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ABSTRACT

Liver fibrosis is strongly associated with chronic inflammation. As an alternative to conventional

treatments for fibrosis, mesenchymal stem cells (MSCs) therapy is found to be attractive due to its

immunomodulatory functions. However, low survival rate and profibrogenic properties of MSCs

remain the major concerns, leading to skepticism in many investigators. Here, we have asked the

question whether bone marrow (BM)-derived CD45 cells are the better candidate than MSCs to

treat fibrosis, if so, what are the molecular mechanisms that make such distinction. Using CCl4-

induced liver fibrosis mouse model of a Metavir fibrosis score 3, we showed that BM-CD45 cells

have better antifibrotic effect that adipose-derived (AD)-MSCs. In fact, our study revealed that

antifibrotic potential of CD45 cells are compromised by the presence of MSCs. This difference was

apparently due to significantly high level expressions of matrix metalloproteinases-9 and 13, and

the suppression of hepatic stellate cells’ (HpSCs) activation in the CD45 cells transplantation group.

Mechanism dissection studied in vitro supported the above opposing results and revealed that

CD45 cell-secreted FasL induced apoptotic death of activated HpSCs. Further analyses suggest that

MSC-secreted transforming growth factor b and insulin-like growth factor-1 promoted myofibro-

blastic differentiation of HpSCs and their proliferation. Additionally, the transplantation of CD45

cells led to functional improvement of the liver through repair and regeneration. Thus, BM-derived

CD45 cells appear as a superior candidate for the treatment of liver fibrosis due to structural and

functional improvement of CCl4-induced fibrotic liver, which were much lower in case of AD-MSC

therapy. STEM CELLS 2015; 00:000–000

SIGNIFICANCE STATEMENT

During past 10 years, mesenchymal stem cells (MSCs) has been given highest priority to treat

fibrotic liver due to immunosuppressive properties. Despite of that, use of MSCs to treat fibro-

sis is not beyond any scrutiny, as we have shown that MSCs generate cues for myofibroblastic

differentiation and anti-apoptosis of stellate cells, and prevent scar-associated macrophages to

degrade ECM. In the present manuscript, we have shown that CD45 cells induce apoptotic

death of stellate cells, prevent their myofibroblastic differentiation and facilitate degradation of

scar, involve in repair and regeneration of liver in mouse. In clinical translation, CD45 cell ther-

apy is believed to be most appropriate as these cells can be easily harvested and transfused,

and no culture manipulation is required for that. Because large number of CD45 cells can be

harvested from patientã s cytokine mobilized peripheral blood, less invasive technique than

bone marrow harvest can be adopted for this purpose.

INTRODUCTION

Chronic liver injury (CLI) by any toxic insult or

viral infections results in scar deposition leading

to cirrhosis, which impedes the normal function

of the liver and its regeneration. Cirrhotic livers

often develop hepatocellular carcinoma [1].

End-stage patients are treated with orthotopic

liver transplantation, which may improve the

survival rate by 5 years [2]; however, many of

them show adverse side effects like infection

and multiorgan failure due to prolong usage of

immunosuppressive drugs. Furthermore, the

treatment of end-stage liver disease is limited

due to global shortage of cadaver/donor organ,
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which encourages the development of alternate strategies to

treat cirrhotic liver.

CLI is marked by persistence inflammation, in which mono-

cytes/macrophage play a central role. As a consequence to

inflammation, transforming growth factor b (TGFb) pathway

activation in hepatic stellate cells (HpSCs) results in myofibro-

blastic differentiation, leading to the formation of scar. There-

fore, mainly two alternate strategies are generally followed to

improve the prognosis of the disease: targeting TGFb pathway

and suppressing inflammation [3–5].

In recent past, many clinical trials have been conducted

for treatment of cirrhotic liver, mostly using mesenchymal

stem cells (MSCs) [6–10]. Although these studies have regis-

tered some clinical improvement without severe side effects,

the long-term benefits remain uncertain. The main purpose of

using MSCs was due to their immunosuppressive properties,

which can take care of sustained inflammation in case of liver

fibrosis [7, 8]. In a mouse model of CLI, treatment with MSCs

resulted in suppression of hepatic infiltration of immune cells,

reducing liver fibrosis [9, 10]. However, resent studies pro-

posed that in CLI the regression of fibrosis is associated with

differentiation of proinflammatory macrophages into resident

type that secrete matrix metalloproteinases (MMPs) to

degrade scar [11–13]. This was partly supported by earlier

studies where resolution of CCl4-induced liver fibrosis was

found to be abrogated leading to scar formation due to the

selective depletion of scar-associated macrophages (SAM) or

the use of MMP13-deficient mice to create fibrosis [14, 15].

These findings encouraged the use of bone marrow (BM)-

derived activated macrophages for the treatment of liver

fibrosis in mice [16]. Hence, the most critical question that

emerges is whether the suppression of chronic hepatic inflam-

mation is desirable for the treatment of fibrosis in all stages?

Furthermore, MSCs were found to be profibrogenic, not only

because they secrete fibrogenic molecules [17], but also

because they can directly differentiate into myofibroblasts in

experimental mouse model of liver fibrosis as well as in

patients [18, 19]. Therefore, it is necessary to explore the

antifibrotic potential of BM cells, other than MSCs. Addition-

ally, it is obligatory to evaluate the paracrine role of MSCs in

terms of the protection or induction of apoptosis in activated

HpSCs, to see whether the secreted factors promote or inhibit

myofibroblastic differentiation. Unless these questions are

addressed, the treatment by BM cells or MSCs may prove det-

rimental to the patients.

In this study, we have compared the antifibrotic role of

BM-derived CD45 cells with adipose-derived (AD)-MSCs in

CCl4-induced liver fibrosis model. Specifically, we investigated

whether these two cell types influence the HpSCs differently,

and if so, what is the cellular and molecular mechanism of

fibrosis resolution. Our results suggest that BM-CD45 cells

therapy ameliorated fibrosis and regenerated liver more effi-

ciently than MSCs.

MATERIALS AND METHODS

Animals

Six- to eight-week-old male C57BL/6J and enhanced green fluo-

rescence protein (eGFP) transgenic mice (C57BL/6-Tg(UBC-

GFP)30Scha/J) were used in this investigation. Mice were

obtained from Jackson Laboratories (Bar Harbor, ME) and main-

tained in an experimental animal facility in our institute. AQ3Mice

were kept in an individual ventilated cages and fed with auto-

claved acidified water and irradiated food ad libitum. All experi-

ments were conducted as per procedures approved by the

Institutional Animal Ethics Committee at the National Institute

of Immunology, New Delhi, India.

Experimental Liver Fibrosis Model and Transplantation

A liver fibrosis model was established in C57Bl6/J mice by

repeated injection of CCl4 (0.8 ml/kg b.wt.) in mineral oil, twice

a week, for a period of 8 weeks (16 doses) via the intraperito-

neal route till a Metavir score 3 was achieved [20]. Sixty such

mice were divided equally into three groups. Group A (sham

control, ShC) mice received PBS. AQ4Group B (TxCD45) and Group C

(TxMSC) mice received 5 3 106 BM-CD45 cells (freshly isolated)

and 0.25 3 106 AD-MSCs (passage 3) per mouse, respectively,

from eGFP transgenic mice through intrasplenic route. Low

transplantation dose of AD-MSCs was due to their large size

(35–40 mm) as compared to BM-CD45 cells. We could not per-

form this comparative study using higher dose of MSCs, as at

increasing cell number (0.5 3 106 MSCs/mouse) the mortality

of mice was approximately 80%. These three groups of mice

were given additional doses of CCl4 (eight doses) to maintain a

profibrotic environment. A separate transplantation experiment

was conducted following above protocol in which CD45 cells or

MSCs or together were delivered in fibrotic liver. After 4 weeks

of transplantation, mice were sacrificed, livers were isolated to

examine for fibrosis and gene expression, and sera were stored

for liver function tests. The extent of fibrosis was determined by

staining with picrosirius red (Polyscience, Inc., PA), followed by

determining the collagen proportionate area (CPA) using Image

J software (NIH). The activation status of HpSCs was examined

by staining with alpha-smooth muscle actin (a-SMA) antibody,

followed by determining the a-SMA area as explained above.

The presence of SAM in fibrotic zone was identified by costain-

ing sections with matrix metalloproteinase (MMP)213 antibody

and picrosirius red.

Isolation and Characterization of Cells

Mononuclear BM cells of eGFP transgenic female mice were

stained with mouse anti-CD45/APC (1:200, cat# 17–0451, BD

Bioscience, San Diego, CA) and then sorted for CD451 cells

using FACS AriaIII (BD Bioscience). BM-derived CD45 cells

were phenotypically characterized for the presence of mono-

cytes/macrophages (CD11b and F4/80), hematopoietic stem

(LSK), uncommitted cells (Lin2), and NK (CD561CD32) cells by

immunostaining (Supporting Information Methods and Sup-

porting Information Fig. SF1). AD-MSCs were isolated from

abdominal fat of the same mouse following a published pro-

tocol [21]. In brief, fat tissue was digested with collagenase,

the cells were cultured in low glucose Dulbecco’s modified

Eagle’s medium supplemented with 10% FBS for 2 days. AQ5The

trypsinized cells were subcultured (3,000 cells per square cen-

timeter) for consecutive three passages before phenotypically

characterized (Supporting Information Methods and Support-

ing Information Fig. SF2).

Culture of HpSCs with Conditioned Media

HpSCs were isolated from 8 weeks post-treated fibrotic liver

(Supporting Information Methods), 5.0 3 104 cells were
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placed on each poly(L-lysine)-coated cover slip, and separately

cultured in 5% FBS supplemented Ham F-12 medium or with

1:1 diluted CD45 or MSC-conditioned medium (CM) for 72

and 120 hours. Conditioned media were prepared by growing

either 2 3 106 CD45 cells or AD-MSCs for 2 days in 10 ml of

serum supplemented medium. In separate experiments,

HpSCs were cultured as above, but in the presence or

absence of 50 mM SB-431542 (Cayman Chemical, MI) to

determine the effect of inhibition of TGFb pathway on myofi-

broblastic differentiation. A bioneutralization assay of FasL

was conducted in a 48-well plate by incubating 5.0 3 104

cells in 1:1 diluted conditioned media as such (control) or pre-

incubated with an anti-FasL antibody (R&D Systems, Minneap-

olis, MN). Depending upon the nature of the experiments, the

aHpSCs were analyzed for proliferation/inhibition (MTT assay

and Ki67 staining), apoptosis (Caspase-3/7 Assay), myofibro-

blastic differentiation (aSMA and collagen-1a expression), and

gene expression (RT-PCR).

Immunohistochemistry and Immunocytochemistry

Four percentage PFA-fixed liver tissues were frozen in tissue

freezing medium (Jung, Leica Microsystems, Germany). Five

micron sections were cut and treated with 0.15% Triton X-100

for 30 minutes in room temperature. Similarly, 4% PFA-fixed

cells were treated with 0.15% Triton X-100 for 30 minutes in

room temperature. The sections or cells were stained with dif-

ferent antibodies for 1 hour. After three times washing, tissue

sections/cells were reacted with secondary antibodies conju-

gated with the flurochromes for another 1 hour. The sections

were further washed and the nuclei were stained with 40,6-

diamidino-2-phenylindole. The sections were imaged using

Olympus fluorescence microscope (Olympus, Tokyo) using

LCPlanFl 320 and 360 objectives. Images were also captured

using Leica SP5 II confocal laser-scanning microscope with

Plan-Apochromat 363/1.4 oil objective and LAS/AF Lite soft-

ware for analysis. The images were composed and edited in

Photoshop 6.0 (Adobe). The antibodies used were anti-mouse

CK18 (1:200, cat# sc-32329), anti-mouse CK19 (1:50, cat# sc-

25724), and anti-human MMP13 (1:200, cat# sc-30073) from

Santa Cruz Biotechnology (Santa Cruz, CA), anti-mouse a-SMA

(1:200, cat# IMG-80014, Imgenex, Bhubaneswar, India), rabbit

polyclonal anti-a-SMA (1:200, cat# ab 5694, Abcam, Cam-

bridge, U.K.), anti-desmin (1:100, cat# 46–777, Prosci, Inc.,

Poway, CA), anti-mouse eGFP (1:250, cat# 632381, Clontech-

Takara Bio Company, Kyoto, Japan), anti-mouse albumin

(1:100, cat# A90–134A, Bethyl, Montgomery, TX), anti-mouse

Ki67 (1:50, cat# ab15580, Abcam), and collagen-1a1 (1:250,

cat# NBP1–30054, Novous Biologicals). The corresponding sec-

ondary antibodies used in the study were conjugated with

AlexaFluor 488/594 (Invitrogen, CA).

Supporting Methods

Other methods, including liver perfusion, isolation of hepato-

cytes and HpSCs, phenotypic characterization of cells, ELISA,

Western blot analysis, TUNEL assay, FISH, identification of

SAM, liver function tests, reverse transcriptase polymerase

chain reaction, primer design, and scanning electron micros-

copy are described.

Statistics

Results of multiple experiments were reported as mean-

6 SEM. Student’s t test was carried out to calculate the signif-

icance between the means of both groups and p< .05 was

considered as significant. All analyses were carried out using

Graph pad Prism software, Version 5.02.

RESULTS

CD45 Cell Therapy Facilitates Regression of Fibrosis

The scheme for induction and maintenance of fibrotic conditions

in mouse liver and transplantation of cells are shown in Figure F11A.

A substantial regression of fibrosis was noticed in TxCD45 group

when compared with ShC and TxMSC groups, as determined by

decline of the Metavir score from 3 to 1, and 70% CPA reduction

within 30 days of transplantation (Fig. 1A–1C). In TxMSC group, the

fibrosis too was significantly regressed, but at a much lower extent

than TxCD45 group. During fibrosis, HpSCs are activated to myofi-

broblasts and express a-SMA, most prominently along the septae.

The a-SMA area was significantly reduced in TxCD45 group but not

in TxMSC when compared with the ShC group (Fig. 1A, 1D). Instead,

a fraction (>20%) of engrafted cells in TxMSC group differentiated

into myofibroblasts at they expressed both a-SMA and eGFP

(4.56 0.35 cells/field, 3600), which were completely absent in

TxCD45 group (Fig. 1E). Since, the regression of fibrosis was more

prominently observed in TxCD45 group, we further examined the

resolution of fibrotic septae in liver sections by SEM. No fibrous

collagen septae were seen in the healthy control samples. Interest-

ingly, portal-to-portal septae that were observed in ShC were

almost regressed after transplantation of CD45 cells (Fig. 1F).

In mouse BM, approximately 15% of CD45 cells are mono-

cytes, the physiological precursors of macrophages. We propose

that the monocytes present in the donor cells were converted

into active macrophages in a fibrotic liver milieu and secreted

more MMPs for the degradation of fibrillar collagen and elastin.

Gene expression analyses showed significantly higher levels of

MMPs in TxCD45 group as compared to ShC group, whereas in

the TxMSC only MMP-12 genes were enhanced (Fig. F22A). To vali-

date the fibrolytic effect of CD45 cells and to decipher any

immunosuppressive role of MSCs in this fibrolysis process, a

cotransplantation experiment was conducted. It was revealed

that the regression of fibrosis was significantly inhibited by the

presence of MSCs, as shown by picrosirius red staining and CPA

evaluation (Fig. 2B). We anticipate that cotransplantation pre-

vented the accumulation of CD45 cells-derived macrophages

near the fibrotic scar as compared to TxCD45 group. This was

confirmed by counting the number of MMP-13 expressing infil-

trating cells adjacent to the scar (Fig. 2C). We expressed cell

number in two ways—per field and unit fibrotic area basis. The

purpose of showing MMP-13 expressing cell number in unit

fibrotic area was that we analyzed liver after 30 days of trans-

plantation, and in TxCD45 group there was significant reduction

of scar and so the total number of MMP-13 expressing cells per

field. Morphometric analysis suggested that the average num-

ber of MMP-13 expressing macrophages in unit fibrotic area

was reduced to one-third by the presence of MSCs as compared

to CD45 cells alone (Fig. 2C, bar diagram). The above results

show that in profibrotic condition, transplantation of CD45 cells

improved liver fibrosis by providing more SAM than MSCs.
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Figure 1. Therapeutic effect of CD45 cells/MSCs in fibrotic liver. (A): Plan of experiments and representative micrographs of liver sec-
tions are shown. CCl4 administration was continued till the end of the experiment. Collagen was stained with picrosirus red and activa-
tion of stellate cells was assessed by a-SMA expression. Scale bar5 200 mm (3100) and 400 mm (3200). (B): Metavir score of fibrosis.
Early resolution of fibrosis was seen in TxCD45 group. (C): Collagen proportionate area. Percentage picrosirus red stained area was deter-
mined by Image J software from “A.” Collagen synthesis in TxCD45 group was significantly reduced as compared to ShC and TxMSC groups.
(D): a-SMA area. Percentage a-SMA antigen expressing area was determined by Image J software. a-SMA area in TxCD45 group was sig-
nificantly reduced as compared to ShC and TxMSC groups. (E): Myfibroblastic differentiation of donor cells. Representative images show
some eGFP-expressing donor MSCs also express a-SMA (orange arrows, top image), eGFP-expressing donor CD45 cells do not express a-
SMA (middle image), and no eGFP expressing cells are present in ShC, but HpSCs are stained with a-SMA (bottom image). Scale
bar5 50 mm (3600). Morphometric analysis based on 20 fields/mice is shown in the bar diagram. (F): Scanning electron micrographs.
Representative figures show collagen septa (white arrows) in ShC liver, but not in the TxCD45 mice. Magnification: 3500; inset shows
highly magnified image (330,650). Each analysis was based on biological replicates of three to six mice in each time point. *,< .05;
**,< .01; ***,< .001. Abbreviations: GFP, green fluorescence protein; MSC, mesenchymal stem cell.
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CD45-CM Inactivates aHpSCs Whereas MSC-CM

Induces Their Myofibroblastic Differentiation in

Culture

It was clear from in vivo studies that among the two cell types,

CD45 was superior in resolving the fibrosis. To decipher the

molecular mechanisms by which CD45 cells or MSCs resolve

fibrosis, we targeted HpSCs as their myofibroblastic differentia-

tion leads to scar formation and their inactivation and/or apo-

ptosis regress fibrosis. Initially, we performed contact and

noncontact based coculture experiments using CD45 cells and

HpSCs. It is known that HpSCs on activation differentiate into

myofibroblasts, reduce retinoid bodies, and express a-SMA. The
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Figure 2. Effect of MSCs on fibrolytic activity of donor CD45 cells. (A): Comparative MMP-9/12/13 gene expression after 30 days of
transplantation. Real-time RT-PCR analyses show significantly high transcript levels of MMP-9 and 213 in TxCD45 than ShC and TxMSC

groups. (B): CPA. Micrographs of liver sections suggest cotransplantation of MSCs with CD45 cells results in suppression of fibrolytic
effect of CD45 cells. CPA in TxCD45 group was significantly low as compared to ShC, TxMSC, and TxCD451MSC groups. Scale bar5 200 mm
(3100). (C): Accumulation of MMP-13 expressing cells near scar. Micrographs suggest cotransplantation of MSCs with CD45 cells do not
resolute scar as compared to ShC, rather suppress resolution process. Morphometric analysis of the number of SAM (brown color
stained) per field is based on average of 30–45 fields in multiple mice. The number of SAM is also converted into unit CPA basis. In
each field, the counting of SAM was confined within collagen deposited zone (yellow color marked). The number of SAM is found to be
much higher in case of TxCD45 groups. Scale bar5 50 mm (3600). Each analysis was based on biological replicates of 3 mice. *,< .05;
**,< .01; ***,< .001. Abbreviations: CPA, collagen proportionate area; MSC, mesenchymal stem cell.
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HpSCs, isolated from 8 weeks CCl4-treated fibrotic liver, were

cultured in the presence of CD45 cells (with/without contact)

for 120 hours. The culture resulted in inactivation of aHpSCs as

marked by the loss of a-SMA expression and gain of retinoid

bodies in some cells (Supporting Information Fig. SF3). In con-

trol cultures, the activation of HpSCs was maintained till the

end of the experiments. Cumulative scoring of a-SMA1 cells in

five independent experiments showed that the majority of the

aHpSCs were inactivated in both contact and noncontact culture

experiments.

Knowing that direct cell-to-cell contact is not essential for

inactivation of aHpSCs, we then compared the relative antifi-

brotic potential of the conditioned media (CM). As the trans-

plantation of MSCs showed a minor change in fibrosis, we

thought that MSCs supported the myofibroblastic differentia-

tion of HpSCs. To examine that, we separately cultured iso-

lated HpSCs in the presence of 1:1 diluted CD45-CM or MSC-

CM. The representative images show MSC-CM-induced com-

plete myofibroblastic differentiation, as both collagen-1a and

a-SMA synthesis were increased than in the control group,

and cells attained a typical flat-spread morphology. Con-

versely, deactivation and reduction of cell number were

noticed in the presence of CD45-CM when compared with

control group and MSC-CM (Fig.F3 3A). Cumulative scoring of

the results indicated a steep drop of a-SMA1 cells number

when cultured in CD45-CM (Fig. 3B, bar diagram). Interest-

ingly, Wharton jelly MSC-CM also induced a myofibroblastic

differentiation of HpSCs (Supporting Information Fig. SF4).

Next, we compared overall proliferation of HpSCs in the

presence of conditioned media by MTT assay. The results

showed that MSC-CM induced twofold more proliferation as

compared to control within 48 hours of culture, whereas the

proliferation was inhibited by CD45-CM (Fig. 3B). Further analy-

sis confirmed that a few activated and normal HpSCs expressed

nuclear proliferating antigen (Ki67). Quantitative analyses of

cells expressing a-SMA and Ki67 indicate that MSC-CM sup-

ported the proliferation of aHpSCs, whereas CD45-CM induced

the proliferation of normal HpSCs (Fig. 3C).

We deciphered the molecular mechanism to confirm the

fibrogenic potential of MSCs. A high level of TGFb, an inducer

of fibrosis, in MSC-CM indicated its potential role in the myo-

fibroblastic differentiation of HpSCs (Fig. 3D). In order to

determine whether this secreted TGFb has any paracrine role,

we cultured HpSCs in control and conditioned media, but in

absence or presence of a TGFb receptor kinase inhibitor. It

was observed that, like in earlier experiments, both control

medium and MSC-CM induced a myofibroblastic differentia-

tion of HpSCs, as they expressed a-SMA and collagen-1a;

however, such cellular changes were significantly barred in

the presence of inhibitor (Fig. 3E, Supporting Information Fig.

SF5). In percentile, we could not found much difference in

activated HpSCs between control medium and MSC-CM as in

both cases cells were isolated from 8th week fibrotic liver

(Fig. 3E, bar diagram), but higher expressions of both a-SMA

and collagen-1a were observed in case of MSC-CM-treated

cells (Supporting Information Fig. SF5). Since CD45-CM did

not show any myofibroblastic differentiation, no inhibitory

effect of SB-431542 was noticed (Fig. 3E). These results

confirmed the role of MSC-secreted TGFb for myofibroblastic

differentiation of HpSCs, which was not discernible in case of

CD45-CM.

CD45-CM Induces Apoptosis, Whereas MSC-CM

Suppresses Apoptotic Death in aHpSCs

The growth inhibitory effect of CD45-CM on aHpSCs was

confirmed by gene expression analysis, in which proapop-

totic (Bad) and cell cycle inhibitor (p27) genes were signifi-

cantly increased in CD45-CM-treated cells (Supporting

Information Fig. SF6). The activation of Bad and p27 genes

in this case may lead to further sensitization of cells toward

apoptosis. To identify the presence of death ligands in CD45-

CM/MSC-CM, first their gene expressions (FasL, TNFa, and

TRAIL) were compared in the cells. Also, we analyzed gene

expressions for platelet-derived growth factor (PDGF), a

potent mitogen for aHpSCs and IFNc, an inhibitor of TFGb

pathway in both cell types. The results confirmed the promi-

nent expression of “death ligands” genes in CD45 cells,

which were minimally expressed in MSCs (Fig. F44A). Different

forms of PDGF genes were expressed both in CD45 and

MSCs, whereas IFNc was solely present in CD45 cells (Fig.

4A). The FasL was present in much higher amount in CD45-

CM, which led to build our hypothesis that enhancement of

apoptotic death in aHpSCs was due to this secreted factor

(Fig. 4B). Later, a bioneutralization assay of FasL in CD45-CM

confirmed the apoptotic/growth inhibitory effect, as prolifer-

ation of HpSCs was partly restored (Fig. 4C) and cells

moderately expressed the differentiation antigen (a-SMA) in

a FasL neutralized culture medium as compared to normal

CD45-CM (Fig. 4D).

To confirm that FasL induces apoptosis in aHpSCs, we con-

ducted caspase-3/7 activity assay after 20 hours of preincuba-

tion with conditioned media. The results showed an additive

effect of CD45-CM on caspase-3/7 activity, over and above

the one that was observed in the control group and MSC-CM

(Fig. 4E). The antiproliferative and apoptotic effect of CD45-

CM on aHpSCs were also evidenced by nuclear condensation,

which were absent in case of MSC-CM (Fig. 3B). To know

whether CD45 cell transplantation can induce apoptosis in

HpSCs, we analyzed desmin1 cells in liver sections for TUNEL

reaction. The results suggested that a fraction of HpSCs still

underwent apoptosis even after 30 days of transplantation

(Supporting Information Fig. SF7).

Since apoptosis of cells in the presence of MSC-CM was

comparable to that of control medium and much lower than

CD45-CM, we measured insulin-like growth factor-1 (IGF-1)

titer, a potent antiapoptotic factor of aHpSCs, in conditioned

media. It was found that approximately 10-fold more IGF-1

was present in MSC-CM as compared to control medium or

CD45-CM (Fig. 4F). Summarizing the above results, CD45-CM

consists of proapoptotic factors, which are present in subop-

timal level in MSC-CM to make any effect on aHpSCs.

Conversely, MSC-CM contains significantly higher level of

antiapoptotic factor than CD45-CM, so rescued cells from

undergoing apoptosis.

CD45 Cells Transplantation Leads to Improvement

of Liver Function

Liver function is compromised in the case of chronic injury. As

fibrosis was significantly suppressed due to transplantation of

CD45 cells, we expected a corresponding improvement of liver

function in these mice. Liver function tests have shown that

CD45 cell therapy resulted in the decline of alanine transaminase
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Figure 3. Effects of CD45-CM on inactivation and MSC-CM on activation of HpSCs in culture. (A): Inactivation of aHpSCs in 1:1 diluted
CD45- or MSC-CM. Cells, cultured for 72 and 120 hours in three different media, were costained for a-SMA and collagen-1a1. Represen-
tative images show the expression of a-SMA and collagen-1a by aHpSCs. The expressions of these activation markers were suppressed
in the presence of CD45-CM. Bar diagram shows (cumulative 500 cells/experiment) CD45-CM was more potent for inactivating myofibro-
blasts than that of MSC-CM (n5 3). Scale bar5 400 mm (3200). (B): Proliferation of aHpSCs in 1:1 diluted conditioned media. Fifty
thousand cells were cultured in 48-well plate in triplicate wells; proliferation was assessed by MTT assay. At each time interval, relative
proliferation was determined with respect to the control wells (normal medium) (n5 4). (C): Proliferation of aHpSCs in 1:1 diluted con-
ditioned media. Nuclear antigen Ki67 was expressed in two types of HpSCs (a-SMA1: white arrow and a-SMA2: black arrows). Both
types of cells were apparently hepatic stellate cells. Bar diagram shows (cumulative 500 cells/experiment) MSC-CM contributed toward
more proliferation of aHpSCs (n5 3). Scale bar5 50 mm (3600). (D): Concentrations of TGFb in control and 1:1 diluted conditioned
media were determined by ELISA (BD Biosciences, San Diego, CA) (n5 4). (E): Expression of a-SMA and collagen-1a in aHpSCs after 72
hours of culture in 1:1 diluted conditioned or normal media in absence or presence of 50 mM SB-431542 inhibitor. Representative
images show that, in the presence of inhibitor, the expressions of these markers of myofibroblastic differentiation are completely
abrogated in cases of control and MSC-CM media. Scale bar5 400 mm (3200), n5 3. The results of experiment “E” were quantitatively
analyzed and presented in bar diagram by counting a-SMA expressing cells from three experiments. *,< .05; **,< .01; ***,< .001. “n”
is the number of experiments. Abbreviations: CM, conditioned medium; HpSCs, hepatic stellate cells; MSC, mesenchymal stem cell.
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and improvement of albumin levels in sera as compared to ShC

mice (Fig.F5 5A, 5B). Conversely, the transplantation of MSCs did

not show any functional improvement of the liver with respect to

these parameters (Fig. 5A, 5B). The above results suggested that

CD45 cells were involved in the repair of liver more efficiently

that MSCs.
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Figure 4. Effect of FasL and TGFb on growth inhibition and differentiation of HpSCs, respectively. (A): RT-PCR analyses of different cytokine
genes in MSCs and CD45 cells that are responsible for apoptosis and proliferation of HpSCs (n5 4). (B): Concentrations of FasL in control
and 1:1 diluted conditioned media were determined by ELISA (Boster Biological, Pvt. Ltd.) (n5 4). (C): Bioneutralization assay for FasL. Fifty
thousand cells were cultured in 48-well plate in triplicate wells for 24, 48, and 72 hours in the presence of control medium and 1:1 diluted
CD45-CM (preincubated with anti-FasL antibody, R&D Systems). Growth inhibition was assessed by MTT assay. At each time interval, relative
inhibition was determined with respect to the control wells (n5 3). (D): Inactivation of aHpSCs in 1:1 diluted CD45-CM (absence/presence
of anti-FasL antibody). After 72 hours of culture, cells were stained for a-SMA and collagen-1a. Representative images show the absence of
a-SMA and collagen-1a expression in CD45-CM, whereas a-SMA is partially expressed in FasL neutralized media. Scale bar5 50 mm (3600).
(E): Apoptosis of aHpSCs. Cells were cultured in the presence of normal and CM, and then Caspase-3/7 activities (Apo-one Homogeneous
Caspase-3/7 Assay kit, Promega Corporation) were assayed at different times (n5 3). (F): Concentrations of IGF-1 in control and 1:1 diluted
conditioned media were determined by ELISA (Peprotech Asia, Israel) (n5 4). *,< .05; ***,< .001. “n” is the number of experiments. Abbre-
viations: CM, conditioned medium; HpSCs, hepatic stellate cells; MSC, mesenchymal stem cell.AQ7
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BM-CD45 Cells Contribute to Liver Regeneration

As liver function improvement was only observed in TxCD45
group, we further analyzed the engraftment and contribution

of donor cells in liver regeneration. Photomicrographs of liver

sections suggested the engraftment of donor CD45 cells in the

fibrotic liver and their retention even after 60 days of trans-

plantation. Interestingly, the engrafted donor cells changed

their phenotype and expressed hepatic markers like albumin

and CK18 (Fig.F6 6A, right panel). The sham control liver sections

did not react with isotype control sera or an eGFP antibody,

indicating the specificity of the staining procedure (Fig. 6A, left

panel). The percentage GFP1, GFP1Alb1, and GFP1CK181 cells

per field were determined by morphometric analysis of images

(Supporting Information Fig. SF8). The results revealed that

almost 15% hepatocytes of the recipient liver were donor-

originated (Fig. 6B). The IHC result was validated by semiquanti-

tative Western blot analysis in which we enumerated

16.85%6 2.52% (n5 3) liver cells were eGFP expressing (Fig.

6C). The difference in results could be attributed to the speci-

ficity of the antibodies used in two readouts, independent

assay methods, and uneven distribution of donor-derived cells

in liver. Besides hepatic phenotype, a few BM-derived endothe-

lial cells and Kupffer cells were also detected (Supporting Infor-

mation Fig. SF9). Mice with TxMSC group also showed the

presence of donor cell-derived hepatocytes (data not shown).

To know whether host or donor-derived hepatocytes can pro-

liferate following transplantation of CD45 cells, liver sections

were costained for Ki67 and eGFP. A few host and donor-marked

cells, morphologically resembling hepatocytes, expressed nuclear

Ki67 antigen (Fig. 6C, Supporting Information Fig. SF10). Further

analysis revealed that relatively more eGFP1 hepatocytes

expressed Ki67 as compared to host hepatocytes, indicating that

donor-derived cells proliferated during liver regeneration. To

examine whether transplantation of cells leads to the activation

of hepatic progenitor cells (HPCs), we stained 30 days liver sec-

tions with CK19 and Ki67. The results clearly indicated that in

TxCD45 group there was significantly (p< .001) high level of duct-

ular reactions, marked by CK19 staining, as compared to ShC and

TxMSC group (Fig. 6D, Supporting Information Fig. SF11). Despite

DR response was observed in TxCD45 group, no proliferating HPCs

were detected.

To examine the heterogeneity of sex chromosome, if any, in

eGFP-expressing hepatic cells we conducted an X,Y FISH cytoge-

netic analysis of the sorted cells after 2 months of transplanta-

tion (Fig. 6E, Supporting Information Fig. SF12). We analyzed

1,133 nuclei of sorted eGFP1 hepatocytes, of which 93.65% of

the cells were a mixture of diploid, tetraploid, and hexaploid X-

chromosome (XX, XXXX, XXXXXX) containing. Approximately

4.75% of the cells possessed both X- and Y-chromosome (XXXY,

XXY, XY), whereas balance of 1.58% was aneuploid (XXX, XXXXX).

Interestingly, the donor-derived hepatic cells lost CD45 antigen

(Fig. 6F). Overall, these results suggested that most of the donor

cells-derived eGFP-expressing hepatocytes do not contain host

chromosome, undergo partial reprogramming and participate in

liver regeneration process.

DISCUSSION

In CLI, activation of HpSCs leads to liver fibrosis as they

secrete excess fibrillar collagen, elastin, and other matrix pro-

teins. In the past 10 years, many clinical trials have been pur-

sued for the treatment of cirrhotic and genetic liver diseases

by transplanting crude BM cells or MSCs. In most of these

cases no adverse incidence was reported, while slight

improvements of clinical parameters were registered [6, 22].

Since liver fibrosis/cirrhosis is associated with chronic inflam-

mation, there is widespread enthusiasm for using MSCs as

immunomodulators [23]. However, many contradicting reports

have been published on the therapeutic potential of MSCs,

which seem to be attributed to the type of experimental

model, MSCs’ phenotype, and cells’ dosage [24]. In this

report, we have demonstrated that BM-CD45 cells were supe-

rior to MSCs in the therapeutic intervention of liver fibrosis

and dissected the mechanisms.

Figure 5. Functional recovery of liver. (A): After 8 weeks of CCl4
treatment, mice were divided into three groups. ShC group
received PBS and other two groups received CD45 cells or MSCs
as per schedule. CCl4 treatment was continued in these mice for
another 30 days. Sera ALT of normal control, ShC, and transplanted
mice were analyzed and compared. (B): In above experiments, sera
albumin levels were analyzed and compared. ALT and albumin lev-
els were determined using commercially available kits (Transasia
Biomedicals, India). Experiments were conducted in three batches
consisting of 15 sera samples. *,< .05; **,< .01. Abbreviations:
ALT, alanine transaminase; MSC, mesenchymal stem cell.
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Figure 6. Phenotype conversion of engrafted CD45 cells and cytogenetic analysis. (A): Liver sections (after 60 days of transplantation)
show that bone marrow (BM)-derived cells express albumin (right top panel) and CK18 (right bottom panel). Staining was specific as isotype
control sera did not show any reactions (left panel). Magnification53600. Bar diagram shows quantitative analysis of cellular phenotype in
BM-derived cells. Calculation was made on the basis of morphometric analyses from nonoverlapping 30 fields/mouse (3200) of representa-
tive images (Supporting Information Fig. SF8) after 60 days of transplantation. (B): Semiquantitative Western blot analysis of eGFP protein.
eGFP protein bands of calibrating and test (recipient mouse: M1, M2, and M3) samples, and corresponding loading controls (b-actin) bands
are shown. Calibration curve in AU versus percentage eGFP-expressing cells, and values of unknown samples are shown. (C): Expression of
Ki67 nuclear antigen in hepatocytes. Representative image shows few hepatocyte nuclei (white arrow: host cell, red arrow: donor cells)
express Ki67 antigen after 30 days of transplantation. Scale bar5 400 mm (3200), n5 3. Morphometric analysis based on 15 fields/mouse
is shown in the bar diagram. (D): Activation of ductular reactions. Representative image (inset) shows few ductular reactions marked by
CK19 staining after 30 days of transplantation. Scale bar5 100 mm (3200), n5 3. Morphometric analysis (comparative) based on 20 fields/
mouse is shown in the bar diagram. (E): FISH of X, Y chromosome. The nuclei of representative unfused (XX, top image) and highly selected
fused (XXXY, bottom image) donor-derived hepatocytes are shown (white arrow). Percentile distributions of fused and unfused cells
are shown in the table. Magnification531,000. (F): Expression of CD45 antigen. Morphologically distinct donor-derived hepatic cells do
not express CD45, but non-mesenchymal cells (white arrow) express the same antigen. Magnification: 3600 (n5 3). “n” is the number of
animals. *,< .05; ***,< .001. Abbreviations: AU, absorption unit; DAPI, 40,6-diamidino-2-phenylindole; GFP, green fluorescence protein.
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Among all immune cells, macrophages are considered

master regulators in the progression as well as the resolution

of liver fibrosis. In fibrosis regression, the infiltrating macro-

phages adopt fibrolytic phenotypes to secrete MMP-9,12,13

for the degradation of excess ECM components [11, 15, 25].

We propose that the macrophage precursors, present in the

donor CD45 cells, were converted into active fibrolytic macro-

phages (SAM) in a fibrotic liver milieu by the influence of

macrophage-colony-stimulating factor (M-CSF) secreted by

activated HpSCs [26]. This may accounted for the significantly

higher levels of MMP-9/12/13 in TxCD45 group, leading to the

degradation of scar and early recovery. MSC transplantation,

conversely, suppressed the recruitment of these macrophages

in fibrotic liver [9, 10] resulting in an incomplete degradation

of scar. This observation was validated in our cotransplanta-

tion experiments as the degradation of scar due to CD45-

derived macrophages was compromised and relatively low

number of SAM were detected near the scar. It is important

to mention here that MSC transplantation did not improve

tissue level MMP-9,13 gene expression, which are supposed

to degrade collagen [27]. Our results emphatically conclude

that in situ differentiated macrophages have the potential to

dissolve fibrotic scar, and thus therapy using in vitro differen-

tiated macrophages [16] would not be required. The increas-

ing trend of MMP-9,12 could also be due to the neutrophils

present in the donor cells.

Interestingly, we observed that aHpSCs were eliminated or

inactivated more efficiently after transplantation of CD45 cells

as compared to MSCs. In response to inflammation, HpSCs

are activated into myofibroblasts and proliferated by the

action of TGFb and PDGF, respectively, that are secreted by

macrophages [11–13]. During regression of fibrosis, these

aHpSCs are reduced in number by combination of deactiva-

tion and apoptosis [28]. The liver sections of the TxCD45 group

not only showed that the ECM components were efficiently

degraded, but that the cells making these proteins were also

declined in number. In vitro experiments showed that CD45-

CM promotes apoptosis in aHpSCs. At the same time, a major

fraction of them returned to the inactivated or quiescent

state. Quiescent HpSCs possess retinoid bodies, which are

eventually lost upon activation and differentiation. The pres-

ence of retinoid bodies in cultured HpSCs confirmed that they

have departed from cell cycle or have never been activated.

Apoptotic effect of CD45-CM to aHpSCs may be due to the

action of death ligands present in the CM, which are poten-

tially secreted by NK cells and proresolving/fibrolytic macro-

phages [11, 29–31]. We have confirmed the functions of FasL

by a bioneutralization assay, although its contribution toward

death was found to be low. Here, we only examined the role

of FasL, it does not seclude TNFa2 and TNF-related apoptosis

inducing ligand (TRAIL) as apoptotic agents. Therefore, we

propose the additive effect of all three factors in the

enhancement of apoptotic death in aHpSCs.

Our in vivo results using MSCs were not in accord with

the preclinical results on the regression of fibrosis, although

we transplanted lower number of cells to avoid unwanted

mortality [6]. Despite low dose of MSCs, cotransplantation

experiment confirmed that this low number of cells were

enough to reverse the antifibrotic effect of CD45 cells, trans-

ferred in the liver. In the rat model no improvement of fibro-

sis was reported following the transplantation of MSCs [32].

Surprisingly, we detected a-SMA expressing donor-derived

cells only in the TxMSC group, as reported by others [18, 19,

33]. Furthermore, like other cells, MSCs are also known to

secrete many factors, such as vascular endothelial growth fac-

tor, TGFb, PDGF, and IGF-1 [34–37], which can protect aHpSCs

from undergoing apoptosis, induce myofibroblastic differentia-

tion, and proliferation. Our results support above notions,

since we first observed high expression of a-SMA and

collagen-1a in a culture of HpSCs in MSC-CM due to the acti-

vation of TGFb pathway. Second, we have demonstrated over-

all proliferation and low apoptosis in these cells, possibly by

the combined effect of PDGF and IGF-1 present in MSC-CM.

In contrast, CD45-CM neither supported the myofibroblastic

differentiation of HpSCs nor protected them from undergoing

apoptosis, but, rather facilitated cellular death.

Activated liver resident NK/NKT cells were shown to possess

strong antifibrotic activity in vivo, as they selectively kill early or

senescence aHpSCs by secreting TRAIL/FasL and IFNc [38].

Again, TGFb attenuates NK cells cytotoxicity against aHpSCs

Figure 7. Proposed mechanisms of action of donor cells (CD45/
MSC) on fibrotic liver. The immunomodulatory function of MSCs sup-
press inflammation to cirrhotic liver leading to lower fibrolytic effect
of resident KCs and SAM. Furthermore, synthesis of TGFb, IGF-1,
PDGF, and so forth, by MSCs protect aHpSCs from apoptosis and
allow their myofibroblastic differentiation and subsequent prolifera-
tion, which results in more collagen-1a synthesis leading to scar for-
mation. MSCs can also take part in indirect (paracrine effect on
HPCs) and direct (differentiation into hepatocytes) liver regeneration
process. Crude CD45 cells is composed of hematopoietic stem cells
and progenitor cells, they can also take part in indirect and direct
liver regeneration process. Monocytes present in CD45 cells differen-
tiate into active macrophages (SAM) in the liver milieu that together
with neutrophils secrete large amount of MMP-9,12,13 for effective
degradation of fibrotic scar. Conversely, death ligands (FasL, TRAIL,
and TNFa) secreted by NK cells facilitate apoptotic death of aHpSCs
and a potent inhibitor of TGFb pathway (IFNc) for preventing myofi-
broblastic differentiation. The overall effect of CD45 cells will be reso-
lution of fibrosis, liver regeneration, and restoration of normal liver
function, whereas MSCs suppress the resolution process (shown by
cotransplantation experiments). Closed and open arrows show the
potential action pathways of MSCs and CD45 cells, respectively. (?):
Potential effector molecules are not studied in this report. Abbrevia-
tions: AD-MSCs, adipose-derived mesenchymal stem cells; BM, bone
marrow; HPCs, hepatic progenitor cells; NK cells, natural killer cells;
SAM, scar-associated macrophages.
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[39]. Overall, above reports suggest that the NK cells’ activation

and the absence of TGFb are two most favorable conditions for

killing of aHpSCs. The myofibroblastic differentiation of HpSCs

and their proliferation in the culture have raised questions

against antifibrotic potential of MSCs, although TGFb and PDGF

are not exclusively synthesized by these cells in vivo. Here, we

propose that immune-suppressive properties of MSCs attenu-

ated the functions of NK cells, macrophages, and neutrophils,

thereby compromised the regression of fibrosis [25, 26].

Postinjury liver is regenerated by activation and proliferation

of hepatic progenitor cells [40]. Interestingly, CD45 cell transplan-

tation showed the presence of massive DRs as compared to

MSCs. In liver, DR sites are composed of HPCs; it has been shown

that macrophages of BM cells are capable of inducing DRs in

healthy mice liver through TWEAK signaling [41]. Although DRs

were present, no proliferating HPCs were detected. We assume

that HPCs proliferation is an early event in DRs, within few days

of transplantation, which was probably ceased by the time of

analysis. Here, we have shown, using two alternate methods, a

high proportion of hepatic cells in the recipient liver that

expressed donor eGFP marker. A large number of donor-derived

hepatocytes were probably due to: (a) intrasplenic transplanta-

tion allowed better engraftment of CD45 cells in the liver as com-

pared to their systemic delivery due to direct supply of cells to

the hepatic plates via portal vein, and (b) high proliferation of

donor-derived cells as compared to the host hepatocytes. We

observed entrapment of donor cells in spleen at the beginning of

infusion, which later mostly egress to the liver. Even though BM-

derived hepatocytes were reported in the literature [42–45], the

plasticity of BM stem cells had been questioned by many groups

[46–48]. Earlier, by lineage tracking analysis of transgenic mice, it

was revealed that hepatocyte-like cells are exclusively generated

after ploidy reduction of the fusion heterokaryons of BM cells

and host hepatocytes within 5–7 days of transplantation [49].

Furthermore, the ploidy reduction was found to be associated in

part with the loss of both donor marker and host chromosome at

the time of chromosomal segregation [49]. If in situ cell fusion is

the only mechanism in formation of BM-derived hepatocytes, it

was possible that in this study fusion hybrids were segregated

much early, and thus very few of them were detected by FISH

after 2 months of transplantation. Interestingly, the donor-

originated hepatic cells underwent partial nuclear reprogram-

ming as they lost the pan hematopoietic marker, CD45.

CONCLUSIONS AQ6

In summary, we have shown that BM-CD45 cell therapy

improved structural and functional parameters in CCl4-induced

fibrotic liver, which was not clearly evidenced in case of

MSCs. We envisaged CD45 cells in clusters of three important

populations of functional relevance, (a) Lin2 cells and hema-

topoietic stem cells that are involved in liver regeneration and

activating hepatic progenitor cells, (b) monocytes/macro-

phages and neutrophils that facilitate the degradation of

fibrous scar and the death of myofibroblasts, and (c) NK cells

that promote apoptotic death of myofibroblasts, as depicted

in Figure F77. Here, we propose that MSC-mediated immune-

suppression may be beneficial provided it is available at the

beginning of the fibrosis. A highly efficient immune-

suppressing system may adversely influences the fibrolysis

process as the functions of resident and circulating fibrolytic

cells are dampened. In clinical translation, CD45 cell therapy,

rather than MSCs, is believed to be most appropriate as cells

can be easily harvested and transfused, and no culture manip-

ulation is required.
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