharide (LPS) (20 ng/mL) for indicated periods. 
The IκBα degradation and p38 MAPK phosphorylation were determined by 
Western blotting. Representative blots from 3-4 independent experiments are 
shown. Actin was used as a loading control. 
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stimulation.
Applications
Because IMFs play crucial roles in regulating epithelial cells, it is important to 
develop IMF cell lines. The establishment of 2 cell lines is helpful for improving 
the efficiency of IMF research.
Peer review
This study characterizes 2 IMF cell lines isolated from the mouse colon. This is 
a straightforward descriptive report and is methodological in nature; essentially, 
the authors have generated a potentially useful cell line resource that may be 
used to further myofibroblast research into tissue repair and fibrosis, immune 
regulation within the intestine, and other aspects of myofibroblast function. 
Because only a few good myofibroblast cell lines are currently available, it is 
important to create new myofibroblast cell lines for in vitro studies, and the au-
thors have generated 2 IMF cell lines by using 2 different approaches.
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