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Abstract

Background and Aims: The safety and efficacy of mes-
enchymal stem cells (MSCs) in the treatment of acute-on-
chronic liver failure (ACLF) have been validated. However, 
the impact of the pathological ACLF microenvironment on 
MSCs is less well understood. This study was designed to 
explore the changes in the functional properties of MSCs 
exposed to ACLF serum. Methods: MSCs were cultured 
in the presence of 10%, 30% and 50% serum concentra-
tions from ACLF patients and healthy volunteers. Then, 
the cell morphology, phenotype, apoptosis and prolifera-
tion of MSCs were evaluated, including the immunosup-
pressive effects. Subsequently, mRNA sequencing analysis 
was used to identify the molecules and pathways involved 
in MSC functional changes in the context of ACLF. Re-
sults: In the presence of ACLF serum, MSC morphology 
significantly changed but phenotype did not. Besides, MSC 
proliferation activity was weakened, while the apoptosis 
rate was lightly increased. Most importantly, the immu-
nosuppressive function of MSCs was enhanced in a low-
concentration serum environment but transformed into a 
proinflammatory response in a high-concentration serum 
environment. RNA sequencing indicated that 10% serum 
concentration from ACLF patients mediated the PI3K-Akt 
pathway to enhance the anti-inflammatory effect of MSCs, 
while the 50% serum concentration from ACLF patients 
promoted the conversion of MSCs into a proinflammato-
ry function by affecting the cell cycle. Conclusions: The 
50% ACLF serum concentration is more similar to the en-

vironment in the human body, which means that direct 
peripheral blood intravenous infusion of MSCs may reduce 
the effect of transplantation. Combining treatments of 
plasma exchange to reduce harmful substances in serum 
may promote MSCs to exert a stronger anti-inflammatory 
effect.
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Introduction

Acute-on-chronic liver failure (ACLF) is a distinct clini-
cal syndrome, characterized by liver failure due to acute 
hepatic injury and underlying chronic liver disease; it has 
a high 28-day mortality. Liver transplantation is the only 
treatment that has proven beneficial, but the rapid disease 
progression and lack of donors limit the application of this 
treatment.1,2 The infusion of mesenchymal stem cells to 
treat liver failure has been verified as safe and effective 
in clinical trials3,4 as well as by animal experiments based 
upon acute liver failure models.5–7 In clinical practice, the 
treatment of patients with ACLF with infusions of mesenchy-
mal stem cells (MSCs) significantly increased the 24-week 
survival rate by improving liver function and decreasing the 
incidence of severe infections.4 In the treatment of fulmi-
nant hepatic failure in large animal (pig) models, immediate 
intraportal transplantation of MSCs quickly participated in 
liver regeneration via proliferation and transdifferentiation 
into hepatocytes.5 MSCs harbor anti-inflammatory, immu-
nomodulatory, antiapoptotic and proliferative properties 
and hold great promise in the treatment of both acute and 
chronic liver diseases.2 However, studies generally have fo-
cused on the effectiveness and mechanism of MSCs in the 
treatment of liver failure, while the impact of the pathologi-
cal ACLF microenvironment on MSCs has received little at-
tention thus far.

The impact of the pathological microenvironment on MSC 
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function is extremely important. In the treatment of inflam-
matory diseases, the therapeutic effect of MSCs is mainly 
the result of immunomodulation and this function is medi-
ated by the inflammatory microenvironment, which means 
that these cells have immunoregulatory plasticity. In re-
sponse to different amounts and kinds of inflammatory 
mediators, MSCs produce ample amounts of immunoregu-
latory factors, cell-mobilization factors and growth factors, 
thereby facilitating tissue repair by tissue-resident stem 
cells.8,9 In organismal aging, hormonal, immunologic, and 
metabolic factors are the critical microenvironmental sig-
nals that trigger MSC dysfunction, particularly the shift in 
differentiation from osteoblasts to adipocytes that occurs 
following the activation of key signaling pathways, such as 
intracellular oxidative stress and posttranscriptional regu-
lation.10 In addition, in systemic sclerosis, patient serum 
mediates oxidative stress effects on MSC function, such 
as increasing the apoptosis rate and osteoblastic/adipo-
genic potential, whereas the immunosuppressive function 
of MSCs becomes reduced.11 Although the influence of the 
pathological ACLF microenvironment on MSCs has never 
been reported, our previous studies have examined the 
changes in the functional properties of heterologous um-
bilical cord (UC)-MSCs exposed to ACLF serum and aimed 
to simulate the pathological microenvironment in vitro, as 
well as to determine the molecular mechanisms of MSC 

plasticity.

Methods

Human serum sample collection

Serum was collected from 20 patients and 20 healthy vol-
unteers, who were included as healthy controls (HCs). The 
clinical and biological characteristics of the participants are 
shown in Table 1. The inclusion criterion and the exclu-
sion criteria of ACLF were based on the Asian Pacific As-
sociation for the Study of the Liver.12 The ACLF grade was 
based on Chinese Group on the Study of Severe Hepatitis 
B-ACLF.13 Blood from ACLF patients and healthy volun-
teers was centrifuged at 2,000 g for 15 m and the serum 
samples were stored at −80°C. The isolation and culture 
of UC-MSCs were performed according to Good Manufac-
turing Practice (referred to as GMP) protocols in our GMP 
laboratory, as previously described.14 In addition, human 
peripheral blood mononuclear cells from healthy donors 
were isolated by Ficoll, according to standard procedures. 
The samples were obtained with written informed consent 
from all subjects, in accordance with the Declaration of 
Helsinki. This study was carried out in accordance with the 

Table 1.  Clinical characteristics of the participants enrolled in the study

Group HBV-ACLF, n=20 HC, n=20

Male sex 18 14

Age in years 35.10±6.03 36.6±7.42

WBC as 109/L 5.88±2.81 6.17±1.46

PLT as 109/L 120.35±64.65 240.55±37.03

ALT in U/L 171.10±214.34 19.05±13.55

AST in U/L 130.65±192.93 19±5.53

PTA, % 32.2±5.03 N.D.

INR 2.42±0.43 N.D.

Albumin in g/L 36.96±5.39 N.D.

TBil in μmol/L 311.48±132.24 N.D.

CR in μmol/L 63.94±12.16 70.23±14.24

Na in μmol/L 137.10±4.06 N.D.

HBeAg-positive 4 0

Complication 11 0

Ascites 6 0

SBP 5 0

Hepatic encephalopathy 0 0

Hepatorenal syndrome 0 0

UGB 0 0

MELD score 23.49±3.74 N.D.

MELD-Na score 20.15±8.36 N.D.

COSSH-ACLF Grade 1 N.D.

Data are shown as means±standard deviations. ACLF, acute-on-chronic liver failure; ALT, alanine aminotransferase; AST, aspartate aminotransferase; COSSH-ACLF, 
Chinese Group on the Study of Severe Hepatitis B-ACLF; CR, creatinine; HBeAg, hepatitis B e antigen; HC, healthy control; INR, international normalized ratio; MELD, 
model for end-stage liver disease; N.D., not determined; PLT, platelet; PTA, prothrombin time activity; SBP, spontaneous bacterial peritonitis; TBil, total bilirubin; UGB, 
upper gastrointestinal bleeding; WBC, white blood cell.
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recommendations of the ethics committee of our hospital 
(Third Affiliated Hospital of Sun Yat-sen University, Guang-
zhou, China).

Serum pretreatment scheme for MSCs

Before analyzing the functional characteristics of MSCs 
(except for proliferation assay), different concentrations of 
ACLF patient (AP) sera and HC sera were added to normal 
MSC culture medium for 48 h. According to the treatment 
concentrations (10%, 30% and 50%), the groups were 
named AP10, AP30, AP50, HC10, HC30, and HC50, and the 
normal cultured MSC group was a blank control.

Surface marker expression

When the MSCs had grown to 80% confluence, the cells 
from different groups were harvested, and the positive and 
negative expression of the surface markers (CD14, CD34, 
CD45, HLA-DR, CD29, CD44, CD105 and CD166; all rel-
evant monoclonal antibodies were purchased from Bioleg-
end, San Diego, CA, USA) was examined. The staining was 
carried out according to the manufacturer’s instructions, 
and the data were analyzed with Kaluza software (Beckman 
Coulter, Brea, CA, USA) and FlowJo 7.5 (Treestar, Ashland, 
OR, USA).

Proliferation assay

MSCs were plated at 2,000 cells/well in 96-well plates and 
then treated with different serum concentrations from ACLF 
patients and HC volunteers. Ten microliters of cell count-
ing kit 8 (CCK-8) solution (Dojindo, Kumamoto, Japan) was 
added at the indicated time points on days 1, 3, 5, and 7. 
Proliferation was measured using the IncuCyte HD imaging 
system (Essen BioScience, Tokyo, Japan) by measuring the 
optical density value at 450 nm. The results are expressed 
as the percentage of proliferation±standard error of the 
mean and normalized to 100% as the initial number of cells 
plated.

Apoptosis assay

MSCs were plated at 1×106 cells/well in six-well plates. Af-
ter adding different concentrations of serum to stimulate 
the cells for 48 h, the number of apoptotic cells was evalu-
ated by annexin V and propidium iodide (BD Biosciences, 
Franklin Lakes, NJ, USA) labeling, according to the man-
ufacturer’s instructions. The labeled cells were analyzed 
using Kaluza software (Beckman Coulter) and FlowJo 7.5 
(Treestar). The results are expressed as the percentage of 
annexin V+ cells.

T lymphocyte proliferation assay

For cell sorting, peripheral blood mononuclear cells were 
stained with human CD3 microbeads (Miltenyi Biotec, Ber-
gisch Gladbach, Germany), according to the manufactur-
er’s instructions, and then sorted by a Miltenyi magnetic 
bead sorter to harvest CD3+ T cells. The purified CD3+ T 
cells were stained with 5 mM 5-(and-6)-carboxyfluorescein 
diacetate succinimidyl ester (Cell Trace; Invitrogen, Carls-
bad, CA, USA). MSCs (1×105 cells/well) were seeded in 
24-well flat-bottom plates and incubated for 24 h. After 

serum pretreatment, T cells were added at a MSC/T cell 
ratio of 1:10 and were cocultured with MSCs for 5 days in 
RPMI-1640 containing 10% (v/v) fetal bovine serum, 50 U/
mL penicillin and 50 U/mL streptomycin; a 5 µg/mL aliquot 
of phytohemagglutinin (Sigma-Aldrich, St. Louis, MO, USA) 
was added to activate T cell proliferation. The results are 
expressed as the percentage of proliferation±standard er-
ror of the mean.

RNA sequencing

The total RNA from MSCs, which had been pretreated with 
serum from each group, were isolated by Trizol (Invitro-
gen), following the manufacturer’s protocol. The transcripts 
were sequenced using the BGISEQ-500 sequencing plat-
form (BGI Tech Company, Guangdong, China). Essentially, 
differential expression analysis was performed using the 
DESeq2 (v1.4.5) with Q value <0.05. To obtain insight into 
the change of phenotype, Gene Ontology (GO; http://www.
geneontology.org/) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG; https://www.kegg.jp/) and Gene Set En-
richment Analysis (GSEA) of annotated different expression 
gene was performed by Phyper (https://en.wikipedia.org/
wiki/Hypergeometric_distribution) based on hypergeomet-
ric test. The significant levels of terms and pathways were 
corrected by Q value with a rigorous threshold (Q value 
<0.05) by Bonferroni. The protein-protein interaction (PPI) 
analysis was conducted by DIAMOND and STRING. Key 
driver analysis (KDA) was performed according to Tran’s 
methods. All the analyses were conducted with the online 
bioinformatic platform Dr. Tom (biosys.bgi.com/) provided 
by BGI.15

Statistical analysis

The results are presented as the means±standard devia-
tions of the independent experiments. Comparisons were 
made using a two-tailed t-tests (between two groups), one-
way ANOVA (for multigroup comparisons) or Kruskal-Wallis 
and Mann-Whitney U tests (for nonnormally distributed 
data). A p value of <0.05 was considered to represent a sig-
nificant difference. The statistical analyses were performed 
using SPSS v. 22.0 (IBM Corp., Armonk, NY, USA). Graphing 
was performed using Prism 6.01 software (GraphPad, San 
Diego, CA, USA).

Results

ACLF serum pretreatment significantly changed MSC 
morphology but not phenotype

First, we observed the morphology of MSCs under the 
microscope after serum pretreatment and then detected 
their phenotypes. Microscopic analysis (Fig. 1A) showed 
that the cells were no longer arranged in a spindle-like 
manner in the AP groups, as compared with that of the 
MSC group in normal culture conditions and the HC group. 
With increasing serum concentrations in the AP groups, 
the gaps between cells became larger and many coarse 
particles appeared around the nuclei. In the HC group, 
when the serum concentration increased to 50%, the cell 
morphology also changed slightly. Second, we analyzed 
the phenotypes of MSCs treated with different types of 
serum and found no large changes (Fig. 1B). It suggest-
ed that when MSCs entered patients with ACLF, the cells 
might be adversely affected, although the phenotypes 

http://www.geneontology.org/
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were still maintained.

ACLF serum dose-dependently decreased the prolif-
eration rate of MSCs but significantly induced apop-
tosis only at 50% concentration

Since ACLF serum pretreatment significantly changed the 
morphology of MSCs, we wondered whether the prolifera-
tion and apoptosis of MSCs would be affected. Therefore, 
we evaluated the proliferation rate of MSCs cultured for 7 
days and the apoptosis level after serum pretreatment. In 
AP groups, only 10% serum significantly reduced MSC pro-

liferation, as compared to that of the MSC group and HC 
group (Fig. 2A). In addition, as the serum concentration in-
creased, the MSC proliferation rate remained sluggish (Fig. 
2B). However, we found that it did not cause obvious apop-
tosis, regardless of whether the serum was from HC donors 
or ACLF patients, when the pretreatment concentration was 
10% (Fig. 2C–D). In the AP group, only when the serum pre-
treatment concentration was 50%, the percentage of apop-
totic MSCs increased. To our surprise, with increase in serum 
concentration in the HC group, the proportion of early and 
late apoptotic cells increased, and there was a significant dif-
ference (Fig. 2D). Altogether, the data indicated that there 
might be certain harmful substances existing in the serum of 
ACLF patients, which could inhibit the proliferation of MSCs 

Fig. 1.  ACLF serum pretreatment significantly changed MSC morphology but not phenotype. (A) Representative photographs of MSCs cultured after serum 
treatment for 48 h in different groups. Scale bars, 200 µm. (B) UC-MSC phenotype showed no differences after serum pretreatment among groups. Flow cytometry 
analysis showed that the cultured UC-MSCs were positive for CD29, CD105, CD166 and CD44 but negative for CD34, CD45, CD14, CD164 and HLA-DR. ACLF, acute-
on-chronic liver failure; AP, ACLF patient; HC, healthy control; MSCs, mesenchymal stem cells.
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and induce apoptosis when accumulated to a certain degree.

ACLF serum dose-dependently regulated the immu-
nosuppressive effects of MSCs

In cell transplantation therapy, the immunomodulatory ef-

fect of MSCs is extremely important for the improvement 
of liver failure. Thus, we investigated the immunosuppres-
sive potential of MSCs after serum pretreatment in each 
group (Fig. 3). The sorted CD3+ T lymphocytes cultured 
alone proliferated after adding stimulants, such as phyto-
hemagglutinin, while MSCs in normal culture inhibited the 
proliferation of these activated T cells to exert an immuno-

Fig. 2.  Serum pretreatment obviously decreased MSC proliferation in the AP group and increased apoptosis only in the AP50 group. (A) MSC proliferation 
in the AP group compared with the MSC group and HC group at the same serum pretreatment concentration. (B) In the AP group or HC group, MSC proliferation activ-
ity decreased compared with that of the MSC group after pretreatment with different serum concentrations. The data were normalized to MSCs plated on day 1 without 
serum treatment. (C) Percentage of annexin V+ apoptotic MSCs in each group. (D) Proportion of early and late apoptotic cells in different groups. The graphs indicate the 
means±standard deviations, with statistically significant differences indicated as follows: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; n=5. AP, ACLF patient; HC, 
healthy control; MSCs, mesenchymal stem cells.
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suppressive effect. When the serum pretreatment concen-
tration was 10%, the proliferation rate of T cells in the AP10 
group was the least, which indicated MSCs in this group 
exhibited significantly enhanced anti-inflammatory effects, 
while the effect on MSCs in the HC group was not signifi-
cantly different (Fig. 3A). When the serum concentration 
was 30%, MSCs did not exhibit stronger immunosuppres-
sive potential, even though the anti-inflammatory effect of 
MSCs shifted to a proinflammatory effect when the concen-
tration was 50%; although, there may have been individual 
differences (Fig. 3B–C). Overall, MSCs that were pretreated 
with 50% ACLF serum promoted the proliferation of activat-
ed T lymphocytes. All the data suggest that the pathological 
ACLF microenvironment may have an adverse effect on the 
infused MSCs. After all, the 50% serum concentration in 
vitro is closer to the environment in the human body.

Molecular pathways by which ACLF serum enhanced 
MSC immunosuppressive functions in the AP10 group

In order to investigate the mechanism by which ACLF serum 

pretreatment at 10% concentration enhanced the immu-
nosuppressive function of MSCs and the key driver genes, 
thereby suggesting some upstream molecules, we collected 
samples of serum-treated MSCs and performed mRNA se-
quencing analysis according to the experiment workflow 
(Fig. 4). The volcano maps show the differentially expressed 
genes (DEGs) between the AP10 group and HC10 group 
(Fig. 5A). Then, 1,221 up-regulated genes and 1,641 down-
regulated genes were analyzed by KEGG, GO and GSEA to 
identify the pathways of interest (the screening conditions 
were log2-fold change (referred to herein as log2FC) >1 
and Q value <0.05). Therefore, in the KEGG analysis of 
down-regulated genes (Fig. 5B), we selected immune-relat-
ed pathways (shown in red boxes) and performed PPI net-
work analysis on the DEGs involved in these pathways (Fig. 
5C). PPI analysis indicated that the proteins expressed by 
the genes in the blue circle affected each other, which were 
more likely to be in the same pathway. Moreover, KDA was 
used to screen the key genes (denoted by the black arrow) 
that affected these pathways (Fig. 5D). In addition, the ex-
pression cluster heatmap clearly showed the differences in 
the expression of these core genes in each group (Fig. 5E). 
Furthermore, we performed re-enrichment of these KDA 

Fig. 3.  MSCs exerted a stronger anti-inflammatory effect under ACLF serum pretreatment at 10% concentration but transformed into proinflamma-
tory function at 50% concentration. The percentage of T lymphocyte proliferation after culture alone as the positive control (PC) or culturing at a 1:10 MSC:T 
lymphocyte ratio with MSCs that were pretreated for 48 h with human serum from each group. (A) MSCs from the AP10 group markedly inhibited the proliferation and 
activation of naive CD3+ T cells compared with those from the MSC group and HC group. (B–C) MSCs from the AP group increased the proliferation and activation of 
naive CD3+ T cells compared with those from the MSC group and HC group when the serum concentration was increased to 30% and 50%. The bar graphs indicate 
the means±standard deviations, statistically significant differences are indicated as follows: *p<0.05, **p<0.01, ***p<0.001; n=5. AP, ACLF patient; HC, healthy 
control; MSCs, mesenchymal stem cells.
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genes and found that the PI3K-Akt signaling pathway might 
play a major role in the serum-mediated MSCs’ exerting 
stronger immunosuppressive function.

Molecular pathways by which serum transformed 
MSCs into proinflammatory cells in the AP50 group

According to the same analysis workflow, we performed 
GO enrichment analysis of up-regulated DEGs between the 
AP50 group and HC50 group (Fig. 6A). In fact, we found that 
immune-related pathways were rarely enriched in various 
enrichment analyses. However, the pathways related to cell 
cycle, cell division, cell proliferation and apoptotic process 
were significantly enriched. For the DEGs involved in these 
pathways, we also performed PPI analysis and KDA. Simi-

larly, the expression cluster heatmap (Fig. 6B) and the his-
togram based on Fragments per kilobase of exon model per 
million mapped fragments (FPKM) (Fig. 6C) clearly showed 
the differences in the expression of these core genes be-
tween the AP50 group and HC50 group. The re-enrichment 
results of the KDA genes (Fig. 6D) suggested that ACLF 
serum at 50% concentration might affect the cell cycle and 
threaten the basic metabolic activities, leading to the trans-
formation of MSCs into a proinflammatory function.

Discussion

Our research idea was originally derived from the longitudi-
nal comparison of two clinical studies of the use of MSCs in 
the treatment of ACLF, which were performed in our depart-

Fig. 4.  RNA sequencing experiment workflow. The workflow of serum pretreatment, MSC sample collection, mRNA sequencing data analysis and interpretation 
is presented. More information on the detailed methods is provided in the Materials and Methods section. Since the AP10 group and AP50 group exhibited significantly 
different effects on the immunoregulatory function of MSCs, subsequent sequencing analysis should focus on these two groups. AP, ACLF patient; MSCs, mesenchymal 
stem cells.



Journal of Clinical and Translational Hepatology 2021 vol. 9  |  503–513510

Zheng Y. et al: ACLF serum affects MSC transplantation

Fig. 5.  Molecular pathways by which ACLF serum enhanced the immunosuppressive effects of MSCs in the AP10 group compared with the HC10 group. 
(A) The DEGs between the AP10 group and HC10 group are shown by volcano plots. The X-axis represents the difference multiplied after the log2 conversion, and the 
Y-axis represents the significance value after the log10 conversion. The red dots represent up-regulated DEGs, the blue dots represent down-regulated DEGs, and the 
gray dots represents non-DEGs. log2FC≥1 and Q value < 0.05. The Q value is the calibration value of the P value. (B) Bubble diagram showing KEGG pathway enrich-
ment analysis of down-regulated DEGs. The X-axis is the enrichment ratio and the Y-axis is the KEGG pathway. The size of each bubble represents the number of genes 
annotated to the KEGG pathway, while the color represents the enrichment Q value and darker color represents smaller Q values. The red box encloses the pathways 
of interest. (C) PPI map showing how genes in our pathway of interest interact, are coexpressed or regulate relationships. Each circle represents a gene; the larger the 
circle, the more highly the gene is connected to other genes. The line represents the interaction among genes. (D) KDA showed which genes are major regulators in the 
PPI map (denoted by the black arrow). (E) Expression cluster analysis was conducted on the FPKM value among the AP10 group, HC10 group and MSC group, to show 
10 KDA genes. The thermogram showing the log2 (FPKM+1) of the sample, which is represented by the horizontal axis, and the gene is represented by the vertical axis. 
Under default color-matching, the redder the color of the block, the higher the expression level, and the bluer the color, the lower the expression level. (F) Histogram 
diagram showing the KEGG re-enrichment of KDA genes between AP10 group and HC10 group. Y-axis represents the KEGG enrichment pathway; the bar chart length 
represents the number of genes annotated to a KEGG pathway. ACLF, acute-on-chronic liver failure; AP, ACLF patient; DEGs, differentially expressed genes; KDA, Key 
driver analysis; KEGG, Kyoto Encyclopedia of Genes and Genomes; MSCs, mesenchymal stem cells; PPI, protein-protein interaction.
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ment in 2011 and 2017 respectively.3,4 There were many 
differences, such as the cell source, generation, infusion 
volume and infusion methods, between the two studies. 
Nonetheless, we were concerned about why a small group 
of patients did not respond well to MSC treatment. Moreo-
ver, it was reported that the infusion of MSCs via a periph-
eral vein did not rescue acute liver failure pigs, while most 
of the acute liver failure pigs survived more than 6 months 
after the transplantation of MSCs via the portal vein.16,17 
We wondered whether MSCs were more susceptible to the 
adverse effects of the pathological microenvironment in the 
body when they were administered via intravenous infusion 
compared with in situ infusion, rendering these cells un-
able to exert a beneficial therapeutic effect. Thus, this study 
aimed to investigate MSC properties in the specific context 
of allogeneic transplantation and the molecular and mecha-
nism pathways that affect the plasticity of MSCs.

In this study, we observed that pretreatment of MSCs 
with ACLF serum reduced proliferation but did not obviously 
increase the level of apoptosis at 10% concentration. Be-
sides, the immunosuppressive function of these cells was 
significantly enhanced at 10% concentration, while becom-

ing shifted to a proinflammatory state at 50% concentra-
tion. In another study, Fonteneau et al.11 found that in the 
oxidative environment of systemic sclerosis patient serum, 
MSCs retained their proliferative potential, with increased 
apoptosis rate occurring at day 10. In addition, the immu-
nosuppressive function of these cells was slightly decreased. 
Although systemic sclerosis and ACLF have different dis-
ease backgrounds, the phenomena we observed in terms 
of proliferation and apoptosis were the same, while the 
immunosuppressive functions were not exactly the same. 
Moreover, several studies have reported that apoptotic cells 
could modulate immune responses.18–20 Galleu et al.21 used 
a murine model of graft-versus-host disease to demonstrate 
that MSCs were actively induced to undergo perforin-inde-
pendent apoptosis by recipient cytotoxic cells and that this 
process was essential for initiating MSC-induced immuno-
suppression. In addition, it was reported that MSCs could be 
shifted from a suppressive to supportive phenotype when 
exposed to defective immune cells, since MSCs are very 
sensitive to their environment. This immune activating ef-
fect may be due to MSC prestimulation.22

In this study, although ACLF serum pretreatment concen-

Fig. 6.  Molecular pathways target how ACLF serum transformed MSCs into a proinflammatory effect in the AP50 group compared with the HC50 group, 
following the same sequencing analysis workflow. (A) Bubble diagram showing GO enrichment analysis of up-regulated DEGs. The red boxes enclose pathways 
of interest that are significantly enriched. (B–C) The expression cluster heatmap and the histogram based on FPKM of 10 KDA genes after PPI analysis and KDA. (D) 
The GO re-enrichment results of KDA genes between AP50 group and HC50 group. ACLF, acute-on-chronic liver failure; AP, ACLF patient; DEGs, differentially expressed 
genes; GO, Gene Ontology; HC, healthy control; KDA, Key driver analysis; MSCs, mesenchymal stem cells.
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tration of 50% caused obvious apoptosis, the MSCs did not 
exert a stronger immunosuppressive effect. According to 
the mRNA sequencing results of the AP50 group, the path-
ways related to cell cycle, cell division, cell proliferation and 
apoptotic process were significantly enriched. We have to 
suspect that some unfavorable factors in the serum seri-
ously affect the basic metabolism of MSCs, and even exceed 
the role of some inflammatory factors that can empower 
MSCs, causing MSCs to exhibit proinflammatory effects. 
Interestingly, the proliferative activity of MSCs pretreated 
with HC serum was not significantly weakened, whereas the 
level of apoptosis was significantly increased and the im-
munosuppressive function was not significantly enhanced. 
We wondered whether when the apoptosis rate exceeded a 
certain threshold or if the lack of some inflammatory factors 
that stimulate MSCs in HC serum prevented pretreatment 
with healthy donor serum from enhancing the immunosup-
pressive function of MSCs.

Human serum accounts for approximately 50% of the to-
tal blood volume. Compared with ACLF serum pretreatment 
of 10% concentration, the 50% concentration may be more 
similar to the environment in the human body. Thus, MSCs 
enter the pathological ACLF microenvironment and may be 
negatively affected and unable to exert a beneficial thera-
peutic effect. However, combining treatments of plasma ex-
change or double plasma molecular adsorption system to 
reduce harmful substances in serum may promote MSCs 
to exert a stronger anti-inflammatory effect. According to 
our mRNA sequencing results of the MSCs pretreated with 
ACLF serum at 10% concentration, the PI3K-Akt signaling 
pathway might play a major role in the serum-mediated 
MSCs exerting stronger immunosuppressive function. As we 
know, the PI3K-Akt pathway is indispensable in immunolog-
ic defense mechanisms and acts in part as a compensatory 
mechanism in response to the activation of intracellular pro-
inflammatory signaling pathways.23–25 We suspected that 
ACLF serum pretreatment may down-regulate the PI3K-Akt 
pathway, thereby stimulating cascade reactions and driving 
MSCs to exert stronger immunoregulatory effects.

Our study also has many shortcomings. First, our ex-
perimental design cannot fully simulate the internal envi-
ronment of ACLF, since it is an extremely complex disease 
condition. Indeed, no specific factor can play a completely 
different role in the immunomodulation of MSCs at differ-
ent concentrations. Second, we did not verify the mRNA 
sequencing results by measuring transcription or protein 
levels. Considering that simple verification can only show 
that the corresponding pathway was affected, it cannot in-
dicate whether the affected pathway is the main reason for 
the alteration in MSC functional characteristics. Therefore, 
we plan to explore the importance of the KDA genes in the 
involved pathways and their influence on MSCs in subse-
quent experiments.

Presently, most clinical studies on MSC treatment of dis-
eases generally use intravenous infusion due to safety con-
siderations. However, this also means that compared to the 
short and direct infusion route of in situ infusion, MSCs are 
likely to be affected by the environment during the lengthy 
internal circulation. To determine which substances in the 
serum would adversely affect the MSCs and filter out these 
harmful substances by plasma exchange or double plasma 
molecular adsorption system may further improve the ef-
ficiency of MSCs transplantation as well as suggest the rea-
sons for the poor response of some patients to treatment. 
The above is also the content of our subsequent research.
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