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Implications of the immunoregulatory functions of
mesenchymal stem cells in the treatment of human liver
diseases
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Transplantation of mesenchymal stem cells (MSCs) has been recently studied in animal models, and in clinical trials of patients with

fulminant hepatic failure, end-stage liver diseases and inherited metabolic disorders. Modulatory cytokines produced by MSCs can

inhibit immunocyte proliferation and migration to the liver, thereby attenuating inflammatory injury and reducing hepatocyte

apoptosis. In addition, MSCs play an important role in regressing liver fibrosis and in supporting the function, proliferation and

differentiation of endogenous hepatocytes under appropriate conditions. Although remarkable progress has been achieved in basic and

clinical MSC studies, optimal therapeutic regimens for the clinical application of MSCs, such as optimal doses, transplantation routine

and interval period for transplantation, need to be elucidated in detail. Furthermore, the long-term safety and therapeutic efficacy of

MSC transplantation should be evaluated in future clinical trials. This review summarizes our current understanding of the

immunomodulatory effects of MSC therapies on human liver diseases.
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INTRODUCTION

Mesenchymal stem cells (MSCs) are adult stem cells that originate from

the mesenchymal and connective tissue of the bone marrow, adipose

tissue, placenta, umbilical cord, cord blood, peripheral blood, liver, etc.

These cells show immunomodulation, self-renewal and multidirectional

differentiation potential. In contrast to embryonic stem cells, MSCs are

associated with fewer ethical concerns. More importantly, MSCs have

greater expansion capability and exhibit faster growth in vitro. Many

studies have shown that MSCs have the potential to differentiate into

multiple cell lineages such as osteoblasts, chondrocytes, myoblasts, adi-

pocytes, endothelial cells and neuron-like cells. Under appropriate con-

ditions, MSCs can differentiate into hepatocyte-like cells that perform

hepatic functions such as albumin production, glycogen storage, urea

secretion, low-density lipoprotein uptake and phenobarbital-inducible

cytochrome P450 activity.1 Owing to their capacity to engraft into the

recipient after administration, MSCs have been used to treat children

with severe osteogenesis imperfecta. The immunosuppressive effect of

infused MSCs has been successfully employed in the treatment of acute

severe graft-versus-host disease (GVHD). These findings indicate that

MSC treatment is promising in the therapy of liver diseases. Currently,

clinical trials are underway to assess the safety, feasibility and efficacy of

MSC transplantation in liver diseases.

THERAPEUTIC MECHANISM OF MSC TRANSPLANTATION

Generally, MSCs can differentiate into target cells both in vivo and

in vitro under appropriate conditions.2,3 In particular, MSCs can

differentiate into hepatocyte-like cells through a specific cell-signaling

pathway upon stimulation with a combination of hepatocyte growth

factor (HGF), fibroblast growth factor, epidermal growth factor and

other cytokines.4–6 However, in a culture of human bone marrow-

derived MSCs (BM-MSCs) and hepatocytes, BM-MSCs that undergo

hepatic differentiation probably account for only a small percentage of

the population,7 and any differentiation may not significantly change

the outcome of the bone marrow stromal cell (BMSC) and hepatocyte

coculture experiments.8

MSCs have recently emerged as promising candidates for cell-based

immunotherapy because these cells can modulate the immune res-

ponses in various ways. MSCs can produce a series of growth factors,

cytokines and signal molecules that can potentially suppress inflam-

matory responses, reduce hepatocyte apoptosis, regress liver fibrosis,

enhance hepatocyte functionality and stimulate the proliferation of

endogenous hepatocytes9 (Figure 1). The interaction between MSCs

and immunocytes plays a crucial role in immunoregulation. Because

immunocyte infiltration is an essential step leading to liver injury,

resolution of inflammatory cell infiltration is critical for prevent-

ing immunocyte-mediated chronic damage. Several studies have

indicated that MSCs can interfere with the functioning of antigen-

presenting cells, block B-cell differentiation and suppress the immune

response of T cells and natural killer cells via the secretion of soluble

cytokines and direct cell-to-cell contacts (Figure 2). In addition, since

cytokines are important components of the machinery that mediates

inflammatory responses, prevention of the inflammatory effects of
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proinflammatory cytokines such as tumor necrosis factor (TNF)-a

and interleukin (IL)-1 are critical for preventing tissue damage. In

models of lung or other organ injury, MSC therapy can downregulate

local and systemic proinflammatory responses by secreting IL-1 recep-

tor antagonists, and it can upregulate anti-inflammatory cytokines

such as IL-10.10 Furthermore, because of the lack of human leukocyte

antigen (HLA) class II and costimulatory molecules such as CD80,

CD86, CD40 or CD40L, MSC transplantation does not result in host-

versus-graft responses.11

MSCs can also produce some anti-apoptotic cytokines such as stro-

mal cell-derived factor-1 and vascular endothelial growth factor,

which efficiently reduce the apoptosis of recipient cells via the stromal

cell-derived factor-1/CX chemokine receptor-4 axis. The antiapopto-

tic effects of MSCs have been observed in liver injury models. In rat

models of acute liver injury, human BMSCs or MSC-conditioned

medium transplantation significantly reduced rat mortality; this was

found to be correlated with a decrease in the number of apoptotic

hepatocytes.8,12 Furthermore, MSCs can also secrete several cytokines

such as HGF, epidermal growth factor, IL-6 and TNF-a to stimulate

hepatocyte proliferation and maintain hepatocyte function, as indi-

cated by the high levels of albumin and urea secretion.13 These secreted

components of MSCs can enhance liver regeneration in a fulminant

hepatic failure (FHF) model.14

Several animal and clinical trials have demonstrated that MSCs have

the potential to reverse the fibrotic process by inhibiting collagen

deposition and transforming growth factor-b1 production and by

their capacity to differentiate into hepatocytes.15–17 The antifibrotic

mechanism of MSC transplantation can be mainly attributed to the

high levels of matrix metalloproteinase-9 expressed by MSCs, which

may directly degrade the extracellular matrix18 and indirectly regulate

hepatic stellate cells to secrete cytokines. In addition, MSC-derived IL-

10 and TNF-a can also inhibit hepatic stellate cell regeneration and

matrix synthesis.19 However, there are still some doubts regarding the

antifibrotic effect of MSCs because MSCs have the potential to differ-

entiate into fibrotic cells.20,21

EFFICIENCY OF MSC TRANSPLANTATION

Recent experimental studies have shown the successful application of

MSC transplantation in the treatment of FHF, end-stage liver disease

(ESLD) and inherited metabolic disorders (IMDs). These studies have

shown that MSC transplantation can partially restore the liver func-

tion, ameliorate the symptoms and enhance the survival rates.12,22

In liver tissues from patients with liver cirrhosis, the formation of

pseudolobules has a negative effect on duct construction and can

impede the interchange between hepatocytes and serum. MSC trans-

plantation should ideally facilitate duct construction. In animal

experiments, MSC transplantation was shown to regress liver fibrosis

and restore liver function. In a clinical trial from Iran, autologous BM-

MSCs were transplanted in patients with decompensated cirrhosis. All

these patients with ESLD showed good tolerance and decreased Model

for end-stage liver disease (MELD) scores. These patients also showed

an improvement in albumin production and liver function after 6

months of follow-up.23 However, these findings need to be confirmed

in a larger cohort of patients. The long-term efficiency and safety of

MSC transplantation also needs to be determined by tracer studies.

FHF is another severe liver disease that is accompanied by massive

hepatocyte necrosis and discompensatory liver regeneration. The effi-

ciency of MSC treatment in FHF patients was evidenced by the fact

that FHF was rescued 4 weeks after MSC transplantation.24 The rapid

therapeutic effect indicates that the paracrine secretions of MSCs play

a more important role than differentiation in MSC-mediated restora-

tion of liver function.25

IMDs including Crigler–Najjar syndrome26 and primary systemic

amyloidosis27 have been successfully treated by stem cell transplanta-

tion in clinical trials. A combination of cellular transplantation and

gene therapy is currently a popular prospective therapeutic option for

IMDs and is being tested in animal models.28 In these experiments,

exogenous genes were transferred into MSCs, and gene-related cyto-

kines such as HGF, IL-3, interferon-b and somatotrophic hormone

Figure 1 Trophic mechanisms of MSC therapy. Mediator-specific effects of

MSC-derived factors on pathophysiological processes in liver injury. EGF, epi-

dermal growth factor; FGF, fibroblast growth factor; HGF, hepatocyte growth

factor; IGF-1, insulin-like growth factor-1; IL, interleukin; IL-1RA, interleukin-1

receptor antagonist; MMP, matrix metalloproteinase; MSC, mesenchymal stem

cell; LRP, liver-regulating protein; TGF-b, transforming growth factor-b; SCF,

stem cell factor; SDF-1, stromal cell-derived factor-1; TNF-a, tumor necrosis

factor-a; VEGF, vascular endothelial growth factor.

Figure 2 Immunomodulatory properties of MSCs. MSCs modulate the functions

of the immune system by interacting with a wide range of immune cells, including

T lymphocytes, B lymphocytes, natural killer cells and dendritic cells, by secret-

ing dissoluble cytokines and by direct cell–cell contacts. MSCs inhibit T-cell

proliferation in a dose-dependent manner: the greater the number of MSCs,

the greater the inhibition of T-cell proliferation. In contrast, the greater the num-

ber of MSCs, the lower the inhibition of B-cell proliferation. HGF, hepatocyte

growth factor; IDO, indoleamine 2,3-dioxygenase; IL-6, interleukin-6; MCSF,

macrophage colony-stimulating factor; MSCs, mesenchymal stem cells; PGE2,

prostaglandin E2; TGF-b, transforming growth factor-b.
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did not influence the characteristics of the MSCs. However, gene

modification of MSCs is associated with some problems such as the

low efficiency of transfection, safety of the virus vehicle and possibility

of oncogenicity.29 Overall, the current data indicate that although the

therapeutic effect of MSCs requires further investigation, these cells

can be considered for therapeutic purposes in liver diseases.

QUALITY PARAMETERS FOR THE APPLICATION OF MSCS

The use of MSC-conditioned medium transplantation and MSC bior-

eactors has been successful in preclinical studies and initial clinical

trials on MSC transplantation. However, some important issues related

to the optimal delivery method for MSC therapy remain to be resolved.

In comparison with MSC-conditioned medium, transplanted MSCs

have demonstrated the potential to be able to home in to the site of

injury and ensure continued delivery of tropic signal molecules.25

However, long-term engraftment levels are low, and invasive methods

for the local delivery of MSCs are often necessary to circumvent the

lodging of these cells in the pulmonary flow.30 Furthermore, direct

delivery of the effector molecules secreted by MSCs has the potential

to become a promising clinical therapy. Efforts have been made to

identify specific mediators responsible for the therapeutic effects of

MSCs, and the roles of several growth factors, cytokines, soluble recep-

tors and cytokine antagonists have been revealed; however, many other

mechanisms remain unknown. A better understanding of the media-

tors secreted by MSCs will not only facilitate the understanding of the

mechanism of action of MSC therapy, but also eventually lead to the

development of an optimized cocktail of crucial compounds respon-

sible for the therapeutic activity of MSCs. The environment in which

MSCs are engrafted is very important for the development, differenti-

ation and paracrine secretion of the cells and for the long-term pro-

gnosis of MSC transplantation. The new strategy is to cotransplant

MSCs with biomaterials, growth factors or cytokines; one example is

the use of bioreactor-integrated mixtures of MSC with extracellular

matrix or collagen biomaterials to reduce the loss of nutrients in order

to improve the survival of MSCs.31 The problem of concurrent immuno-

suppression is another factor that can influence the efficiency of

MSC delivery, such as calcineurin inhibition after experimental solid

organ transplantation, which abrogates the immunosuppressive effect

of MSC therapy. Thus, a clinical protocol that involves immune-inhibitor

drugs is still to be determined.

MSCs are usually infused into the injured liver through a portal

vein, peripheral artery, or by other approaches such as the intrahepa-

tic, intrasplenic and intraperitoneal routes; however, the ideal route is

chosen according to the type of disease and the treatment goals. In the

application of MSC transplantation, local injuries can be managed by

point injection, while diffuse injuries can be treated by vascular injec-

tion. Experiments in a mouse model of FHF showed that MSC trans-

plantation through the veins had a better effect than intrasplenic

transplantation.23 IMDs or FHF can be successfully treated by MSC

transplantation through the portal vein, although temporary portal

hypertension has been observed in some animal studies. However, in

ESLD, distorted architecture, point injection and portal infusion may

result in pulmonary embolism and long-term portal hypertension.32

One clinical trial showed that the infusion of hematopoietic stem cells

through the hepatic artery in decompensated cirrhosis could margin-

ally improve liver function in some patients; however, it could also

cause major adverse effects such as radio contrast nephropathy and

hepatorenal syndrome.33

The quantity of MSCs may influence the therapeutic efficiency of

MSC transplantation. Although MSCs can suppress the proliferation of

activated lymphocytes in vitro in a dose-dependent manner, there

are no reliable results to show that the treatment efficiency is dose-

dependent. In more than half of the patients with GVHD, a single dose

produced a response, whereas in a few patients with partial response or

with recurrent GVHD, several doses were required to induce a lasting

response. Theoretically, although not many MSCs are required to

restore liver function, promote hepatocyte generation and regress liver

fibrosis, the quantity of transplanted MSCs must be higher than the

effective amount in clinical trials. In animal studies, the quantity of

transplanted stem cells is usually about 106–107. In two of the clinical

studies mentioned above, four patients with decompensated cirrhosis15

and eight cirrhosis patients with ESLD received 3.23107 and 3–53107

autologous BM-MSCs, respectively, through the peripheral or portal

vein.21 In both trials, all the patients tolerated the transplantation well

during and until the end of the follow-up period. An animal trial

showed that the effect of MSC transplantation was directly related to

the number of homing cells.34 However, this number did not show any

obvious dependence on the number of transplanted MSCs.35 It is dif-

ficult to obtain a large quantity of high-purity MSCs in a short time

under the existing conditions used for culture. Therefore, instead of

using large quantities of MSCs in transplantation, the therapeutic effi-

ciency of MSC transplantation may be improved by an effective method

that enhances the homing efficiency of MSCs to the injured liver.

THERAPEUTIC SAFETY IN CLINICAL TRIALS OF MSC

TRANSPLANTATION

Finally, an issue of crucial importance is the safety of injected MSCs.

Although their use in most hemato-oncological conditions has been

considered safe, their long-term effects on immune function and

tumorigenic risk remain unknown. Theoretically, MSCs can directly

facilitate tumor growth via transformation, suppression of the anti-

tumor immune response and direct trophic action on tumor cells.

However, potent antitumor effects of MSCs have also been observed.

Although the study showed that the balance between the naive stem

state and the differentiated state is highly dependent on the stem cell

niche,36 more evidence is required to understand how MSCs positively

or negatively modulate carcinogenesis and to evaluate the safety of

MSC transplantation. High-risk patients may not be suitable candi-

dates for MSC therapy, and the possibility of spontaneous tumor

formation in such patients should be considered.37 However, it is

generally accepted that the rapid migration of MSCs to the damaged

organ is concomitant with their subsequent clearance. At present, the

persistence of MSCs in vivo is not known. Another key issue that needs

to be addressed for clinical purposes concerns the immunogenicity of

MSCs. However, allogeneic and xenogeneic MSCs have been effec-

tively used in many clinical trials. Third-party MSCs were also found

to be as effective as HLA-identical MSCs. MSCs can nonspecifically

inhibit allogeneic lymphocyte proliferation,38 thereby indicating their

potential clinical applications in the prevention and treatment of ther-

apy-resistant acute GVHD and autoimmune diseases.39 However, the

test revealed that of the nine GVHD patients who had undergone MSC

infusion, three developed viral infections. Therefore, concerns were

raised that MSC infusion may increase the susceptibility to human

herpesvirus infection and immunosuppression and reduce the immu-

nosurveillance of pathogens. These concerns were supported by in

vitro observations that lymphocyte proliferation induced by herpes-

viruses is suppressed by MSCs.40 A better understanding of the safety

of MSCs will allow us to apply our basic knowledge of MSC biology to

the design of clinical therapies. Further clinical trials to this end should

be considered.
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CONCLUSION

MSC transplantation for the treatment of human liver diseases is at

least partly based on the differentiation and repopulation of MSCs and

their immunomodulatory effects. Despite significant recent progress,

some concerns with MSC transplantation have to be addressed before

their use in intensive clinical treatment. First, the mechanism under-

lying MSC differentiation and immunomodulation should be eluci-

dated. Second, the dynamics of transplanted MSCs in recipients in vivo

needs to be analyzed by tracer methods. Third, the optimal transfusion

quantity and route of MSC transplantation need to be determined.

Finally, additional multicenter, randomized, placebo-controlled, clin-

ical trials should be conducted to prove the therapeutic efficiency of

this approach and to determine the adverse effects and complications

that could arise in clinical situations.
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