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Introduction

As the body’s major metabolic factory, the liver may be 

affected by different diseases or injury that could, in time, 

induce the loss of several vital functions. At present, liver 

transplantation is indicated as the best treatment for acute 
liver failure, congenital defects or end-stage cirrhosis, but 
many limitations hamper its efficiency (1). It is currently 
considered the gold standard treatment for end-stage 
liver disease, acute liver failure and liver-based metabolic 
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disorders and is the only intervention with proven clinical 
benefits and long-lasting effects (2). Cell therapy has 
therefore emerged as an interesting therapeutic for a 
variety of liver diseases and for improving the success of 
liver transplantation (3). Hepatocytes were initially used 
for this therapy, but their clinical effects were moderate 
and short-lived. These cells are generally derived from 
livers inappropriate for transplant, limited in number, 
variable in quality, and not able to be expanded in vitro (4). 
Although clinical trials using various types of autologous 
cells have been performed to promote liver regeneration 
or reduce liver fibrosis, clear evidence of their therapeutic 
benefits is lacking. Cell types that have shown efficacy in 
preclinical models include hepatocytes, liver sinusoidal 
endothelial cells, mesenchymal stem cells, endothelial 
progenitor cells, and macrophages (5). Different cell 
sources (cell lines, stem cells, progenitor cells, and other 
non-parenchymal cell types) have therefore been proposed 
as alternative therapeutic liver cell products (4). By 
expressing both hepatic and mesenchymal markers, liver 
mesenchymal-like cells have been reported as a potential 
reservoir of hepatocytes (6-10). When exposed to in vitro 
hepatogenic differentiation (HD), adult-derived human 
liver stem/progenitor cells (ADHLSCs) may differentiate 
into hepatocyte-like cells, thus acquiring liver metabolic 
functions (11). They are also capable of inhibiting hepatic 
stellate cell (HSC) activation (12) and therefore contribute 
to liver regeneration by reducing local inflammation. 
Compared to other liver-derived cells, ADHLSCs have 
shown significantly distinct gene expression and secretion 
profiles (13). Accumulated experimental evidence supports 
the involvement of ADHLSCs in liver regeneration (14,15). 
However, some impairment in the engraftment process 
of ADHLSCs into the recipient liver has been observed. 
Extensive surface molecule screening has shown that 
ADHLSCs harbor differentially expressed molecules with 
potential implications for cell engraftment (16). Moreover, 
ADHLSCs are non-immunogenic and can suppress the 
lymphocyte response (17). Altogether, these findings 
indicate that ADHLSCs are an attractive alternative for 
cell-based liver therapies (5). Although ADHLSCs are still 
under investigation, they have been successfully used in 
the clinic due to their liver regeneration potential (18-20). 
Thus, infusing ADHLSCs following hepatectomy improved 
cell engraftment and hepatic tissue regeneration (21). 
Intrahepatic transplantation of ADHLSCs also significantly 
reduced liver fibrosis by inhibiting activated HSCs (22). 
Altogether, these findings confirm their potential as a 

liver therapeutic cell strategy, but their efficiency and 
safety must be addressed before widespread clinical  
application (23). Several concerns, such as the immune 
biology of the transplanted product and the response 
of the host, may critically influence the efficacy of the 
therapy (5,24). In vivo interactions between the cell graft 
and the host immune system are mediated by functional 
environmental sensors and stressors that play significant 
roles in the immunobiology of the graft (25). Accordingly, 
MSCs have also demonstrated marked plasticity regarding 
their phenotype and immunoregulatory effects that are 
dependent on the inflammatory environment. By balancing 
their pro- and anti-inflammatory fates, MSCs may centrally 
regulate the immune response during tissue repair and 
regeneration (26). Inflammation is thus a characteristic 
feature of several liver diseases and may differentially 
balance regeneration and fibrosis during liver repair (27). 
For instance, the immunological and inflammatory features 
of ADHLSCs are not clear. Both HD and stimulation with 
a mixture of inflammatory cytokines in vitro (I) influence 
the immunophenotype of ADHLSCs, with CD200 
being the most altered immune marker (28). In parallel, 
inflammation was shown to significantly modulate several 
immunological cytokines within HSCs (29). However, the 
cytokinome of ADHLSCs after HD and after exposure 
to inflammatory cytokines has not been evaluated. By 
establishing the cytokinome of ADHLSCs and, most 
importantly, understanding their immunological and 
inflammatory features, we may provide some breakthroughs 
in the immunobiology of these cells, thus improving their 
therapeutic value for managing liver-associated diseases. 
In this study, we analyzed the cytokinome of ADHLSCs 
during HD and following stimulation with inflammatory 
cytokines in comparison to mature hepatocytes (the 
gold standard in liver transplantation) and demonstrated 
significantly different expression profiles for the major set of 
tested cytokines. Of note, these hepatocytes also responded 
to inflammatory priming by increasing the expression 
levels of most cytokines. Inflammation, rather than hepatic 
differentiation, may finely modulate the immunological 
balance of ADHLSCs. 

Methods

Isolation and culture strategies of ADHLSCs and 
hepatocytes

All experiments were applied after the approbation 
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of ethics committee of the Jules Bordet Institute and 
Université Libre de Bruxelles (ULB) and ethics committees 
of the St-Luc Hospital and faculty of Medicine of the 
Université Catholique de Louvain (UCL). Concerning the 
Hepatocytes and Hepatic Stem Cells Bank, an agreement 
from the Belgian Federal Agency for Medicines and Health 
Products was obtained. Finally, written and signed informed 
consent was obtained for all human liver used in this work. 
The isolation of hepatocytes and ADHLSCs were applied 
as previously described (8,20). In brief, human liver cells 
were obtained from the left liver segment originating 
from healthy cadaveric donors and cells isolated between 
6 and 12 hours by a two-step collagenase perfusion 
technique in Hepatocytes and Hepatic Stem Cells tissue 
bank clean rooms (Laboratory of Pedriatic Hepatology 
and Cell Therapy, UCL). Following filtration and low-
speed centrifugation, the parenchymal fraction (mostly 
compound by hepatocytes) was recovered and seeded as 
primary cultures. As previously described (3,20), the cells 
were cultured at 37 ℃ in a fully humidified atmosphere 
(5% CO2). Dulbecco’s modified Eagle’s medium (DMEM) 
with 4.5 g/L glucose (Life Technologies) supplemented 
with 10% fetal calf serum (FCS) (Life Technologies) 
and 1% penicillin/streptomycin (Life Technologies) was 
used to culture the cells. The cells were recovered (at 
80% confluence) thanks to 0.05% Trypsin-EDTA (Life 
Technologies) and seeded on collagen type 1 coated plates 
at a density of 5,000 cells/cm2. The cells were finally 
collected at passage 6. This is after the second passage 
that the ADHLSCs become predominant [as previously 
shown (3)]. The purity of the culture of ADHLSCs was 
confirmed at the third passage by flow cytometry. This 
analysis aims to checking the immunopositivity for CD73, 
CD90, Alpha-smooth muscle actin, and immune-negativity 
for CD45. Immunocytochemistry and PCR are also used 
to demonstrate the expression of both mesenchymal (like 
ASMA, vimentin) and hepatocytic (like albumin) markers 
(data not shown).

HD of ADHLSCs

ADHLSCs were seeded in six-well plates coated with 
rat tail collagen type I (at a density of 104 cells/cm²) and 
cultures were maintained in expansion conditions for 
48 h. After reaching 90% confluence, ADHLSCs were 
sequentially incubated with HD cocktail containing 
specific growth factors and cytokines in Iscove’s Modified 
Dulbecco’s Medium (IMDM; Life Technologies) as 

previously described (6). For the step 1 [20 ng/mL 
epidermal-growth factor (EGF) and 10 ng/mL basic 
fibroblast-growth factor (bFGF)], which lasted for  
2 days, only one medium change was performed. For step  
2 [20 ng/mL bFGF, 10 ng/mL hepatocyte growth 
factor (HGF),  insulin selenium-transferrin (ITS; 
L i f e  Techno log i e s )  and  0 .61  g /L  n i co t inamide 
(Sigma)] and step 3 [20 ng/mL oncostatin M (OSM),  
20 ng/mL HGF, 1% ITS, 0.61 g/L nicotinamide and 
10−6 M dexamethasone (Dexa) (Sigma)] which lasted for 
9 days each, 3 medium changes were performed each 
3 days. The cells were microscopically followed at a 
regular basis. At the end of the maturation step, cells 
were harvested for analyses to appreciate the level of 
their phenotypic and functional differentiation. Control 
undifferentiated cells were kept during the whole process 
of differentiation in IMDM medium supplemented with  
1% FCS.

For each HD of ADHLSC, the quality of differentiation 
was systematically evaluated at the morphological, genetic 
and functional level as previously documented (6,11). 
For the functional evaluation, CYP3A4 activity is mostly 
checked. The most recent related information is provided 
in the supplementary material from El-Kehdy et al. 2017.

Inflammatory priming

ADHLSCS were incubated overnight in medium 
supplemented with an inflammatory cytokine cocktail 
as previously described (20). This mix consists of  
25 ng/mL IL-1β (Peprotech, Rocky Hill, NJ, USA)  
103 U/mL IFN-γ, 50 ng/mL TNF-α, and 3×103 U/mL 
IFN-α (all from Prospec Inc., Rehovot, Israel) mostly 
expressed in inflammation sites (22).

Cytokinome analysis 

Total mRNA was isolated from three sources: Hepatocytes, 
ADHLSC non-differentiated and differentiated using 
the TriPure Isolation Reagent (Roche Applied Science, 
Vilvoorde, Belgium). cDNA was obtained by reverse 
transcription of 1µg mRNA using qScript™ cDNA 
SuperMix (QUANTA bioscience, Gaithersburg, MD, 
USA) for 5 min at 25 ℃, 30 min at 42 ℃ and 5 min at 85 ℃. 
qPCR was performed on an ABI Prism® 7900HT Sequence 
Detection System (Applied Biosystem). We used 25 ng of 
cDNA in a qPCR with SYBR® Green PCR Master Mix 
(Applied Biosystems, Rotterdam, The Netherlands) and  
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0.32 µM of gene-specific forward and reverse primers. 
Primers specific for human cytokine mRNA were designed 
by using Primer Express 2.0 (Applied Biosystems) and can 
be found in Table S1. The following cytokines were tested: 
IL-1β, IL-6, IL-8, TNFα, CCL5, IL-12a, IL-12b, IL-
23p19, IL-27p28 and Epstein-Barr virus-induced gene 
(EBI)-3, IL-1RA, TGF-β, IDO-1 and TDO-1. 

Statistical analysis

The influence of I and HD on ADHLSCs was presented 
as fold change. The comparison of HD ADHLSCs and 
hepatocytes was expressed as relative gene expression. 
Mann-Whitney test was used to analyze the statistical 
significance of the experimental results. P<0.05 was 
considered statistically significant, and all analyzes were 
performed with GraphPad Prism version 5.00 for windows 
(GraphPad Software, www.graphpad.com). The P values 
were obtained from primary data (before normalization) 
because P cannot be calculated for the data with the same 
rank.

Results

ADHLSC analysis

In this work, we first analyzed the expression of several 
cytokines in ADHLSCs and compared their expression 
levels with ADHLSCs that were differentiated into 
hepatocytes (HD ADHLSCs) and/or exposed to an 
inflammatory environment (ADHLSCs I). The gene 
expression values were normalized to those of GAPDH. 
Data are presented as the fold change in mRNA levels 
relative to the control (non-differentiated ADHLSCs) 
(Figure 1). The tested cytokines were classified into three 
families: 

Pro-inflammatory cytokines (Figure 1A)

We evaluated the gene expression of the pro-inflammatory 
cytokines IL-1β, IL-6, IL-8, TNFα and CCL5. Concerning 
inflammation, the fold change was slightly increased for 
IL-6 (×10), moderately increased for IL-1β (×172) and IL-8 
(×355), and highly increased for TNFα and CCL5 (×832 
and ×5,425, respectively). All the effects of inflammatory 
cytokines in vitro were significant. Concerning the impact 
of HD, the majority of changes were not significant, but 
we noticed several trends. HD had a weak inverse effect on 

the expression of IL-6, IL-1β and IL-8 (×0.1, ×0.2 and ×0.5, 
respectively). On the other hand, HD slightly increased 
the expression of TNFα and CCL5. When the mixture of 
inflammatory cytokines was added, HD ADHLSCs showed 
increased expression of TNFα and IL-8 (×9.2 and ×82) and 
especially of CCL5 (×4,479). No effect on IL-1β or IL-6 (×2 
and ×1, respectively) was observed relative to constitutive 
expression in ADHLSCs. 

IL12 family cytokines (Figure 1B)

The gene expression of IL-12A (p35), IL-12B (p40), IL-23 
(p19), IL-27 (p28) and EBI-3 was examined in ADHLSCs 
under four different conditions. After incubation with 
an inflammatory cocktail, the fold change was slightly 
increased for IL-12A (×3.5) and IL-12B (×9), moderately 
increased for EBI-3 (×28) and p19 (×29), and highly 
increased for p28 (×2,071). HD ADHLSCs showed a weak 
increase in p19 expression (×1.3). All these results were 
significant, except for IL-12A. Although most HD effects 
were not significant, we noticed several trends. HD slightly 
decreased the expression of IL-12A, IL-12B, p28 and EBI-3 
(×0.1, ×0.5, ×0.6, and ×0.8, respectively). When the mixture 
of inflammatory cytokines was added, HD ADHLSCs 
showed increased expression of p19, EBI-3, and p28 (×13, 
×27 and ×147, respectively). A small adverse effect was 
observed for IL-12A (×0.5). No effect on IL-12B (×1.4) was 
observed relative to constitutive expression in ADHLSCs. 

Immunoregulatory cytokines (Figure 1C)

We also analyzed the gene expression of IL-1RA, TGFβ, 
IDO-1 and TDO-1 in ADHLSCs grown under four 
different conditions. Regarding inflammation, we observed 
a marked increase in IDO1 (×35,327) and a moderate 
increase in IL-1RA (×29) after adding the mixture of 
inflammatory cytokines. However, the expression of TGFβ 
and TDO1 (×0.6 and ×0.4, respectively) was decreased after 
the addition of the inflammation mixture. All these results 
were significant (P<0.05). Concerning HD, the majority 
of the changes were not significant, but we noticed several 
trends. HD caused a slight increase in IL-1RA and IDO1 
expression (×1.3 and ×3.4, respectively) and a moderate 
effect on TDO1 expression (×47). On the other hand, HD 
slightly decreased the expression of TGFβ (×0.3). After the 
addition of inflammatory cytokines, HD ADHLSCs showed 
increased expression of IL-1RA and TDO1 (×13.4 and ×94, 
respectively) and very high expression of IDO1 (×20,538). 
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Figure 1 Cytokinome gene expression comparison in ADHLSCs. ADHLSC, adult-derived human liver stem/progenitor cell.
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A small adverse effect on TGFβ (×0.2) expression was 
observed relative to constitutive expression in ADHLSCs. 

HD ADHLSCs compared to hepatocytes

Since inflammation impacts cytokine expression, we first 
studied cytokine modulation in hepatocytes and following 
the addition of inflammatory cytokines in vitro before 
analyzing the differences between cell types. These results 
are expressed as “relative gene expression” normalized 
to GAPDH. Hepatocytes do not constitutively express 
a majority of cytokines, except for IL-8 and CCL5, with 
moderate expression of EBI3 and TGFβ. We observed an 
increase in pro-inflammatory cytokines, such as IL-6, IL-8 

and especially CCL5 (relative gene expression: 20,000), 
after adding the mixture of inflammatory cytokines. All 
these results were significant (P<0.05). However, we did 
not observe an increase in the expression of IL-1β or 
TNFα (Figure 2A). All cytokines in the IL-12 family were 
expressed only following the addition of the inflammation 
mixture, except for EBI3, which was present at low levels 
under classical conditions (P<0.05) (Figure 2B). Regarding 
the immunoregulatory cytokines, IDO1 and TDO1 were 
not detected under any condition. However, we observed 
a small, insignificant increase in TGFβ expression and an 
impressive increase in IL-1RA expression after the addition 
of inflammatory cytokines (Figure 2C). 

We then evaluated the gene expression of cytokines 
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in HD ADHLSCs compared to hepatocytes (Figure 3). 
Heterogenic modulations were observed: IL-1β and IL-6 
were mostly expressed in HD ADHLSCs, whereas IL-8, 
CCL5 and TNFα were mostly expressed in hepatocytes 
(Figure 3A). Concerning the IL-12 family, no cytokine 
was constitutively expressed; however, three cytokines 
were mostly found in hepatocytes: IL-12A, p19 and EBI3. 
Other cytokines were not influenced by cell type. All of 
these results were significant (P<0.05) (Figure 3B). As 
previously observed, IDO1 was not expressed in these cells; 
however, we noticed slight expression of IL-1RA (P<0.05) 
(Figure 3C). We thus conclude that differences in cytokine 
expression exist between the two cell types. 

We next examined the cytokine profile of HD ADHLSCs 
under inflammatory conditions (Figure 4). Cytokines 
were most significantly expressed under inflammatory 
conditions, and we noted increased expression of IL-6, 
IL-8 and CCL5 in hepatocytes I (P=0.0286), while TNFα 
did not change significantly between cell types. IL-1β was 
weakly expressed in both cells, but we noted a significant 
decrease in its expression in hepatocytes I compared to 
HD ADHLSCs I (Figure 4A). We also observed that IL-12  
cytokines were relatively weakly represented in HD 
ADHLSCs (<20), and increases in EBI3, p28 and p19 were 
observed in hepatocytes (Figure 4B). Finally, we observed 
weak expression of IDO1 in HD ADHLSCs following the 
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addition of inflammatory cytokines but not in hepatocytes. 
We also observed a significant increase in IL-1RA, but 
no difference in TGFβ was noted between cell types  
(Figure 4C).

Discussion

The liver is essential for human survival and is currently 
considered the major metabolic organ due to its crucial 
roles in maintaining homeostasis. This organ is the site 
of several diseases (fibrosis, hepatitis and cirrhosis) that 
affect its function, leading to liver failure. The only  

current method used to treat these diseases is liver 
transplantation (30). However, the difficulty in finding 
donors, expensive cost of the transplant, numerous post-
surgical complications and heavy immunosuppressive 
medication following the intervention make it necessary to 
find alternatives. Cell-based therapy is one possible method 
that can be used to regenerate liver cells (31,32). Current 
main objectives are to find hepatocyte-like progenitors with 
liver metabolic functions and cells able to modulate the 
cellular and molecular events associated with injury (33). 

ADHLSCs have been reported as a new reservoir of 
hepatocytes (6). While expressing several mesenchymal 
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markers as other mesenchymal stromal cells, these 
progenitor cells do not differentiate into osteoblasts and 
adipocytes but seem to undergo hepatocyte differentiation 
potential more efficiently than other MSC sources. As 
they display hepatocyte-like activities and are endowed 
with immunological features, they are considered a good 
candidate for liver tissue repair. To obtain an efficient 
therapeutic effect, there is a need to increase their 
engraftment and assure their long-term safety (24). Infusing 
ADHLSCs after extensive hepatectomy has improved 
cell engraftment and murine hepatic tissue regeneration, 
thereby confirming that ADHLSCs could be valuable for 
liver cell therapy (34). We previously showed that liver-
based regenerative medicine using ADHLSCs is feasible 
and can lead to significant engraftment and parenchymal 
repopulation (18). Despite such favorable outcomes, the 
complex mechanisms underlying the long-term evolution 
of the graft structure remain to be fully understood, as 
shown by the high prevalence of progressive liver allograft 
fibrosis (35). Inflammation is a characteristic feature of 
several liver diseases and may differentially influence 
tissue repair and regeneration (29). Transplanted cells 
are sensitive to the environment and have to conjugate 
with resident or infiltrating immune cells to ensure safe 
therapeutic application (25,36,37). Indeed, cell engraftment 
was shown to critically depend on the inflammatory 
environment, which implies that progenitor cells such as 
ADHLSCs have to finely balance their immunological 
profile according to the context (28). It is thus crucial to 
evaluate the cytokines and growth factors implicated in liver 
function (38). We previously reported that inflammation 
may modulate the phenotype and expression pattern of 
toll-like receptors (TLRs) (17,39). Cytokines and growth 
factors are highly potent regulatory molecules that 
participate in the regulation of several immune functions 
and consequently play an important role in both immune 
recognition and allograft rejection (40-42). Here, we 
established the cytokinome of ADHLSCs in comparison 
to mature hepatocytes and ascertained the impact of an 
inflammatory cytokine mixture (I) and HD. We thus 
evaluated the gene expression profiles of three cytokine 
groups: pro-inflammatory cytokines (IL-1β, IL-6, IL-8,  
TNFα, CCL5), IL-12 family cytokines [IL-12a (p35), 
IL-12b (p40), IL-23 (p19), IL-27 (p28) and EBI-3], and 
immunoregulatory cytokines (IL-1RA, TGFβ, IDO-1 and 
TDO1). Immunomodulation may occur by the secretion 
of various types of cytokines that influence target immune 
cells either directly or indirectly by affecting the activities 

of regulatory immune cells (43). It should be pointed out 
that immunomodulatory cells are themselves subjects 
of cytokine regulation. During chronic or acute liver 
injury, the liver is a site of persistent inflammation and the 
immune response (44). Therefore, the success of liver cell 
therapy is linked to the capacity of immunomodulatory 
cells to manage both inflammation and hepatocyte 
apoptosis (45). Cytokines derived from MSCs have been 
highlighted in this field because they have a positive effect 
on hepatocyte proliferation and hepatic regeneration (15). 
ADHLSCs do not constitutively express pro-inflammatory 
cytokines or those belonging to the IL-12 family, while 
hepatic-differentiated ADHLSCs, especially those with 
inflammatory priming, exhibit significant expression of 
these cytokines. Concerning immunoregulatory cytokines, 
their expression was slightly increased within hepatocytes in 
an inflammatory context.

MSCs constitutively express IL-6, IL-1β, TGFβ, EBI3 
and IL-12 (p35) mRNA. Following TLR stimulation, IL-23,  
IL-2, IL-1β, IL-6, and TGFβ were increased, whereas  
IL-12a was increased after inflammatory stimulation (39). 
Inflammation is believed to modulate the phenotype and 
expression patterns of TLRs in ADHLSCs) (17,39). Similar 
to MSCs, ADHLSCs likely sense and control inflammation, 
thus highlighting the dynamic interplay between innate and 
adaptive immune cell effectors (46). 

IL-6 and TNFα are involved in the complex interplay 
between hepatic immune cells and hepatocytes (47). In our 
study, IL-6 was not influenced by HD and was expressed to 
a greater extent in hepatocytes. ADHLSCs demonstrated 
increased expression of IL-6 after inflammatory priming. 
IL-6 has been observed during hepatic diseases and its level 
is linked to disease progression (48). However, there are 
clear implications concerning its capacity to induce an acute 
phase response (47). IL-6 has been of special interest due to 
its capacity to protect hepatocytes (49). 

TNFα belongs to a large family acting through the TNF 
receptor super family called “death receptors” (50). In this 
study, we proved that TNFα is modulated in vitro by the 
addition of an inflammatory cytokine mixture in ADHLSCs 
but not in hepatocytes. We also demonstrated no effect of 
HD in ADHLSCs. An elevated level of TNFα is associated 
with hepatocyte apoptosis (51) and characterizes patients 
with liver disease (48). TNFα can be secreted by MSCs, 
leading to a decrease in collagen 1 synthesis by HSCs (45). 
TNFα can also activate specific intracellular pathways in 
hepatocytes that influence cell fate in different manners (47). 

IL-1β is secreted by different cell types, can cause the 
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recruitment of inflammatory cells and is therefore involved 
in the immune response (52). The HD of ADHLSCs did 
not influence its expression. However, we observed a small 
effect of the inflammatory cytokine mixture in hepatocytes; 
IL-1β was more highly expressed in ADHLSCs than in 
hepatocytes. A previous review discussed the immunological 
importance and pivotal roles of IL-1 family cytokines in 
the development of acute and chronic liver diseases (53). 
Previous data have implicated IL-1β in improving the 
survival of MSCs after acute liver failure (54). Moreover, 
IL-1, by activating HSCs and inducing the production of 
metalloproteinases, may contribute to the progression of 
liver injury (55). 

IL-8, another mediator of the immune reaction, can be 
produced by MSCs (56) and influences disease progression. 
In this study, IL-8 was influenced by the addition of a 
mixture of inflammatory cytokines in ADHLSCs and 
hepatocytes but not by HD. We also observed that this 
cytokine was more highly expressed in hepatocytes than 
in ADHLSCs. The interaction between MSCs and T 
lymphocytes notably induced an increase in IL-8 and 
CCL5, as previously demonstrated (57). IL-8 has been 
clearly linked to the evolution of chronic liver disease, 
where high levels of the cytokine have been found in the 
serum of patients with end-stage cirrhosis (58). 

CCL5, which was first considered a T-cell product, is 
often found in inflammatory sites (59) and interacts with 
numerous receptors, including CCR1, 3 and 5. CCL5 
expression was strongly increased by the inflammatory 
cytokine mixture in ADHLSCs and hepatocytes but not 
by the HD of ADHLSCs. This cytokine was more highly 
expressed in hepatocytes than in HD ADHLSCs. Co-
culture of MSCs with T-cells induced increased CCL5 
production (57). CCL5 and its receptor (CCR5) are 
substantially increased in patients with chronic liver diseases 
and may consequently represent therapeutic targets (60,61). 

TGFβ, IL-12 (p40-35) and EBI3 are differentially 
expressed by different types of MSCs, and inflammatory 
priming may further increase their expression (62-64). 
IL-12 belongs to the complex “IL-12 family,” which also 
includes IL-23, IL-27 and IL-35 (65-67). These different 
members share several subunits: IL-12 (p35/p40), IL-23 
(p19/p40), IL-27 (p28/EBI3) and IL-35 (p35/EBI3) (68,69). 
These cytokines are involved in T helper differentiation 
and functions (70). Since they are found in the serum of 
patients with chronic liver diseases, IL-12 cytokines could 
be used as an immunological biomarker (71). In this work, 
we observed that this family is not constitutively expressed 

by ADHLSCs and is not influenced by HD. However, we 
observed a clear increase in these cytokines following the 
addition of the inflammatory cytokine mixture (especially 
EBI-3, p19 and p28), and all were expressed to a greater 
extent in hepatocytes than in HD ADHLSCs. IL-27, a 
soluble factor that regulates antigen-presenting cells and 
T-cell function, is highly expressed by MSCs (66,72). In 
liver injury, this cytokine has been associated with pro-
inflammatory effects and is thus positively correlated 
with Th17 cell function (73). Finally, IL-27 from human 
MSCs subjected to HD plays an important role in liver 
recovery in mouse models (74). In contrast to IL-27, which 
is not hepatoprotective, the therapeutic cytokine IL-30  
( IL-27 p28)  has  been proposed to suppress  pro-
inflammatory cytokine-associated liver toxicity (66). IL-23 
(p19) and IL-27 (p28) were not affected by inflammation in 
WJ-MSCs in contrast to AT- and BM-MSCs (62). 

IL-1 receptor antagonist (IL-1RA) is an important anti-
inflammatory agent (75) and is constitutively expressed 
by AT-MSCs (62). The biological functions of IL-1 are 
negatively regulated by IL-1RA, i.e., it competes with  
IL-1α, and IL-1β may also bind to the IL-1 receptor  
(IL-1R1). IL-1RA expression was increased by the addition 
of the inflammatory mixture and was significantly higher 
in hepatocytes than in HD ADHLSCs. IL1-RA may 
correct liver dysfunction and promote liver regeneration 
by preventing hepatocyte apoptosis and increasing cell 
proliferation (76,77). 

TGFβ is widely expressed and has been implicated in 
liver disease progression (78). This cytokine is an inhibitor 
of hepatocyte proliferation and may affect the pathogenesis 
of fibrosis in liver diseases (78,79). In ADHLSCs, this 
cytokine was not affected by the inflammation mixture or 
HD, and it was more highly expressed in ADHLSCs than 
in hepatocytes. Aberrant signaling of TGF-β and IL-6 
may play a role in the cellular differentiation of hepatic 
progenitor/stem cells and hepatocellular carcinoma (66). 

Indoleamine-2,3-dioxygenase (IDO) and tryptophan-
2,3-dioxygenase (TDO) have been thoroughly investigated 
in the context of inflammatory diseases (80). IDO1 can be 
induced in MSCs following a pro-inflammatory signal and 
subsequently suppresses the T-cell response by depleting 
tryptophan (81). IDO1 was clearly increased by the 
inflammatory cytokine mixture in ADHLSCs but not by 
HD. Moreover, it is not expressed in hepatocytes, whereas 
TDO1 is. TDO1 was increased following HD but not after 
the addition of the inflammatory cytokine mixture. IDO1 
deficiency has been proven to promote liver regeneration 
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after hepatectomy (82). TDO1, which controls energy 
homeostasis, is constitutively expressed by liver cells (83). 

The liver is thus constantly subjected to different 
attacks, causing immune cell activation and inflammation, 
as well as continuous rounds of necrosis and hepatocyte  
regeneration (66). Such conditions make a permissive 
environment for the development of fibrosis and cirrhosis 
and the expansion/alteration of the stem cell compartment. 
Cytokines and cytokine-induced inflammatory responses 
are the primary factors for controlling whether the liver 
undergoes effective repair and regeneration or degeneration, 
oncosis, and fibrosis. Evidence suggests that cytokines, by 
directing the behavior of resident endogenous cells, play 
a major role in the repair response generated during cell-
based therapies (84). A multitude of cytokines secreted 
from MSCs confer their multifunctional therapeutics, but 
their overall spectrum and respective expression strength 
have not been thoroughly illustrated (85). The contribution 
of cytokines and chemokines to the hepatocytic response 
in liver homeostasis and injury could be beneficial for the 
treatment of liver diseases (50). In parallel, treatment of 
MSCs derived from human umbilical cords (ucMSCs) 
has shown improvements in immunoregulatory capacity 
and immunogenicity, which may improve the efficacy 
of ucMSCs as an immunotherapy targeted towards 
liver inflammation (86). ADHLSCs responded to the 
inflammatory cytokine mixture by adjusting their cytokine 
patterns. The development of liver cell therapy based on 
the use of ADHLSCs should be well-monitored regarding 
immunological and inflammatory features. 

Conclusions 

Liver regeneration is thus a process tightly coordinated 
by hepatocytes and non-parenchymal cells. However, 
inflammation may alter the well-ordered phenotypic changes 
of non-parenchymal cells by creating an inflammatory 
environment, including an immune-active niche. Therefore, 
these effects may lead to an aberrant healing process, i.e., 
liver fibrosis. Further investigation of the mechanisms 
underlying liver immunobiology and the role of stem/
progenitor cells in regeneration will aid in the development 
of therapeutic strategies to counter liver disease.
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Table S1 qRT-PCR primers 

Name Forward Reverse

IL1-β AGTGGTGTTCTCCATGTCCTTTGTA GCCCAAGGCCACAGGTATT

IL-6 GACAACTTTGGCATTGTGG ATGCAGGGATGATGTTCTG

IL-8 CTGTTAAATCTGGCAACCCTAGTCT CAAGGCACAGTGGAACAAGGA

IL-1RA TGAAGACAATGCTGACTCAAAGG GCTTGCATCTTGCTGGATTTTC

TGFβ GAGGTCACCCGCGTGCTA TGTGTACTCTGCTTGAACTTGTCATAGA

TNFα ATCTTCTCGAACCCCGAGTGA AGCTGCCCCTCAGCTTGA

IL-12A (p35) AAACATGCTGGCAGTTATTGATGA TTTGTGGCACAGTCTCACTGTTG

IL-12B (p40) TGCCCTGCAGTTAGGTTCTGAT CATTTTGCTTAATATCTTCCACTTTTCC

IL-23p19 CAGTCAGTTCTGCTTGCAAAGG TATCCGATCCTAGCAGCTTCTCA

IL-27p28 ATCTCACCTGCCAGGAGTGAAC TGAAGCGTGGTGGAGATGAA

EBI-3 TGCCGCCTGCTCCAAA AGCCTGTACGTGGCAATGAAG

CCL5 TCTGCGCTCCTGCATCTG GGGCAATGTAGGCAAAGCA

IDO1 TTCAGTGCTTTGACGTCCTG TGGAGGAACTGAGCAGCAT

TDO GGTTCCTCAGGCTATCACTACC CAGTGTCGGGGAATCAGGT

GAPDH AATCCCATCACCATCTTCCA TGGACTCCACGACGTACTCA
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