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Human Wharton’s jelly-derived 
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NF-κB signaling and glycolysis
Lijie Pan1,2†, Chang Liu1,2†, Qiuli Liu1,2†, Yanli Li1, Cong Du1, Xinmei Kang1, Shuai Dong1, Zhuowei Zhou1, 
Huaxin Chen1, Xiaoqi Liang1, Jiajie Chu1, Yan Xu1*  and Qi Zhang1,2,3* 

Abstract 

Background: Fulminant hepatitis is a severe life-threatening clinical condition with rapid progressive loss of liver 
function. It is characterized by massive activation and infiltration of immune cells into the liver and disturbance of 
inflammatory cytokine production. Mesenchymal stem cells (MSCs) showed potent immunomodulatory properties. 
Transplantation of MSCs is suggested as a promising therapeutic approach for a host of inflammatory conditions.

Methods: In the current study, a well-established concanavalin A (Con A)-induced fulminant hepatitis mouse model 
was used to investigate the effects of transplanting human umbilical cord Wharton’s jelly-derived MSCs (hWJ-MSCs) 
on fulminant hepatitis.

Results: We showed that hWJ-MSCs effectively alleviate fulminant hepatitis in mouse models, primarily through 
inhibiting T cell immunity. RNA sequencing of liver tissues and human T cells co-cultured with hWJ-MSCs showed 
that NF-κB signaling and glycolysis are two main pathways mediating the protective role of hWJ-MSCs on both Con 
A-induced hepatitis in vivo and T cell activation in vitro.

Conclusion: In summary, our data confirmed the potent therapeutic role of MSCs-derived from Wharton’s jelly of 
human umbilical cord on Con A-induced fulminant hepatitis, and uncovered new mechanisms that glycolysis meta-
bolic shift mediates suppression of T cell immunity by hWJ-MSCs.
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Background
Fulminant hepatitis is an emergency clinical condi-
tion usually caused by hepatitis viral infection or toxin 
(or drug) exposure that mediates rapid destruction 

of liver  functions. It is an inflammatory lesion of 
the liver characterized by massive liver parenchyma 
necrosis followed by excessive immune responses [1]. 
No specific therapies are currently available for fulmi-
nant hepatitis, and orthotopic liver transplantation is 
the sole established medical approach with long-term 
effects for end-stage fulminant hepatitis patients. 
However, practical application of liver transplantation 
is limited by the desperate shortage of donor organs 
and high costs.
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Mesenchymal stem cells (MSCs) are stem cells 
found in almost all tissues and organs [2–5]. These 
cells are frequently recruited at the sites of damage 
or inflammation and exhibit potential to differentiate 
into other cell types [6–8]. Moreover, MSCs exhibited 
potent immunomodulatory functions both in  vitro 
and in  vivo and thus demonstrated the therapeutic 
potential for many inflammatory disorders, such as 
acute graft-versus-host disease (aGVHD) [9], rheuma-
toid arthritis [10], inflammatory bowel diseases [11], 
and so on. MSCs may modulate the immune responses 
through either direct cell-to-cell contact or paracrine 
secretion of soluble factors [12–16]. The therapeutic 
potential of MSCs in the treatment of liver failure has 
been confirmed in both preclinical and clinical trials 
[17–19].

Concanavalin A (Con A)-induced fulminant liver 
injury is a well-documented murine model closely 
resembling the pathological process of human viral 
hepatitis and autoimmune liver disease [20–23]. Pre-
vious studies showed that bone marrow-derived 
MSCs [19, 24–30], tonsil-derived MSCs [31], and 
adipose tissue-derived MSCs [32–35] effectively pro-
tect mice from Con A-induced liver injury. How-
ever, the source of MSCs in all these tissues is quite 
limited, and isolating MSCs from these tissues is 
invasive. MSCs isolated from the Wharton’s jelly of 
human umbilical cord (which is considered as waste 
material) (hWJ-MSCs) provide an attractive MSCs 
source alternatively. hWJ-MSCs share a similar mor-
phology, surface markers, tri-lineage differentiation 
potential, and potent immunomodulatory properties 
with MSCs from other origins. Moreover, there are 
sufficient sources (based on the common cell dose 
frequently administered to the afore-mentioned dis-
orders (1*106 cells/kg of body weight), the amount of 
hWJ-MSCs isolated from a single donor are frequently 
sufficient to treat 30 patients), suitable materials, easy 
isolation and culture procedures, and no ethical or 
moral restrictions for utilizing hWJ-MSCs [36]. These 
advantages make hWJ-MSCs an attractive option for 
stem cell-based therapy.

In this study, the therapeutic effect of hWJ-MSCs 
on Con A-induced fulminant liver injury was investi-
gated, demonstrating that hWJ-MSCs could efficiently 
alleviate Con A-induced liver injury. Mechanisti-
cally, hWJ-MSCs suppressed the hepatic T cell infil-
tration and activation by inhibiting NF-κB signaling 
and glycolysis. The results confirmed that hWJ-MSCs 
transplantation is a potential therapeutic approach 
for treating fulminant hepatitis and uncovered new 
mechanisms for the immunomodulatory functions of 
hWJ-MSCs.

Materials and methods
Animals
C57BL/6J mice were purchased from GemPharmatech 
Co., Ltd (Nanjing, China) and housed under specific 
pathogen-free conditions. Experiments were performed 
with male animals at 6–8  weeks of age under ethical 
conditions approved by the Institutional Animal Care 
and Use Committee of The Third Affiliated Hospital of 
Sun Yat-sen University.

For Con A-induced fulminant hepatitis model, a sin-
gle dose of Con A (Sigma Aldrich, St. Louis, MO) was 
administrated at 15 or 20 mg/kg (only for survival anal-
ysis) through the tail vein. PBS or 1 ×  106 hWJ-MSCs 
suspended in 200 μL PBS were transplanted intrave-
nously (i.v) 30  min after Con A administration. Liver 
tissues were collected at indicated time point, and 
serum was collected at various time points for further 
analysis.

For live imaging, cells were labeled with 10  µg/ml 
1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocya-
nine iodide (DiR; AAT Bioquest, USA) for 15  min at 
37  °C according to the manufacturer’s instructions. The 
DiR-labeled MSCs were washed twice with PBS and 
transplanted into mouse i.v 30 min after Con A admin-
istration. Live imaging was conducted at different time 
points under anesthesia using Xenogen IVIS Lumina II.

Isolation and culture of human WJ‑MSCs
Human umbilical cord collection and processing were 
conducted after receiving informed consent from all 
participants included in the study. The hWJ-MSCs 
were obtained and expanded as previously described 
with minor modifications [37]. In summary, to isolate 
hWJ-MSCs, the umbilical cord was dissected into short 
sections of about 3  cm in length, and the vessels were 
manually stripped. The Wharton’s jelly was then sepa-
rated from the umbilical cord and minced into small 
fragments with an approximate diameter of 2  mm. The 
minced tissues were digested by collagenase for 1 h and 
cultured in low-glucose DMEM supplemented with 10% 
heat-inactivated fetal bovine serum (FBS), 2  mM L-glu-
tamine, and 1% penicillin–streptomycin at 37 °C in a 5% 
 CO2 humidified incubator. The medium was changed 
every three days, and non-adherent cells were discarded 
by completely changing the medium. Fibroblast-like cells 
that were considered to be hWJ-MSCs grew around the 
explants in about ten days. Adherent hWJ-MSCs were 
detached using 0.125% trypsin–EDTA and passaged at a 
split ratio of 1:3 when they reached 80–90% confluence. 
All of the hWJ-MSCs used in this study were character-
ized by flow cytometry and tri-lineage differentiation. 
This study was approved by the Institutional Human 
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Ethics Committee of The Third Affiliated Hospital of Sun 
Yat-sen University.

Tri‑lineage differentiation of hWJ‑MSCs
For differentiation to osteoblasts, hWJ-MSCs were 
seeded into 6-well plates at a density of 4 ×  103/cm2. 
After the cells reached 60–70% confluence, the medium 
was replaced with osteoblast induction medium contain-
ing L-DMEM, 10% (v/v) FBS, 2 mM glutamine, 1% peni-
cillin–streptomycin, dexamethasone (0.1  μM, Merck), 
vitamin C (50  μg/mL, Sigma-Aldrich), and β-glycerol 
phosphate (10  mM, Sigma-Aldrich). The medium was 
replaced every three days, monitoring to note cell growth 
and morphological changes. After three weeks of induc-
tion, osteogenic differentiation was confirmed by staining 
with 0.5% Alizarin Red S (v/v) (Sigma-Aldrich). For dif-
ferentiation to adipocytes, hWJ-MSCs were seeded into 
6-well plates at a density of 4 ×  103/cm2. After the cells 
reached 80–90% confluence, the medium was replaced 
with an adipogenic induction medium containing 
H-DMEM, 10% (v/v) FBS, 2 mM glutamine, 1% penicil-
lin–streptomycin, dexamethasone (1 μM, Merck), insulin 
(10  μg/mL, Prospect), isobutylmethylxanthine (IBMX, 
0.5  mM, Sigma-Aldrich), and indomethacin (0.2  mM, 
Sigma-Aldrich). The medium was replaced every three 
days, monitoring to note cell growth and morphologi-
cal changes. After the typical lipid droplets appeared, 
adipogenic differentiation was confirmed by staining 
with Oil Red O (O0625, Sigma-Aldrich). For chondro-
cyte differentiation, a pellet culture system was used. 
Approximately 2.5 ×  105 MSCs were placed in a 15-ml 
polypropylene tube and centrifuged to form a pellet. 
The pellet was cultured at 37  °C in a 5%  CO2 humidi-
fied incubator in 500 μl of chondrogenic media contain-
ing high-glucose DMEM supplemented with 10  ng/ml 
transforming growth factor-β3 (TGF-β3; Peprotech), 
 10−7  M dexamethasone (Sigma), 50  μg/ml ascorbate-
2-phosphate (Sigma), 40 μg/ml proline, 100 μg/ml pyru-
vate, and 50  mg/ml ITS + Premix (BD Biosciences; final 
concentrations: 6.25  μg/ml insulin, 6.25  μg/ml transfer-
rin, 6.25 μg/ml sodium selenite, 1.25 μg/ml bovine serum 
albumin, and 5.35 mg/ml linoleic acid). The medium was 
replaced every 3–4 days. Twenty-one days later, the pel-
lets were embedded in paraffin, cut into 3-μm sections, 
and stained with toluidine blue.

Flow cytometry and cell sorting
Cells were washed and stained with labeled antibody (or 
isotype control) according to the manufacturer’s instruc-
tions. Flow cytometry analysis was performed on either 
LSR II (BD) or CytoFLEX flow cytometer (Beckman 
Coulter, Fullerton, CA, USA), and the data were analyzed 
with FlowJo7.6 software (Treestar, Ashland, OR, USA). 

Dead cells were excluded by forward light scatter or for-
ward light scatter plus Zombie Aqua™. Fixable Viability 
Kit (biolegend, 423102). For fluorescent-activated cell 
sorting, cells were stained with the appropriate anti-
bodies and isolated on a BD influx cell sorter (BD Bio-
sciences, USA). Antibodies are listed in Additional file 2: 
Table S1.

Co‑culture of hWJ‑MSCs with T cells and the proliferation 
assay
Human peripheral blood mononuclear cells (PBMC) 
were isolated by density gradient centrifugation. The 
T lymphocytes were then stained with CD3-FITC and 
sorted on a BD influx cell sorter (BD Biosciences, USA). 
For co-culture, hWJ-MSCs were seeded in 24-well plates 
and co-cultured with T cells at the ratio of hWJ-MSCs: 
 CD3+ T cells = 1:5. The stimulant was phytohaemagglu-
tinin (PHA, Sigma-Aldrich) at a final concentration of 
2.5  μg/mL. Following co-culture for 48  h,  CD3+ T cells 
stimulated with PHA and the  CD3+ cells co-cultured 
with hWJ-MSCs in the presence of PHA were collected 
and analyzed using CytoFLEX flow cytometer (Beckman 
Coulter).

Hematoxylin and eosin (H&E) and Picrosirius red (PSR) 
staining
Mouse liver tissues at the equivalent locations were fixed 
in 4% paraformaldehyde overnight and embedded in par-
affin. Sections of 4  µm were prepared for H&E or PSR 
(ab150681, abcam) staining.

Serum Alanine Aminotransferase (ALT) and Aspartate 
Transaminase (AST) measurements
Mouse blood was sampled at various time points after 
Con A administration and then centrifuged at 3000 rpm 
at 4  °C for 15 min to separate the serum. ALT and AST 
levels were measured using Hitachi 7020 automatic bio-
chemical analyzer (Hitachi, Tokyo, Japan).

Isolation of hepatic lymphocytes
Mouse liver tissues were collected and perfused with 
collagenase I to dissociate cells, followed by filtra-
tion through a 200-µm cell strainer. Hepatocytes were 
removed by centrifuging at 50 g for 3 min at 4 °C. Super-
natants were collected and liver non-parenchymal cells 
were isolated with Percoll (GE Healthcare Bio-Sciences 
AB, Uppsala, Sweden). Cells were then resuspended in 
40% Percoll, underlaid with 60% Percoll, and centrifuged 
for 20 min at 2,000 rpm with no brakes. Cells at the inter-
face were collected, washed, and counted for further 
analysis.
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RNA sequencing
The sample preparation, sequencing, and data analy-
sis were performed as previously described [38]. GSEA 
was conducted using the Gene set enrichment analysis 
(GSEA) software (https:// www. broad insti tute. org/ gsea/) 
[39]. Differentially expressed genes (DEGs) were identi-
fied using DESeq2 [40] on the following cutoff criteria: 
p < 0.05 and |Fc|> 1.5. GO and KEGG pathway analyses 
of the DEGs were performed using the online Database 
for Annotation Visualization and Integrated Discovery 
(DAVID) (https:// david. ncifc rf. gov/), with p < 0.05 as the 
threshold for statistical significance. Sequencing data 
are available in the Gene Expression Omnibus (GEO) 
database under the accession number GSE166327 and 
GSE182182.

Western blot
Approximately 20  mg of liver tissues was homogenized 
and lysed with 500  μl lysis buffer containing 62.5  mM 
Tris–HCl (PH 6.8), 2% SDS, 10% glycerol, 0.02% bromo-
phenol blue, 50  mM DTT, and proteinase inhibitors. 
Proteins were separated by sodium-dodecyl-sulfate–pol-
yacrylamide gel electrophoresis and transferred to nitro-
cellulose membrane, blocked with TBS/T containing 5% 
non-fat dry milk, and analyzed for target proteins with 
specific primary antibodies listed in Additional file  2: 
Table S1.

Statistical analysis
All results were expressed as mean ± SD. Statistical com-
parison was made using the two-tailed Student’s t-test 
between two groups or one-way ANOVA for multi-group 
comparison. p < 0.05 was considered significant. Analyses 
and graphs were performed using GraphPad Prism ver-
sion 7 (San Diego, CA).

Results
hWJ‑MSCs effectively protected mice from Con A‑induced 
fulminant hepatitis
Like MSCs of other origins and previous reports [2, 3], 
hWJ-MSCs were strongly positive for CD29, CD73, 
CD105, and CD90, whereas negative for hematopoi-
etic stem cell markers such CD34 and CD45 (Additional 

file  1: Figure S1A). The cells showed typical spindle-
shaped fibroblastic morphology (Additional file 1: Figure 
S1B) and were successfully induced to differentiate into 
osteoblasts, adipocytes, and chondrocytes (Additional 
file 1: Figure S1C).

hWJ-MSCs demonstrated significant protection on 
Con A-induced death (Fig.  1A, B). A sub-lethal dose of 
Con A (15  mg/kg) was then administrated to study the 
mechanism of hWJ-MSCs-mediated protection on Con 
A-induced liver injury. The hWJ-MSCs group showed 
significant decrease of serum ALT and AST activities 
(two liver injury markers) at 6, 12, 24, and 48  h after 
Con A administration, indicating an immediate, effec-
tive improvement of Con A-induced liver injury by 
hWJ-MSCs (Fig. 1C, D). Gross liver appearance and his-
tological analysis at 24  h showed that hWJ-MSCs effec-
tively ameliorated Con A-induced hepatocyte necrosis, 
disseminated hemorrhage and collagen deposition 
(Fig. 1E, F, and Additional file 1: Figure S1D). Live imag-
ing showed that transplanted MSCs mainly localized in 
the liver and the lungs (Fig. 1G, H). These results confirm 
that hWJ-MSCs effectively protected the mouse from 
Con A-induced liver injury in vivo.

hWJ‑MSCs suppressed the activation of  CD3+ hepatic T 
cells in Con A‑induced fulminant hepatitis
The Con A-induced liver injury model is characterized 
by lymphocyte-induced liver damage, especially  CD4+ T 
lymphocytes activation and infiltration in the liver [41]. 
Therefore, this model is considered a suitable mouse 
model for studying the pathological mechanisms of 
liver damage due to, for example, human viral hepatitis 
and autoimmune liver disease [20]. However, activation 
of other immune cells (including B cells, macrophages, 
NK cells, and NKT cells) has also contributed to Con 
A-induced hepatitis [21, 42–44]. To determine which 
immune cells hWJ-MSCs modulate in the liver, liver non-
parenchymal cells of control, Con A + PBS group, and 
Con A + hWJ-MSCs group were isolated 24 h after Con 
A administration. Flow cytometry analysis was under-
taken to determine which subpopulations were changed 
by hWJ-MSCs (Fig.  2A). The results showed that the 
number of  CD3+ T cells and F4/80 + macrophages was 

(See figure on next page.)
Fig. 1 hWJ-MSCs effectively protected mouse from Con A-induced fulminant hepatitis. A Schematic illustration of the experimental design. B The 
survival curves of mice in indicated groups within 120 h after Con A administration. C and D Serum AST (C) and ALT (D) levels were measured at 
indicated time point after Con A treatment in indicated groups. E Representative gross appearance of livers 24 h after Con A treatment in indicated 
groups. F Representative H&E staining photographs (left) and quantification of necrosis areas (right, n = 5/group) of liver tissues 24 h after Con 
A administration in indicated groups. Scale bar = 100 μm. Magnified images of the boxed areas were shown at the bottom. G Live imaging of 
DiR-labeled MSCs at indicated time point after Con A administration using Xenogen IVIS Lumina II. PBS was used as a negative control. H Imaging 
of different organs dissected at 24 h after Con A administration in indicated groups using Xenogen IVIS Lumina II. Data in (B–D) are shown as 
mean ± SD (n = 9–12/group) with the indicated significance (*p < 0.05, **p < 0.01, ***p < 0.001)

https://www.broadinstitute.org/gsea/
https://david.ncifcrf.gov/
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Fig. 1 (See legend on previous page.)
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increased after Con A administration, while  CD19+ B 
lymphocytes and NK1.1+ NK/NKT cells were decreased 
(Fig.  2B). However, only the  CD3+ T cell (especially 
 CD3+CD4+ T cell) ratio recovered after the treatment 
with hWJ-MSCs (Fig.  2B, C). These results infer that 
hWJ-MSCs alleviate Con A-induced hepatitis primarily 
through suppressing hepatic  CD3+ T cells.

Transcriptional analysis of mechanisms hWJ‑MSCs alleviate 
Con A‑induced fulminant hepatitis in vivo
The RNA sequencing for liver tissues of the control 
group, Con A + PBS group, and Con A + hWJ-MSCs 
group 24  h after Con A administration was performed, 
to further characterise the mechanisms via which hWJ-
MSCs alleviate Con A-induced hepatitis (Additional 
file  3: Table  S2). Gene set enrichment analysis (GSEA) 
showed that almost all (35/36) pathways significantly 
changed in the Con A + PBS group versus the control 
group were recovered in the Con A + hWJ-MSCs group 
(Fig. 3A). We found that crucial liver functions, such as 
bile acid metabolism, xenobiotic metabolism, and fatty 
acid metabolism, were repressed in the Con A + PBS 
group and reconstituted in the Con A + hWJ-MSCs 
group (Fig.  3B–D). Also, inflammatory response path-
ways including IL2-STAT5, TNFα signaling via NF-κB, 
IFNα, and IFNγ response were among the most sig-
nificantly enriched gene pathways in the Con A + PBS 
group, whereas repressed in the Con A + hWJ-MSCs 
group (Fig.  3B, E). Consistent with the phenomenon of 
massive hepatocyte necrosis and activation of immune 
cells, apoptosis pathway and cell cycle-related pathways 
(including E2F targets, G2M checkpoints, and Myc tar-
gets) were activated in the Con A + PBS group, and 
both pathways returned to the resting state in the Con 
A + hWJ-MSCs group (Additional file  1: Figure S2A 
and 2B), consistent with the observation of decreased 
hepatocyte necrosis (Fig. 1F) and suppressed T cell infil-
tration in the liver (Fig. 2B) after hWJ-MSCs treatment. 
Notably, we also observed significant changes in other 
metabolism pathways, including activation of glycolysis, 
mTORC1, and hypoxia response after Con A administra-
tion and corresponding recovery following hWJ-MSCs 
infusion. However, the oxidative phosphorylation path-
ways showed the opposite tendency (Fig.  3F, Additional 
file  1: Figure S2C). In total, 562/674 upregulated and 
546/726 downregulated genes in Con A + hWJ-MSCs 

group compared to Con A + PBS group showed opposite 
expression tendencies in the Con A + PBS group versus 
the control group (Additional file 1: Figure S2D and 2E), 
demonstrating significant molecular changes following 
hWJ-MSC treatment. GO and KEGG pathway analysis 
of differentially expressed genes (DEGs) showed simi-
lar results to the GSEA analysis, confirming metabolism 
and inflammatory pathways are the primary pathways 
mediating the therapeutic effects of hWJ-MSCs on Con 
A-induced hepatitis (Additional file 1: Figure S3 and S4).

Bioinformatic analysis of mechanisms hWJ‑MSCs inhibit 
the activation and proliferation of T cells in vitro
Since Con A-induced fulminant hepatitis is mainly T cell-
mediated hepatic injury, and treatment with hWJ-MSCs 
could ameliorate Con A-induced liver injury principally 
by reducing  CD3+ T cell infiltration (Fig. 2B), to further 
investigate the mechanisms by which hWJ-MSCs func-
tion, we performed RNA sequencing analysis of naïve T 
cells, activated T cells, and activated T cells co-cultured 
with hWJ-MSCs (Additional file  4: Table  S3). Like liver 
tissues, most (28/31) of the significantly enriched path-
ways comparing T cells versus activated T cells were 
recovered when comparing activated T cells versus acti-
vated T cells co-cultured with hWJ-MSCs (Fig.  4A), 
indicating a strong suppression of T cell immunity by 
hWJ-MSCs. GSEA analysis showed that similar to Con 
A-induced liver injury models, inflammatory pathways, 
such as IL-2-STAT5, TNFα signaling via NF-κB (Fig. 4B, 
C), cell cycle-related pathways (Additional file  1: Figure 
S5A), and metabolism pathways (including glucose meta-
bolic process, hypoxia, and mTORC1 signaling) (Fig. 4D, 
Additional file 1: Figure S5B) were enriched in activated 
T cells and repressed in activated T cells co-cultured with 
hWJ-MSCs. Interestingly, unlike in liver tissues, oxida-
tive phosphorylation pathways were activated in activate 
T cells (Additional file  1: Figure S5C), consistent with 
previous reports that both aerobic glycolysis and oxida-
tive phosphorylation were increased in activated T cells 
[45]. Most of the differentially regulated genes after T cell 
activation recovered in activated T cells co-cultured with 
hWJ-MSCs (Fig.  4E, F). The KEGG pathway analysis of 
these differentially regulated genes confirmed significant 
metabolic changes among all three groups (Additional 
file 1: Figure S5D).

Fig. 2 hWJ-MSCs suppressed the activation of  CD3+ hepatic T cells in Con A-induced fulminant hepatitis. A Schematic illustration of the 
experimental design. B Representative plots (left) and quantification (right) of flow cytometry analysis for CD3, CD19, F4/80 and NK1.1 expression in 
 CD45+ liver non-parenchymal cells 24 h after Con A administration in indicated groups. C Quantification of flow cytometry analysis for  CD3+CD4+ 
and  CD3+CD8+ T cell ratio in  CD45+ liver non-parenchymal cells 24 h after Con A administration in indicated groups. Data in B and C is shown as 
mean ± SD (n = 5–9/group) with the indicated significance (*p < 0.05, **p < 0.01)

(See figure on next page.)
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Fig. 2 (See legend on previous page.)



Page 8 of 14Pan et al. Stem Cell Res Ther          (2021) 12:496 

NF‑κB signaling and glycolysis are shared pathways 
between the in vivo and in vitro models
The overlapped genes of the four categories were consid-
ered and analyzed: (1) downregulated in Con A + hWJ-
MSCs versus Con A + PBS group, (2) upregulated in 
Con A + PBS versus control group, (3) downregulated 
in activated T cells co-cultured with hWJ-MSCs versus 
activated T cells, and (4) upregulated in activated T cells 
versus naïve T cells. 89 genes met the criteria, and the 
KEGG pathway analysis showed that the NF-κB signal-
ing pathway, HIF-1α signaling, and glycolysis pathways 
were among the most significantly enriched pathways 
(Fig.  5A). Key genes involved in NF-κB signaling and 
glycolysis were upregulated in Con A-treated mouse 
liver tissues and activated human T cells, while all were 
repressed following treatment with hWJ-MSCs. As 
HIF-1α signaling could directly induce glycolysis under 
hypoxic conditions [46, 47], these results confirm that 
NF-κB signaling and glycolysis metabolic processes are 
two important pathways mediating the therapeutic func-
tion of hWJ-MSCs both in Con A-induced fulminant 
hepatitis in vivo and T cell activation in vitro (Fig. 5B, C). 
RT-qPCR and western blotting analysis of liver tissues 
confirmed that Con A administration indeed induced 
key enzymes involved in glycolysis, especially PKM2, the 
enzyme responsible for the last step of glycolysis, and 
MSCs treatment partially blunted this effect (Fig. 5D–F).

Discussion
Ease of isolation and gene modification, low immuno-
genicity, chemotaxis to damaged tissues, potent immu-
noregulatory functions, and many other advantages infer 
that MSCs have tremendous potential in cell therapy and 
regenerative medicine [7, 48–51]. In the present study, 
human umbilical cord Wharton’s jelly-derived MSCs 
were used to treat fulminant hepatitis. The results con-
firmed that hWJ-MSCs have significant therapeutic 
effects on Con A-induced fulminant hepatitis in vivo and 
potently inhibit T cell immunity in vitro and are as func-
tional as MSCs from other origins [29, 31, 32].

Concanavalin A (Con A) is a plant lectin extracted from 
Brazilian rubber Canavalia. Con A-induced liver injury is 
a commonly used murine liver injury model considered 

suitable for studying the pathological mechanisms of 
human viral hepatitis and autoimmune liver disease. The 
changes in hemodynamics, morphology, and biochemi-
cal metabolism are similar to human viral hepatitis and 
autoimmune liver disease. In Con A-induced liver injury, 
lymphocyte (especially  CD4+ T cell) activation and infil-
tration play a central role in inducing liver damage [20, 
21, 42, 44, 52–54]. Con A can activate macrophages in 
the liver sinusoid to produce cytokines, directly damag-
ing liver cells [55], or activate T lymphocytes to produce 
cytokines and infiltrate the liver, leading to immune liver 
damage [56]. Previous studies reported that MSCs from 
different origins could alleviate Con A-induced hepati-
tis by acting on different types of immune cells, includ-
ing switching Con A-stimulated macrophages to the M2 
phenotype by bone marrow-derived MSCs [29], suppres-
sion of myeloid-lineage cells and  CD4+ T cell by adipose-
derived MSCs [32], suppression of T cells by both bone 
marrow-derived MSCs and tonsil-derived MSCs [28, 31], 
and suppression of NKT cells by bone marrow-derived 
MSCs [26, 30]. Interestingly, our results demonstrated 
that hWJ-MSCs alleviate Con A-induced fulminant hepa-
titis primarily by suppressing hepatic  CD3+ T cells with 
no significant change of macrophages,  CD19+ B lympho-
cytes and NK1.1+ NK/NKT cells. These results indicated 
that MSCs from different origins might exert therapeutic 
outcomes through disparate mechanisms.

To further elucidate the regulatory mechanisms by 
which hWJ-MSCs protect Con A-induced fulminant 
hepatitis, RNA sequencing analysis of liver tissues was 
undertaken. As expected, noticeable improvement 
in liver functions was observed following hWJ-MSCs 
treatment, such as fatty acid metabolism, bile acid 
metabolism, and xenobiotic metabolism. Furthermore, 
inflammatory response and cell cycle-related pathways 
were significantly inhibited by hWJ-MSCs adminis-
tration. Interestingly, we also observed the induction 
of glycolysis by Con A and its suppression after hWJ-
MSCs administration. Notably, the changes of inflam-
matory response pathway, cell cycle-related pathway, 
and glycolysis were recapitulated in T cells activated 
in vitro and co-cultured with hWJ-MSCs.

(See figure on next page.)
Fig. 3 RNA sequencing of liver tissues showing alleviation of Con A-induced mouse liver injury by hWJ-MSCs. A Venn diagrams showing 
significantly enriched gene pathways of Control (Ctrl, also here after in similar experiments) versus Con A group and Con A versus Con A + MSCs 
group by GSEA analysis. B Bar plot showing normalized enrichment score (NES) of significantly changed GSEA pathways of Control versus Con A 
group and Con A versus Con A + MSCs group in GSEA analysis. C GSEA analysis showing bile acid metabolism (upper) and fatty acid metabolism 
(lower), were enriched in indicated groups. D Violin plots showing relative mRNA level of genes involved in bile acid metabolism (left) and fatty acid 
metabolism (right) in indicated groups, 4 individuals were shown for each group. E and F GSEA analysis showing enrichment of indicated gene sets 
(upper) and violin plots showing relative mRNA level of involved genes in indicated groups (lower). NES, normalized enrichment score; FDR, false 
discovery rate; GSEA, gene set enrichment analysis
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Fig. 3 (See legend on previous page.)
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Fig. 4 RNA sequencing of human  CD3+ T cells showing inhibition of T cell immunity by hWJ-MSCs in vitro. A Venn diagrams showing significantly 
enriched gene pathways of naïve T cells (T) versus activated T cells (Act.T) group and Act.T versus Act.T + MSCs group by GSEA analysis. B Bar 
plot showing normalized enrichment score (NES) of significantly changed GSEA pathways of T versus Act.T group and Act.T versus Act.T + MSCs 
group in GSEA analysis. C GSEA analysis showing IL2-STAT5 and TNFα signaling via NF-κB pathways were enriched in indicated groups (left). Violin 
plots showing relative mRNA level of genes involved in IL2-STAT5 and TNFα signaling via NF-κB in indicated groups, 2 replicates were shown 
for each group (right). D GSEA analysis showing glycolysis enrichment in indicated groups (left) and violin plots showing relative mRNA level of 
genes involved in glycolysis in indicated groups (right). E Summary of number of differentially expressed genes (DEGs) of Act.T versus T group and 
Act.T + MSCs versus Act.T group. F Venn diagrams of the DEGs among different groups
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Analysis of merged DEGs in mouse liver tissues and 
human T cells showed that NF-κB signaling and glycoly-
sis were two critical pathways mediating the therapeutic 
function of hWJ-MSCs both in Con A-induced fulminant 
hepatitis in vivo and T cell activation in vitro. NF-κB is a 
common inflammatory signaling pathway. Previous stud-
ies reported that NF-κB is activated in Con A-induced 
fulminant hepatitis [57, 58] and suppressed by MSCs in 
different cell contexts [59–62]. Glycolysis plays an essen-
tial role in T cell immunity [63–67]. However, to the best 
of our knowledge, no previous studies have detailed the 
involvement of glycolysis in Con A-induced liver injury. 
Additionally, few studies reported MSCs modulating gly-
colysis in target cells/tissues [68]. Our data showed that 
glycolysis is upregulated in Con A-treated mouse liver 
tissues and activated human T cells. Simultaneously, it is 
repressed following treatment with hWJ-MSCs in both 
systems, indicating that glycolysis plays an important role 

in mediating the therapeutic outcomes of hWJ-MSCs. 
Further investigations are warranted to see whether tar-
geting glycolysis with other therapeutics will alleviate 
Con A-induced fulminant hepatitis. Equally of interest 
are future studies to determine whether  and how hWJ-
MSCs could mitigate other T cell-mediated tissue inju-
ries by inhibiting glycolysis.

Conclusion
In this study, we confirmed the potent therapeutic role 
of MSCs-derived from human umbilical cord Wharton’s 
jelly on Con A-induced fulminant hepatitis, and uncov-
ered new mechanisms that glycolysis metabolic shift 
mediates suppression of T cell immunity by hWJ-MSCs.
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Fig. 5 NF-κB signaling and glycolysis are shared pathways between in vivo and in vitro models. A KEGG pathway analysis of the overlapped DEGs 
between Con A + hWJ-MSCs versus Con A + PBS group, Con A + PBS versus control group, activated T cells co-cultured with hWJ-MSCs versus 
activated T cells and activated T cells versus naïve T cells. B and C Heatmap showing expression of key genes of NF-κB signaling pathway (B) and 
glycolysis (C) in indicated groups. D RT-qPCR for key genes involved in glycolysis in mouse liver tissues in indicated groups (n = 5/group). E and F 
Western blotting (E) and corresponding densitometry analysis (F) for key genes involved in glycolysis in mouse liver tissues in indicated groups 
(n = 4/group). Data in D and F is shown as mean ± SD with the indicated significance (*p < 0.05, **p < 0.01, ***p < 0.001). KEGG, Kyoto Encyclopaedia 
of Genes and Genomes
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