International Journal of Nanomedicine Dove

ORIGINAL RESEARCH

Metabolic Reprogramming of CD4"™ T Cells by
Mesenchymal Stem Cell-Derived Extracellular
Vesicles Attenuates Autoimmune Hepatitis
Through Mitochondrial Protein Transfer

Mengyi Shen'*, Leyu Zhou'*, Xiaoli Fan', Ruigi Wu', Shuyun Liu?, Qiaoyu Deng', Yanyi Zheng',
Jingping Liu?, Li Yang®'

'Department of Gastroenterology and Hepatology and Laboratory of Gastrointestinal Cancer and Liver Disease, West China Hospital, Sichuan
University, Chengdu, People’s Republic of China; 2NHC Key Laboratory of Transplant Engineering and Immunology, Frontiers Science Center for
Disease-Related Molecular Network, West China Hospital, Sichuan University, Chengdu, People’s Republic of China

*These authors contributed equally to this work

Correspondence: Li Yang; Jingping Liu, Email yangli_hx@scu.edu.cn; liujingping@scu.edu.cn

Background: Autoimmune hepatitis (AIH) is a serious liver disease characterized by immune disorders, particularly effector T-cell
overactivation. This study aimed to explore the therapeutic effect and underlying mechanism of mesenchymal stem cell-derived
extracellular vesicle (MSC-EV) treatment on CD4" T-cell overactivation and liver injury in ATH.

Methods: The metabolic changes of CD4" T cells were assayed in human ATH and mouse hepatitis models. The liver protective effect
of MSC-EVs was evaluated by transaminase levels, liver histopathology and inflammation. The effect of MSC-EVs on the metabolic
state of CD4" T cells was also explored.

Results: Enhanced glycolysis (eg, ~1.5-fold increase in hexokinase 2 levels) was detected in the CD4" T cells of ATH patient samples
and mouse hepatitis models, whereas the inhibition of glycolysis decreased CD4" T-cell activation (~1.8-fold decrease in CD69 levels)
and AIH liver injury (~6-fold decrease in aminotransferase levels). MSC-EV treatment reduced CD4" T-cell activation (~1.5-fold
decrease in CD69 levels) and cytokine release (~5-fold decrease in IFN-y levels) by reducing glycolysis (~3-fold decrease) while
enhancing mitochondrial oxidative phosphorylation (~2-fold increase in maximal respiration) in such cells. The degree of liver damage
in AIH mice was ameliorated after MSC-EV treatment (~5-fold decrease in aminotransferase levels). MSC-EVs carried abundant
mitochondrial proteins and might transfer them to metabolically reprogram CD4" T cells, whereas disrupting mitochondrial transfer
impaired the therapeutic potency of MSC-EVs in activated CD4" T cells.

Conclusion: Disordered glucose metabolism promotes CD4" T-cell activation and associated inflammatory liver injury in AIH
models, which can be reversed by MSC-EV therapy, and this effect is at least partially dependent on EV-mediated mitochondrial
protein transfer between cells. This study highlights that MSC-EV therapy may represent a new avenue for treating autoimmune
diseases such as AIH.
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Introduction

Autoimmune hepatitis (AIH) is a serious progressive liver disease that is mediated by the autoimmune response and
characterized by elevated transaminase levels, high immunoglobulin G levels, positive autoantibodies and interface
hepatitis." However, similar to other types of autoimmune diseases, the efficacy of current therapies for AIH used in the
clinic remains unsatisfactory. To date, AIH patients can achieve a response rate of only 70% to 80% with standard
glucocorticoid and immunosuppressant therapy.> In addition, these immunosuppressive therapies are not targeted to the
liver and tend to cause systemic adverse effects such as infection, osteoporosis and diabetes when used for long periods.*
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Moreover, disease relapse after drug withdrawal is one of the clinical issues of AIH, and its recurrence rate after 1 to 3
years of discontinuation can reach as high as 59-81%.° Without effective interventions, AIH patients can rapidly
progress to liver failure and cirrhosis."” Therefore, it is critical to develop more safe and efficient therapeutics for ATH.

The pathology of autoimmune hepatitis is complicated, and multiple factors, such as the genetic background and
internal and external triggers, especially immune disorders, are involved.®® T cells are key adaptive immune cells that
induce the occurrence and development of immune disorder-related diseases, and increasing evidence indicates that
abnormal T-cell (eg, CD4" T-cell) infiltration and activation play vital roles in the pathogenesis of AIH.'*"'> Previous
studies have shown that CD4" T cells can recognize self-antigenic peptides presented by antigen-presenting cells and
then be activated and differentiate into effector cells, which subsequently produce cytokines and interact with other
immune cells (eg, CD8" T cells, B cells, macrophages and NK cells) to induce hepatocyte death during AIH.’'
Conversely, genetic depletion of CD4" T cells can reduce immune injury of the liver in AIH mice.''™'* These findings
suggest that CD4" T-cell overactivation is a promising therapeutic target for treating ATH. On the other hand, the cellular
metabolic state has been recognized as a key modulator of the immune cell phenotype and thus can affect the outcomes
of a variety of autoimmune diseases, such as AIH, rheumatoid arthritis and autoimmune encephalomyelitis.'*'> Briefly,
effector T cells prefer glycolysis to obtain more energy quickly for survival and the immune response, whereas naive and
regulatory T cells rely primarily on oxidative phosphorylation (OXPHOS).'®!” These findings suggest that metabolic
disorders, such as impaired mitochondrial OXPHOS with enhanced glycolysis, may be potent therapeutic targets for
inhibiting CD4" T-cell activation during AIH, but efficient therapies for the targeted regulation of CD4" T-cell
metabolism are lacking.

In recent years, mesenchymal stem cell (MSC)-based therapies have emerged as promising means for treating
immune disorders and inflammatory diseases in clinical and basic studies because of their immune and metabolic
regulatory abilities.'® 2° As cell-secreted nanovesicles, MSC-EVs have highly similar biological properties to MSCs.*"**
Moreover, compared with whole-cell therapy, MSC-EVs have several advantages, such as low embolism risk, low
immunogenicity, and easy storage and shipping, making them promising for further clinical translation. Pilot studies have
reported that MSC-derived extracellular vesicles (MSC-EVs) can attenuate liver injury in AIH mice,”*** but the
underlying mechanism is not completely understood. Recently, we and others reported that EVs derived from MSCs
or other cells can exert therapeutic effects by regulating the metabolic status of recipient cells through the transfer of
diverse mitochondrial components, such as mitochondrial proteins, mitochondrial DNA (mtDNA) and even fragmented
or intact mitochondria between cells.*> >’ For example, MSC-EV treatment increased mitochondrial respiration levels in
lung cells in LPS-induced acute lung injury models via mitochondrial transfer.”® MSC-EV treatment can also restore the
TFAM signaling pathway to improve the mtDNA stability of renal tubular cells and thus ameliorate mitochondrial injury
and inflammation in individuals with acute renal injury.”” Brain endothelial cell-derived EVs, which contain mitochon-
dria, reduce infarct areas in the mouse brain by increasing the mitochondrial respiration and glycolytic capacities of
recipient brain endothelial cells.*® Additionally, EVs isolated from the HEK293 cell line, which overexpress the
mitochondrial membrane protein (TOM40), delivered TOM40 to protect target cells from oxidative stress in models of
neurodegenerative diseases.”’ However, it is still unclear whether MSC-EV treatment affects the phenotype of activated
CD4" T cells via the transfer of mitochondrial components.

This study aimed to explore the therapeutic effect and underlying mechanism of MSC-EV treatment on CD4" T-cell
overactivation and liver injury in AIH. We revealed that disordered glucose metabolism promotes CD4" T-cell activation
and liver injury in AIH, which can be reversed by MSC-EV therapy, and this effect is at least partially due to EV-
mediated mitochondrial transfer between cells. This study may provide a new approach for treating liver diseases related
to CD4" T-cell overactivation, such as AIH.

Materials and Methods

Patients and Specimens
AIH patients were enrolled at West China Hospital, Sichuan University, from January 2021 to April 2023. All patients
met the diagnostic criteria established by the International Autoimmune Hepatitis Group. Peripheral blood and liver
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biopsy samples were obtained from AIH patients. This study complied with the Declaration of Helsinki and was
approved by the Ethics Committee of West China Hospital. All enrolled patients signed informed consent forms.

Animals and Treatments

Female C57BL/6 mice (weighing 2022 g) were obtained from the Experimental Animal Center of Sichuan University
(Chengdu, China). The animal experiments were approved by the Animal Ethics Committee of West China Hospital, Sichuan
University (No. 20220401003) and were performed according to the National Institutes of Health Guidelines for the Use of
Experimental Animals. An immune-mediated hepatitis model was established by the intravenous administration of a single
dose of 10 mg/kg concanavalin A (Con A; Sigma—Aldrich, USA) for 24 h. 2-deoxy-D-glucose (2-DG, 10 mg/mouse, Sigma—
Aldrich, USA) or MSC-EVs (3 x 10' particles/mouse) were injected intraperitoneally or intravenously into Con A-treated
mice. Blood and liver samples were collected when the mice were sacrificed at 24 h after the injection.

Cell Culture and Treatments

Human umbilical cord MSCs were provided by Hangzhou Aiwei Biotechnology Co., Ltd. (Hangzhou, China) and
Sichuan Neo-life Stem Cell Biotech & Sichuan Stem Cell Bank (Chengdu, China). The culture medium of the MSCs was
DMEM/F12 (Gibco, USA) supplemented with 10% FBS (Biological Industries, Israel) and 1% penicillin/streptomycin
(HyClone, USA). The cells were passaged every 3—4 days, and cells at the 5th passage were harvested for further
experiments. MSCs were treated with thodamine-6G (1 pg/mL, Sigma—Aldrich) for 48 h to knock down mitochondrial
electron transport chain (ETC) proteins.

CD4" T cells from human peripheral blood or the mouse spleen were purified using the MojoSort™ Human or Mouse
CD4" T-Cell Isolation Kit (BioLegend, USA) according to the manufacturer’s protocol. The purity of the CD4" T cells was
greater than 95%, as determined by flow cytometry. Human CD4" T cells were dissolved in RNA lysis solution (Vazyme,
China) and stored at —80 °C . Mouse CD4" T cells were cultured in 96-well plates at a density of 5x10° cells/well. The medium
consisted of RPMI 1640 medium supplemented with recombinant murine IL-2 (20 IU/mL, Novoprotein, China), 10% FBS
(Biological Industries, Israel) and 1% penicillin/streptomycin (HyClone). Mouse CD4" T cells were stimulated with PMA (10
ng/mL, MultiSciences, China) and ionomycin (200 ng/mL, MultiSciences) for 6 h to mimic activation. MSC-EVs (3 x 10'°
particles/mL, 1.5x10* particles/cell) or 2-DG (520 mM, Sigma—Aldrich) were added to the activated CD4" T cells.

Isolation of MSC-EVs

Human umbilical cord MSCs were cultured in DMEM/F12 (Gibco, USA) supplemented with 10% FBS (Biological
Industries, Israel). When the cells reached ~80% confluence, the medium was replaced with DMEM/F12 containing 10%
EV-depleted FBS (System Biosciences, USA). After 48 h, the culture medium was collected for EV isolation. EVs were
isolated from the culture medium using a previously reported differential ultracentrifugation method, with minor
modifications.? Briefly, the culture medium was centrifuged at 300 x g for 10 min, 1000 x g for 15 min and 10,000
x g for 30 min, followed by two ultracentrifugation steps at 100,000 x g for 90 min with an SW32Ti rotor in an Optima
XPN-100 ultracentrifuge (Beckman Coulter, USA). All centrifugation steps were conducted at 4 °C. The purified EV
pellets were resuspended in PBS for further experiments.

Characterization of MSC-EVs

EV morphology was observed using a transmission electron microscope (TEM) after negative staining.** Briefly, EVs
were diluted with PBS, dropped onto copper nets, stained with 2% phosphotungstic acid at room temperature for
2 minutes, and then observed using a TEM (JEM-1400FLASH, JEOL, Japan) at 80 kV. The size distribution and particle
concentration of the EVs were measured using nanoparticle tracking analysis (NTA).*> EVs were diluted with ultrapure
water and measured via NTA (Zeta View PMX 120, Particle Metrix, Germany). The analysis parameters were as follows:
max area 1000, min area 10, min brightness 30, and operating temperature of 25 °C. The protein concentrations of the
EVs were quantified using a BCA protein assay kit (CWBIO, China). Positive protein markers (CD63, TSG101, and
Alix) and a negative protein marker (calnexin) of EVs were detected via Western blotting.
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Biodistribution of MSC-EVs in Mice

Sulfo-Cy7-NHS ester (New Research Biosciences Co., Ltd., China) was used to label the MSC-EVs, as previously
described.** Next, dye-labeled EVs (3 x 10'° particles/mouse) and an equal amount of free dye (negative control) or PBS
were injected intravenously into normal or Con A-treated mice. After 24 h, the major organs (hearts, lungs, livers,
spleens, and kidneys) of the mice were harvested and observed using an IVIS spectrum (PerkinElmer, USA). In addition,
these tissue sections were further stained with DAPI. Liver sections were stained with a rabbit anti-CD4 antibody
(Ab183685; Abcam, USA) and DAPL

Cellular Uptake of EVs

PKH26 (Umibio, China) was used to label the MSC-EVs according to the manufacturer’s instructions. Next, PKH26-
labeled EVs (3 x 10'? particles/mL) were incubated with primary CD4" T cells. The cells were subsequently washed with
PBS and stained with FITC-conjugated anti-CD4 (BioLegend, USA) and DAPI. The fluorescence of the cells was
observed with a confocal microscope (STELLARIS 5, Leica, Germany).

Mitochondrial Component Transfer Assay
A transwell system was established to assess the transfer of mitochondrial components from MSCs to CD4" T cells
through paracrine routes. Briefly, MitoTracker Deep Red (Invitrogen, USA)-stained MSCs (5 x 10* cells) and
MitoTracker Green (Beyotime Biotechnology, China)-labeled CD4" T cells (1.5% 10° cells) were seeded in the upper
and lower chambers, respectively. The small pore size (3 um) of the transwell allows only mitochondrial transfer between
cells through the paracrine pathway, such as via MSC-EVs (~150 nm). Unstained MSCs in the upper chamber were used
as a negative control. The fluorescence of CD4" T cells was detected after coculture.

Moreover, we directly showed that mitochondrial components are transferred from MSCs to CD4" T cells through EVs.
MSCs were stained with MitoTracker Deep Red, and EVs were extracted via ultracentrifugation. Then, the EVs were added
to MitoTracker Green-labeled CD4" T cells, and CD4 " T-cell fluorescence was detected as previously reported*”.

Seahorse Metabolic Assay

CD4" T cells isolated from the mouse spleen by magnetic cell sorting were seeded on Seahorse culture plates at a density
of 5x10° cells/well. The extracellular acidification rate (ECAR, an indicator of glycolysis) and oxygen consumption rate
(OCR, an indicator of respiration) of CD4" T cells were measured with a Seahorse XF-24 Flux Analyzer (Seahorse
Biosciences, Agilent, USA). The parameters used in the experiments were as follows: 10 mM glucose, 5 uM oligomycin,
50 mM 2-DG, 3 uM FCCP, and 1 uM rotenone/antimycin A.

Lactate Assay
The lactate level in the CD4" T-cell (5 x 10° cells) culture medium was measured using a lactate assay kit (Nanjing

Jiancheng Bioengineering Institute, China) according to the manufacturer’s instructions.

Glucose Uptake Assay

After different interventions, the CD4" T cells (5 x 10° cells) in each group were harvested separately, washed with PBS
and then incubated with 2-NBDG (100 uM, APExBIO, USA) at 37 °C for 30 min. The uptake of 2-NBDG by the cells
was measured via flow cytometry.

Cell Viability Assay

The viability of the MSCs (5 x 10* cells) was calculated according to the optical density at 450 nm measured using
a microplate reader (BioTek, China) after an incubation with CCK-8 reagent (Absin, China).
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Transaminase Level Assay

Mouse serum was isolated from retro-orbital blood by centrifugation at 1000 x g for 10 min. The serum alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) concentrations were measured using an automatic
biochemical analyzer (Cobas®8000 702, Roche, Switzerland).

Cytokine Level Assay

The concentrations of cytokines (IFN-y, TNF-o, IL-2, and IL-6) in the culture medium of CD4" T cells were detected
using commercial ELISA kits from MultiSciences and DAKEWE (China) and a Multi-Analyte Flow Assay Kit
(BioLegend) according to the manufacturer’s instructions.

Liver Histological Assay

Liver samples from humans and mice were fixed with 4% paraformaldehyde, successively embedded in paraffin and
sliced into 4-5 pm sections. The sections were subsequently stained with hematoxylin and eosin (H&E, Servicebio,
China). Suzuki’s histological criteria for the assessment of liver damage were adopted.”® For immunofluorescence
staining, the sections were incubated with anti-CD4 (Ab183685, Abcam for mouse; RMA-0620, MXB biotechnologies
for human) and anti-GLUT1 (Ab115730, Abcam) antibodies at 4 °C overnight.

Flow Cytometry Analysis

To detect immune cell infiltration in the mouse liver, mononuclear cells (MNCs) were isolated from livers and stained
with fluorophore-conjugated antibodies. Briefly, single-cell suspensions were prepared by mechanical disruption and
filtration through 70 pum cell strainers. Next, the cell suspensions were centrifuged at 30 x g for 5 min. The supernatants
were harvested, successively washed with PBS, resuspended in 40% Percoll (Solarbio, China), and overlaid onto 70%
Percoll. MNCs were isolated by density gradient centrifugation at 750 x g for 20 min. The isolated MNCs were stained
with anti-mouse CD45, CD4, CD69, CD25, CD11b, Ly6G and F4/80 antibodies (BioLegend). In addition, to detect CD4"
T-cell activation in vitro, the cells in each group were harvested, washed with PBS and stained with anti-mouse CD4,
CD69, and CD25 antibodies. The analysis was performed with a CytoFLEX flow cytometer (Beckman Coulter, USA).

Western Blotting

Total protein was extracted from CD4" T cells and EVs using radioimmunoprecipitation assay buffer supplemented with
protease and phosphatase inhibitors (CWBIO). Proteins were electrophoresed on sodium dodecyl sulfate—polyacrylamide
gels and transferred to polyvinylidene difluoride membranes. After blocking with 5% BSA for 1.5 h, the membranes
were then incubated with the primary antibodies anti-HK2 (ab209847, Abcam), anti-GLUT1 (ET1601-10, HuaBio), anti-
PFKFB3 (ab181861, Abcam), anti-CD63 (ET1607-2, HuaBio), anti-TSG101 (ET1701-59, HuaBio), anti-Alix (ET1705-
74, HuaBio), anti-Calnexin (10427-2-AP, Proteintech), anti-NDUFB8 (ab192878, Abcam), anti-SDHB (ab175225,
Abcam), anti-UQCRC2 (ab203832, Abcam), anti-MTCO1 (ab203912, Abcam), anti-ATP5A (ab176569, Abcam), and
anti-B-actin (8457, Cell Signaling Technology, USA) at 4 °C overnight. The following day, the membranes were
incubated with HRP-conjugated secondary antibodies (Proteintech, SA00001-2) at room temperature for 1 h. The protein
bands were observed using an ultrahigh sensitivity ECL kit (MedChemExpress, USA), and the expression levels were
quantified using ImageJ software (NIH, USA).

RNA-Sequencing (RNA-Seq) Analysis of Mouse CD4" T Cells

Total RNA was extracted from mouse CD4" T cells from different groups with TRIzol and identified with a Bioanalyzer
2100 system (Agilent Technologies, USA). Sequencing was performed on an Illumina NovaSeq 6000 instrument (Illumina
Inc., USA), and 150 bp paired-end reads were generated. The differential expression analysis was conducted using the
DESeq2 R package (1.20.0), and the P value was adjusted via the Benjamini-Hochberg method. The thresholds for
significant differences were Padj<0.05 and |log2(fold change)| > 1. KEGG pathway enrichment analysis was performed
using clusterProfiler R software (3.8.1). Novogene Co., Ltd. (China) performed the aforementioned procedures.
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Real-Time Quantitative PCR (RT—qPCR)

Total RNA was extracted from CD4" T cells and liver tissues using an RNA extraction kit (Axygen, USA and Vazyme,
China) and then reverse transcribed into cDNA using the PrimeScript RT reagent kit (Takara, Japan). RT-qPCR was
conducted using SYBR Green mix and an RT-qPCR detection system (CFX96, Bio-Rad, USA). The expression levels
were quantified relative to the B-actin levels. The primer sequences are listed in Table S1.

Statistical Analysis

All data are presented as the mean = SEM. Student’s ¢-test was used for comparisons between two groups. Analysis of
variance (ANOVA) followed by Tukey’s multiple comparison test were used to compare differences between multiple
groups. Analyses and statistical graphs were generated with GraphPad Prism 9 (GraphPad Software, Inc., USA).
Differences were considered statistically significant when the p value was <0.05.

Results
CD4" T Cells are Hyperactivated in AIH Patients and AlH Mice

As central participants in the adaptive immune response, CD4" T cells are effector cells that mediate sustained immune
attack on hepatocytes and have been found to be hyperactivated in murine ATH models,'™*” but whether this effect
occurs in AIH patients remains elusive. To address this question, we first collected peripheral blood CD4" T cells from
healthy controls (HCs) and AIH patients and compared the T-cell activation state between the two groups (Figure 1A).
The mRNA levels of CD69 and CD25 (markers of early and middle activation of T cells, respectively) in the peripheral
blood of CD4" T cells from AIH patients were significantly higher than those in the peripheral blood of HCs (Figure 1B).
Proinflammatory cytokine secretion can also reflect the T-cell activation state in individuals with AIH.® Consistently,
CD4" T cells from AIH patients had higher mRNA levels of proinflammatory cytokines (TNF-o and IL-2) than those
from HCs did (Figure 1C), which suggests that CD4" T cells are overactivated

in AIH patients. In addition, we detected the CD4" T-cell phenotype in the Con A-induced AIH mouse model
(Figure 1D). Con A can partially mimic the pathogenesis of human AIH by inducing a T-cell-mediated immune response
and is widely used in drug efficacy evaluations.® The AIH model was successfully established, as indicated by increased
serum ALT and AST levels (Figure 1E), as well as massive liver focal necrotic tissue formation and inflammatory cell
infiltration (Figure 1F), in AIH model mice compared with NC mice. Consistent with the findings of a previous study,”®
the populations of CD4"CD69" T cells and CD4'CD25" T cells were greater in the liver tissues of AIH mice than in
those of NC mice (Figure 1G and H). Taken together, these data suggest that CD4" T-cell activation may be a pivotal
trigger of AIH.

Inhibiting Glycolysis Suppresses CD4" T-Cell Activation and AIH Injury

Activated mouse T cells are dependent primarily on enhanced glucose uptake and glycolysis,***° but the metabolic status
of CD4" T cells in humans with AIH has rarely been evaluated. Thus, we first detected the expression of glucose
transporter 1 (GLUT1, a major glucose transport protein) in CD4" T cells from human liver specimens. The results
revealed increased GLUT1 expression in the CD4" T cells from the livers of AIH patients compared with those in the NC
group, suggesting increased glucose uptake in the liver CD4" T cells of AIH patients (Figure 2A). CD4" T cells were
purified from human peripheral blood samples and detected. Compared with those of the NC group, the CD4" T cells of
AIH patients presented higher mRNA levels of key metabolic enzymes involved in glycolysis, including GLUT]I,
hexokinase 2 (HK2, which catalyzes the first step of glycolysis), 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase
3 (PFKFB3, a rate-limiting enzyme of glycolysis), and lactate dehydrogenase A (LDHA, which catalyzes the last step of
glycolysis) (Figure 2B). Similarly, compared with NC mouse livers, AIH mouse livers also presented increased GLUT1
expression in CD4" T cells (Figure 2C). In vitro, CD4" T cells isolated from mouse spleens were activated via PMA and
ionomycin stimulation, and the protein expression levels of HK2, GLUT1, and PFKFB3 were strikingly increased after
activation (Figure 2D).

9804  "tes International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com/get_supplementary_file.php?f=472086.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Shen et al

>
w
O

CD69 CD25 1PNy TNF-a -2
— — 0.2984 _ 0.0466 — 0.0003
—_— [3 ° o5 8 [
d>) 5 s A v d>) v 2 :
- - - - v
Human (HC; AIH)  Peripheral blood g g 2 s b4 ¢ z. M
14 v 14 14
1Isolation % % £,] . £4 € .
L] [
28 s 27 e, 2l |
A m — & g 3 S AF S Al s |
- v
extraction . ° ] g, : : S, : 4 & o i
CD4* T cells HC AIH HC AIH HC AIH HC AIH
Con A i.v. 10mg/kg Blood Liver
- Y
1 | g 5 <0.0001
oh 24h 8
Sacrifice N4 v
2
S 3
E 0.0003 0.0007 €
30000 . 30000 v w 2
— X1
- 20000 T = 20000 3
) =] R
- E ®  NCConA
10000 10000
< <
L] 0
NC Con A NC Con A

NC . Con A 0.0006
- o
2 Joruieiew  [oDarcoe9r0.4%) HULE7EE) (Ao ?‘51%) 30 v
. T
0
@ % o
E 2 8 <
+
(")
. oz
° T 0
RIS I
o N
2 °
o] 0
i el NC Con A
0 104 10° 10°
° ‘e 15 <0.0001
“JQ2UL067%)  CD4+CD25+(019%)|  * JQ2-UL(1686%) CD4+CD25+(10.04%)
-
o R
o - N
=P e o +IO
. a
o e 3 o
-
©%
['e]
N
[=] ICE K ) ER K . 2 >
3 Q2-LL(85.92%) Q2-LR(10.21%) X ~ | a2ir0ss%)
T T .

T T
0 104 10° 10° 0 104 10° 10°
CD4PCT-A

CD4

Figure | CD4" T cells are hyperactivated in AIH patients and mice. (A) Schematic illustration of human sample collection. (B) The mRNA levels of CD25 and CD69 were
normalized to B-actin mRNA levels in human peripheral blood CD4 T cells. (C) The mRNA levels of IFN-y, TNF-a and IL-2 were normalized to B-actin mRNA levels in human
peripheral blood CD4" T cells. (D) Schematic illustration of the animal experiments. (E) Serum ALTand AST levels in NC and AIH mice. (F) Representative images of H&E-stained
liver sections from NC and AIH mice (scale bars = 500 um and 100 pm). (G) Representative flow cytometry plots of CD4"CD69" T cells and CD4"CD25" T cells among MNCs
from NC and AIH mouse livers. (H) Statistical analysis of flow cytometry data for CD4*CD69" T cells and CD4"CD25" T cells among MNCs from NC and AlH mouse livers.

Abbreviations: Con A, concanavalin A; NC, normal control.

To confirm the role of glycolysis in CD4" T-cell activation, T cells or AIH mice were treated with 2-DG (a glycolysis
inhibitor) as previously reported.*'*** In vitro, 2-DG treatment reduced CD4" T cell activation in a dose-dependent manner

compared with PMA/ionomycin alone (Figure 2E and F). In vivo, systemic administration of 2-DG (i.p). decreased the hepatic
mRNA levels of HK2, GLUT1, and PFKFB3 in AIH mice (Figure 3A and B). In addition, 2-DG injection suppressed the
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Figure 2 Inhibiting glycolysis downregulates CD4" T-cell activation. (A) Immunofluorescence staining for CD4 and GLUT | in the livers from AIH patients and HCs (scale
bar = 10 um). (B) Schematic illustration and the mRNA levels of HK2, GLUTI, PFKFB3, and LDHA normalized to B-actin mRNA levels in human peripheral blood CD4"
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of HK2, GLUT, and PFKFB3 levels in CD4" T cells. (E) Representative flow cytometry plots of CD4"CD69" T cells and CD4"CD25" T cells. (F) Statistical analysis of flow
cytometry data for CD4"CD69" T cells and CD4"CD25" T cells.

Abbreviations: HC, healthy control; AlH, autoimmune hepatitis; GLUTI, glucose transporter |; HK2, hexokinase 2; PFKFB3, 6-phosphofructo-2-kinase/fructose-
2,6-biphosphatase 3; LDHA, lactate dehydrogenase A; 2-DG, 2-deoxy-D-glucose; IONO, ionomycin.

activation of CD4" T cells and the production of proinflammatory cytokines (IFN-y and IL-6) in the livers of AIH mice
(Figure 3C-E). As aresult, the degree of liver injury (indicated by serum ALT and AST levels and Suzuki’s liver injury score)
in AIH mice decreased after glycolysis inhibition (Figure 3F-H). Together, these results implicate enhanced glycolysis in
activated CD4" T cells in human ATH, which may be a potent therapeutic target for T-cell-mediated liver injury.
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Abbreviations: Con A, concanavalin A; 2-DG, 2-deoxy-D-glucose; GLUTI, glucose transporter |; HK2, hexokinase 2; PFKFB3, 6-phosphofructo-2-kinase/fructose-
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MSC-EV Treatment Inhibits Proinflammatory CD4+ T Cell Activation in vitro

Although our results revealed that 2-DG treatment reduced glycolysis, CD4" T-cell activation, and inflammatory injury in
AIH mice, the clinical application of this unapproved chemical drug is challenging since it can affect many other organs
or tissues in addition to the liver, and long-term administration of 2-DG may disrupt glucose metabolism in other organs
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or cells and thus cause severe side effects.**** In fact, we and many other research groups have reported that the liver is
one of the leading organs affected by systemically injected EVs, including MSC-EVs.?” In addition, MSC-EVs have been
proposed as promising therapeutic tools to modulate the metabolic state and function of target cells.?®> Thus, we sought to
assess the therapeutic effect of MSC-EVs on CD4" T-cell activation. MSC-EVs were isolated from the conditioned
medium of MSCs via ultracentrifugation, as previously reported®? (Figure 4A). The isolated MSC-EVs displayed
a bilayer membrane structure (Figure 4B), and their median size was ~154.5 nm (Figure 4C). They also expressed
positive protein markers (CD63, TSG101, and Alix) but not a negative protein marker (Calnexin) of EVs (Figure 4D).

The effect of MSC-EVs on CD4" T-cell activation was first evaluated in vitro. MSC-EVs were labeled with the
fluorescent dye PKH26 and then added to CD4" T cells, and these EVs were efficiently taken up by CD4" T cells
(Figure 4E). Indeed, MSC-EV treatment significantly reduced the activation of CD4" T cells induced by PMA and
ionomycin (Figure 4F and G). In addition, the MSC-EV intervention reduced the mRNA levels of proinflammatory
cytokines (IFN-y, TNF-a, and IL-2) in CD4" T cells and the levels of cytokines (IFN-y, TNF-a, IL-2, and IL-6) released
into the supernatant (Figure 4H and I). These results collectively indicate that MSC-EV treatment can suppress the
proinflammatory phenotype of CD4" T cells.

MSC-EV Treatment Reduces CD4" T-Cell Activation and Liver Injury in vivo
Next, the biodistribution and therapeutic role of MSC-EVs in AIH mice were evaluated. In line with previous reports,*’
Cy7-labeled MSC-EVs mainly accumulated in the liver of mice and exhibited less accumulation in other organs, such as
the spleen, kidney, heart, and lung. Moreover, no obvious signals were detected in the organs of the free dye- or PBS-
treated groups. Interestingly, we detected an increasing trend of EV signals in the livers of AIH mice compared with
those of normal mice, suggesting greater liver uptake or retention of EVs in AIH mice than in normal mice (Figure 5SA
and B, Figure S1A), which may be due to vascular injury in AIH mice, which increases the leakage of EVs into damaged
liver tissues. The therapeutic effect of MSC-EVs (i.v. injection) on AIH mice was subsequently assessed (Figure 5C).
Similar to previous studies,?**** MSC-EV treatment (i.v. injection) significantly decreased the serum ALT and AST levels
in ATH mice (Figure 5D). Liver histology revealed reduced damage in the MSC-EV group, as reflected by a decreased
necrotic area and less inflammatory cell infiltration than in the AIH group (Figure SE and F). These findings suggest that
MSC-EV treatment can protect AIH mice from liver injury.

Given the critical role of CD4" T-cell activation in AIH, we also evaluated the effect of MSC-EV treatment on CD4"
T cells in vivo. Dye-labeled MSC-EVs were injected into Con A-treated mice via the tail vein (Figure 6A). As shown in
Figure 6B, we observed that dye-labeled MSC-EVs (red) colocalized with CD4" T cells (green) in the liver tissues of
AIH mice, suggesting that MSC-EVs could be taken up by CD4" T cells in the damaged liver. Moreover, compared with
the AIH group, MSC-EV treatment significantly reduced the populations of activated CD4" T cells while slightly
increasing the populations of CD11b'F4/80" macrophages or CD11b'Ly6G" neutrophils in the livers of AIH mice
(Figure 6C and D, Figure S1B and C). The possible explanation for these phenomena (increased numbers of neutrophils
and macrophages in the liver) is that the cells act as phagocytes in response to foreign substances (such as EVs). Other
studies have also shown that MSC-EVs can be taken up by macrophages and neutrophils and suppress the proinflam-
matory phenotype of these cells that mediate disease development.?**> Therefore, EVs can be taken up by other cells,
such as macrophages, and affect the phenotype of these cells; however, more attention should be given to CD4" T cells in
this process because of their dominant role in AIH. In addition, MSC-EV treatment reduced the mRNA levels of HK2,
GLUTI, and PFKFB3 in the liver tissues of AIH mice, indicating decreased levels of glucose uptake and glycolysis in
the liver of AIH mice after MSC-EV treatment (Figure 6E). The impact of MSC-EVs on GLUT1 expression in hepatic
CD4" T cells was also detected, and the results revealed that GLUT1 expression in the hepatic CD4" T cells of AIH mice
was lower after MSC-EV therapy (Figure 6F). These results indicate that MSC-EV treatment can suppress CD4" T cell
activation and AIH injury, and this effect is likely due to their inhibitory role in glycolysis.

MSC-EV Treatment Inhibits CD4" T Cell Activation via Metabolic Reprogramming
Although MSC-EV treatment can inhibit CD4" T-cell activation and inflammatory liver injury in vitro and in vivo, the underlying
mechanism is unclear. The gene profiles of PMA- and ionomycin-induced CD4" T cells with or without MSC-EV treatment were
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Figure 4 MSC-EV treatment inhibits proinflammatory CD4" T-cell activation in vitro. (A) Schematic illustration of MSC-EV isolation. (B) Representative TEM images of
MSC-EVs (scale bar = 200 nm). (C) Size distributions of MSC-EVs measured by NTA. (D) Western blot analysis of positive and negative markers of MSC-EVs. (E)
Representative fluorescence images of MSC-EV (red) uptake by CD4" T cells (green). The yellow box indicates the colocalization of red and green signals (scale bar =
10 um). (F) Representative flow cytometry plots of CD4"CD69" T cells and CD4"CD25" T cells. (G) Statistical analysis of flow cytometry data for CD4"CD69" T cells and
CD4"CD25" T cells. (H) The mRNA levels of IFN-y, TNF-q, IL-2 and IL-6 normalized to B-actin mRNA levels in different groups of CD4" T cells. (I) The protein levels of
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Abbreviations: MSCs, mesenchymal stem cells; EVs, extracellular vesicles; MSC-EVs, mesenchymal stem cell-derived extracellular vesicles; SUP, supernatant; IONO,
ionomycin.
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Figure 5 MSC-EV treatment reduces liver damage in AIH mice. (A) Representative IVIS images of different mouse organs. (B) Statistical analysis of the fluorescence
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H&E-stained liver sections from different mice (scale bars = 500 um and 100 pm). (F) Suzuki’s score of liver injury.

Abbreviations: EVs, extracellular vesicles; Con A, concanavalin A; ALT, alanine aminotransferase; AST, aspartate aminotransferase.

analyzed using RNA-seq to determine the effects of MSC-EVs on CD4 " T cells. Principal component analysis (PCA) revealed
overall changes in gene expression between the different groups (Figure 7A). The heatmap analysis revealed that the upregula-
tion or downregulation of many genes in activated CD4" T cells was reversed by the MSC-EV treatment (Figure 7B). A volcano
plot showed differentially expressed genes (DEGs, 1689 downregulated and 1909 upregulated) affected by MSC-EV treatment
in activated CD4" T cells (Figure 7C). The KEGG pathway enrichment analysis revealed that the DEGs were enriched primarily
in inflammation-related pathways, such as the NF-kappa B signaling pathway and cytokine—cytokine receptor interaction
(Figure 7D), which again confirmed the anti-inflammatory role of MSC-EVs in activated CD4" T cells. Moreover, MSC-EV
treatment affected multiple metabolic pathways related to glucose metabolism, such as glycolysis/gluconeogenesis and oxidative
phosphorylation (Figure 7D), suggesting that MSC-EVss inhibit CD4" T-cell activation through metabolic reprogramming.

Changes in the glycolytic metabolism of CD4" T cells after MSC-EV treatment were detected to confirm these
findings. 2-NBDG (a fluorescent glucose analog) was used to measure the ability of T cells to take up glucose, as
previously reported.*> We detected reduced signals of 2-NBDG in the CD4" T cells from the MSC-EV group compared
to the PMA/ionomycin alone group, suggesting that MSC-EVs suppress glucose uptake by CD4" T cells (Figure 7E).
Similarly, the expression of glycolysis-associated genes (HK2 and GLUT1) and proteins (HK2 and GLUTI1) was
significantly downregulated in MSC-EV-treated CD4" T cells (Figure 7F and G). The levels of lactate, the end product
of glycolysis, were also quantified.*® The level of lactate in the supernatant of CD4" T-cell cultures decreased after MSC-
EV treatment (Figure 7H). Together, these results indicate that MSC-EV treatment can suppress CD4" T-cell activation
through metabolic reprogramming (inhibiting glycolysis).
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Figure 6 MSC-EV treatment reduces CD4" T-cell activation in vivo. (A) Schematic illustration of the animal experiments. (B) Representative fluorescence images of dye-
labeled EVs (red) in liver sections. Liver tissues were stained with a CD4 antibody (green) and DAPI (blue). The yellow box indicates the colocalization of red and green
signals (scale bar = 20 um). (C) Representative flow cytometry plots of CD4*CDé9" T cells among MNCs in livers from mice in the different groups. (D) Statistical analysis
of flow cytometry data for CD4"CD69" T cells among MNCs in the livers of mice from different groups. (E) The mRNA levels of HK2, GLUTI, and PFKFB3 were
normalized to B-actin mRNA levels in livers of mice from different groups. (F) Immunofluorescence staining for CD4 and GLUTI in the liver (scale bar = 10 um).
Abbreviations: EVs, extracellular vesicles; Con A, concanavalin A; GLUTI, glucose transporter |; HK2, hexokinase 2; PFKFB3, 6-phosphofructo-2-kinase/fructose-
2,6-biphosphatase 3.

MSC-EVs Induce Metabolic Switching in CD4" T Cells by Transferring Mitochondrial
Contents

Next, we aimed to explore the effective mechanism by which MSC-EVs induce the metabolic switch of CD4" T cells.
Naive and regulatory T cells rely mainly on OXPHOS to generate ATP, whereas the energy demands of effector T cells
shift to glycolytic metabolism.'® This conversion of effector T cells to glycolytic metabolism is closely associated with
defective mitochondrial function, primarily OXPHOS dysfunction (eg, decreased expression of ETC proteins).*’
Conversely, enhancing mitochondrial OXPHOS with isoalloLCA (a metabolite of lithocholic acid) is sufficient to
increase mitochondrial activity and facilitates the differentiation of anti-inflammatory regulatory T cells.*® Importantly,
MSC-EVs have been shown to increase mitochondrial OXPHOS in injured renal tubular cells or macrophages via
functional mitochondrial transfer.”** Previous studies also revealed that various types of mitochondrial contents, such as
ETC proteins (eg, ATP5A) and mtDNA, are enriched in MSC-EVs.?” Based on these reports, we hypothesized that MSC-
EVs may transfer functional mitochondrial components to increase OXPHOS while suppressing glycolysis in activated
CD4" T cells. Consistent with previous studies, we detected abundant expression of mitochondrial ETC proteins,
including NDUFBS, SDHB, UQCRC2, MTCO1, and ATP5A, in MSC-EVs (Figure 8A).

International Journal of Nanomedicine 2024:19 hetps: 9811
Dove:


https://www.dovepress.com
https://www.dovepress.com

Shen et al Dove

A C D Ctrl vs PMA/IONO

PI3K-Akt signaling pathway -

50 Ctrl vs PMA/IONO HIF-1 signaling pathway 1
3043 genes . _.__ 2729 genes cAMP signaling pathway |
300! ‘ . JAK-STAT signaling pathway |
257 [ NF-kappa B signaling pathway | | Cozl;"‘
4 T cell receptor signaling pathway | : 50
- = - | o5
s . > 200 MA.PK s!gnalfng pathway o
N o 1 . o Ci h padj
O o - s J m 1.00
o ) - Biosynthesis of amino acids . 0.75
1! PMAJ/IONO 2 Th1 and Th2 cell differentiation | o 050
25 * E 100 TNF signaling pathway | ° | ® %0
IL-17 signaling pathway | .
ctrl PMA/IONO+EVs Cytokine—-cytokine receptor interaction | o
-50 1.301 Oxidative phosphorylation. .
-50 25 0 25 50 : Glycolysis / Gluconeogenesis,| «
PC1 -23 -16 -8 11 6 L L ! ! —
Fold Change (Log2) 0.01 0.02 0.03 0.04 0.05
B PMA/IONO GeneRatio
Ctrl PBS EVS__ Group PMAJ/IONO+EVs vs PMA/IONO
PMA/IONO+EVs vs PMA/IONO L ]
Trend 1689 genes 1909 genes Endocytosis| .
cGMP-PKG signaling pathway .
AMPK signaling pathway{ .
Apoptosis; .
s MAPK signaling pathway C.on)nt
§100 : NF-kappa B signaling pathway | o
Heatmap = =, JAK-STAT signaling pathway- :gg
l; § 1 @Down Pyrimidine metabolism. ° padij
= : T 5 ®Nochange Biosynthesis of amino acids . m 1.00
) o oup TNF signaling pathway- g';g
2 Cytoki ytoki ptori i o o025
| I-3 T cell receptor signaling pathway 0.00
— 1.301 . Ribosome biogenesis in eukaryotes: .
- - -23 -16 -9 41 6 Oxidative phosphorylation; -
- Fold Change (Log2) Glycolysis / Gluconeogenesis. «
0.01 0,02 0.03 0.04 0.05
GeneRatio
F HK2
0.0133  0.0182 GLUT1 LDHA
Ctrl 2NBDG 10 15 s 07438 >0.9999
° = PMA+PB 0.0001  0.0032 _ o >0.9999 0.0425 : R
3] +PBS 10000 [ ° o °
PMA+EVs 3 2 3 3
8000 + < < 1.0 . < 1. Q
- Z 6 z . z *
€ 8]
3 ¢ 6000, % * nE: [4
o ™ o 4 . © E
© = 4000 2 2 05 2 o
8 s, s 5
2000 & & &
° o [ 0.0 X
102 10° ot 10° Ctrl PBS EVs Ctrl PBS EVs Ctrl PBS EVs ctrl PBS EVs
2NBDG PMA+IONO PMA+IONO PMA+IONO PMA+IONO
eLuTt PFKFB3 H
o HK2 o 00167 0.0237 101 0052 nams . 00415 00230
Ctrl PBS EVs - 0.0006 0.0084 - . - _— i .
% 04 . % X % i’ =20
HK2 &~’-”-9-P‘-- = - = E
2o 2 o 2 Es
GLUTY [P EEsEEss====] 3 g g =
s .. a e S0
G N e | s i 2 5
5, s . 5, 3 05
B-actin I | & ) &
0.0 .0: 0.0
Ctrl PBS EVs Ctrl PBS EVs Ctrl PBS EVs Ctrl PBS EVs
PMA+IONO PMA+IONO PMA+IONO PMA+IONO
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Next, a transwell system was used to visualize mitochondrial protein transfer from MSCs to CD4" T cells, and
MitoTracker Deep Red-labeled MSCs and MitoTracker Green-labeled CD4" T cells (Figure S2A and B) were cultured in
the upper and lower chambers, respectively. The small pore size (3 um) of the transwell only allows mitochondrial
transfer between cells through the paracrine pathway, such as via MSC-EVs (~150 nm). We found that MSC-derived
mitochondrial contents (red) passed through the transwell system and then colocalized with the mitochondria (green) of

CD4" T cells in the lower chamber (Figure 8B). MitoTracker Deep Red-labeled MSC-EVs were directly added to
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Figure 8 MSC-EVs induce the metabolic switch of CD4" T cells via mitochondrial transfer. (A) Western blot analysis of the levels of mitochondrial electron transport chain
(ETC) proteins in MSCs and MSC-EVs. (B) Schematic illustration and fluorescence images. The yellow box indicates the colocalization of red and green signals (scale bar =
50 um). (C) Schematic illustration and confocal images. The yellow box indicates the colocalization of red and green signals (scale bar = 5 pm). (D) Western blot analysis of
the levels of mitochondrial ETC proteins in different groups of CD4" T cells. (E) Measurement of the OCR in CD4" T cells. (F) Measurement of the ECAR of CD4" T cells.
(G) Basal and maximal ECAR:OCR ratios.
Abbreviations: MSCs, mesenchymal stem cells; EVs, extracellular vesicles; MSC-EVs, mesenchymal stem cell-derived extracellular vesicles; SUP, supernatant. MitoT,

MitoTracker.

MitoTracker Green-labeled CD4" T cells to confirm this effect, and mitochondrial components (red) of MSC-EVs were
also observed in the mitochondrial network (green) of CD4" T cells (Figure 8C). Moreover, CD4" T cells that received
MSC-EVs presented increased levels of mitochondrial ETC proteins compared with those in the PMA/ionomycin alone
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group (Figure 8D). These results suggest that mitochondrial components can be transferred from MSCs to CD4" T cells
through EVs.

The impact of MSC-EV-mediated mitochondrial protein transfer on the metabolic state of CD4" T cells was also
evaluated. Notably, activated CD4" T cells induced by PMA and ionomycin presented an impaired mitochondrial
respiratory capacity (such as maximal respiration) and increased glycolysis (such as basal glycolysis) compared to
native CD4" T cells (Figure 8E and F). In contrast, MSC-EV treatment restored the mitochondrial respiratory capacity
and suppressed glycolysis in activated CD4" T cells (Figure SE and F). The ECAR/OCR ratio in activated CD4" T cells
decreased after MSC-EV treatment (Figure 8G), indicating a metabolic switch from glycolysis to mitochondrial
OXPHOS in these cells. Together, these findings suggest that the inhibitory effect of MSC-EVs on glycolysis in activated
CD4" T cells likely occurs through EV-mediated mitochondrial protein transfer.

Disruption of Mitochondrial Protein Transfer Impairs the Therapeutic Effects of
MSC-EVs

As a method to further confirm the above findings, we used rhodamine-6G to irreversibly damage mitochondrial function in
MSCs, as previously reported,**® and then isolated MSC-EVs harboring disrupted mitochondrial contents (Rho-EVs,
Figure 9A). As shown in Figure S3A, rhodamine-6G (0.1-1 pg/mL) did not affect the viability of the MSCs; thus, 1 pg/
mL rhodamine-6G was chosen for the subsequent experiments. Rhodamine-6G treatment reduced the levels of ETC proteins
(NDUFBS, SDHB, UQCRC2, MTCO1, and ATP5A) and the mitochondrial respiratory capacity in MSCs (Figure S3B and C).
However, no obvious differences in morphology, median size (152.8 nm vs 150.7 nm), and levels of protein markers (Alix)
were observed between the Ctrl-EVs and Rho-EVs (Figure 9B-D). As expected, Rho-EVs contained lower levels of
mitochondrial ETC proteins (NDUFB8, SDHB, UQCRC2, MTCO1, and ATP5A) than Ctrl-EVs (Figure 9D).

Next, the effects of Ctrl-EVs or Rho-EVs on CD4" T-cell activation were assessed. Compared with the Ctrl-EV
group, the ability of Rho-EVs to inhibit the activation of CD4" T cells was lower, as indicated by the larger populations
of CD4"CD69" T cells and CD4"CD25" T cells (Figure 9E). Additionally, CD4" T cells in the Rho-EV group presented
higher levels of proinflammatory cytokines (IFN-y, TNF-o, IL-2, and IL-6) in the supernatant than did those in the Ctrl-
EV group (Figure 9F). Moreover, compared with Ctrl-EVs, Rho-EVs exhibited an impaired ability to induce metabolic
switching in CD4" T cells, such as decreased maximal respiration, increased basal glycolysis, and an increased ECAR/
OCR ratio (Figure 9G-I). These findings again indicate that the metabolic reprogramming of activated CD4" T cells by
MSC-EVs is at least partially dependent on mitochondrial protein transfer.

Discussion

Overactivated CD4" T cells play a pivotal role in the pathogenesis of AIH and are promising therapeutic targets for
treating this disease. In this study, our results revealed that enhanced glycolysis promoted CD4" T-cell overactivation and
liver injury in humans with AIH and that MSC-EV-mediated mitochondrial protein transfer attenuated CD4" T-cell
activation and liver injury via the metabolic reprogramming of CD4" T cells.

A better understanding of the regulatory mechanisms of CD4" T-cell activation in AIH may provide insights for the
development of efficient therapies to control this disease. In recent years, the metabolic status has been recognized as
a key regulator of T lymphocyte survival and effector functions.”’ The process underlying the shift of T cells from
a quiescent state to an activated state is associated with a rapid transition from OXPHOS to glycolysis;> thus, an
increased ratio of glycolytic/OXPHOS represents T-cell activation.'” GLUTI is a major transporter that supports
glycolysis during CD4" T-cell activation.” Indeed, we detected increased levels of activation markers (CD69 and
CD25), GLUTI and glycolytic enzymes (HK2, PFKFB3, and LDHA) in CD4" T cells from liver biopsies and the
peripheral blood of AIH patients, and these metabolic changes were also observed in mouse AIH models, suggesting
CD4" T-cell overactivation with increased glycolysis in humans with ATH. This finding corroborates the findings of pilot
studies emphasizing that activated effector T cells rely mainly on glycolysis to supply energy.>* In contrast, we confirmed
that the inhibition of glycolysis with 2-DG can suppress CD4 " T-cell activation (as indicated by CD69 levels) and liver
injury (as indicated by ALT levels, AST levels, and histological scores) in AIH mice. Similar research revealed that
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Figure 9 Disruption of mitochondrial transfer impairs the therapeutic effects of MSC-EVs on CD4" T-cell activation. (A) Schematic illustration of Rho-EV isolation. (B)
Representative TEM images of Ctrl-EVs and Rho-EVs (scale bar = 200 nm). (C) Size distributions of Ctrl-EVs and Rho-EVs measured by NTA. (D) Western blot analysis of
Ctrl-EVs and Rho-EVs. (E) Representative flow cytometry plots and statistical analysis of CD4"CD69" T cells. (F) The protein levels of IFN-y, TNF-g, IL-2 and IL-6 in the
supernatants of CD4" T-cell cultures. (G) Measurement of the OCR in CD4" T cells. (H) Measurement of the ECAR in CD4" T cells. (I) Basal and maximal ECAR:OCR

ratios.

Abbreviations: EVs, extracellular vesicles; Ctrl, control; Rho, rhodamine-6G; IONO, ionomycin.

2-DG treatment reversed the proinflammatory phenotype of hepatic CXCR3" Th17 cells in a mouse model of nonalco-
holic fatty liver disease.** Based on these findings, enhanced glycolysis could be considered a potent therapeutic target to

reverse activated CD4" T cells and liver injury in individuals with AIH.
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However, the clinical translation of 2-DG as a treatment for AIH is challenging because of its wide distribution in
most organs and thus its high risk of off-target effects and side effects. This result prompted us to identify safer and
targeted therapies that can modulate the metabolic state and function of T cells to treat AIH. MSC-EVs have been used as
a promising approach for treating various inflammatory diseases in clinical trials and basic research,’>® and the liver is
the primary organ that takes up systemically injected EVs.?? Previous studies reported that MSC-EVs contributed to liver
protection in an experimental AIH model via the regulation of hepatocytes.*** However, the exact mechanism involved
needs further exploration. In the present study, we consistently found that MSC-EVs were able to reduce transaminase
levels and histological injury scores, which represent liver damage, in AIH mice. Additionally, our study revealed that
this effect was associated with increased retention of MSC-EVs in the damaged liver of AIH mice (as indicated by the
fluorescence intensity of EVs) and the uptake of such EVs by the liver CD4" T cells (as indicated by the colocalization of
EVs and CD4" T cells). Moreover, MSC-EV treatment suppressed CD4 " T-cell activation (as indicated by CD69 levels)
and glycolytic potency (as indicated by HK2, GLUT1 and PFKFB3 levels) in the livers of AIH mice. These findings are
consistent with those of a previous study describing the MSC-EV-mediated inhibition of CD4" T-cell activation in liver
ischemia/reperfusion injury.”’ Taken together, our results highlight not only the vital role of MSC-EVs in alleviating AIH
but also the metabolic status of CD4" T cells as a regulatory target.

Emerging studies have documented that MSC-EVs may impact the metabolic state and function of immune cells by
transferring mitochondrial components.* For example, human bone marrow-derived MSC-EV treatment drives an anti-
inflammatory phenotype in macrophages by enhancing mitochondrial OXPHOS via mitochondrial transfer, thereby
ameliorating acute respiratory distress syndrome in mice.*” Human umbilical cord-derived MSC-EV treatment protects
against liver ischemia/reperfusion injury by transferring functional mitochondria to inhibit the formation of neutrophil
extracellular traps in the livers of mice.*® In addition to MSCs, EVs derived from brain endothelial cells have also been
reported to transfer mitochondrial components (such as the mitochondrial structural protein TOMM?20 and the functional
protein ATP5A) and to facilitate ATP production in ischemic stroke model mice.*” In this study, we also found that MSV-
EVs contained mitochondrial ETC proteins, including ATPSA, NDUFBS, SDHB, UQCRC2, and MTCO1. Furthermore,
our new data suggest that these ETC proteins can induce a metabolic switch from glycolysis to OXPHOS (as indicated by
a decreased ECAR and increased OCR) in activated CD4" T cells. However, EVs from MSCs with a rhodamine 6G-
induced disruption of mitochondrial function had limited effects on these parameters in CD4" T cells. This reduced
regulatory effect of EVs induced by rhodamine 6G has also been reported in neutrophils and macrophages.*>*** Together,
our results suggest that MSC-EVs can regulate the phenotype of immune cells partially via metabolic reprogramming
induced by mitochondrial protein transfer.

Importantly, our results showed that glycolysis in CD4" T cells could also be suppressed by MSC-EV treatment. In
fact, some previous studies have reported the direct suppressive effect of certain EVs on intracellular glycolysis
pathways. For example, breast cancer cell-derived EVs inhibited glycolysis and insulin secretion by transferring miR-
122 to inhibit the expression of the glycolytic enzyme pyruvate kinase M (PKM) in beta-cells.”® MSC-derived exosomal
miR-21a-5p repressed glycolysis in tubular epithelial cells by targeting the glycolytic enzyme phosphofructokinase
muscle isoform (PFKM).?> MSC-EVs can also downregulate the expression of a key regulator of glycolysis, hypoxia-
inducible factor la (HIF-1a), to reduce glycolytic flux.®® These findings suggest that, in addition to their ability to
transfer mitochondrial proteins and mediate OXPHOS, MSC-EVs might also deliver other types of bioactive cargos, such
as miRNAs (which might inhibit the expression of glycolytic enzymes) and proteins (which might bind to transcription
factors that regulate glycolysis), to inhibit glycolysis pathways and thus induce metabolic switching in T cells, which is
worthy of further study. Furthermore, developing engineered MSC-EVs with an enhanced ability to inhibit the glycolysis
pathway is a potent strategy for curing inflammatory diseases.

In this study, we revealed that enhanced glycolysis in CD4" T cells plays a crucial role in the pathogenesis of human
AIH, while MSC-EV therapy can induce metabolic reprogramming of CD4" T cells to cure AIH, and this effect is at least
partially due to EV-mediated mitochondrial protein transfer between cells. However, some questions are still unanswered
and need to be explored in future studies. For example, in addition to mitochondrial proteins, MSC-EVs might also carry
many other types of cargos (eg, miRNAs) that contribute to metabolic regulation (eg, glycolysis inhibition) or the
immunomodulatory effects of MSC-EV therapy. Thus, a global profile of the functional cargos of MSC-EVs and

9816 "= International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Shen et al

investigation of their detailed impacts on target cells, such as over activated CD4" T cells, are necessary. Additionally, the
exact mechanism by which the mitochondrial protein components of MSC-EVs regulate the mitochondrial function of
recipient cells remains elusive. MSC-EV subpopulations of different sizes may differ in the amounts and/or signatures of
their mitochondrial contents. Nevertheless, this study indicates that MSC-EVs may serve as a safe and targeted therapy
for treating inflammatory liver diseases, and more trials are needed to evaluate their therapeutic value before future
clinical applications.

Conclusion

In summary, this study revealed that enhanced glycolysis promotes CD4 " T-cell overactivation and liver injury in human
AIH. Conversely, MSC-EV treatment can reduce CD4" T-cell overactivation and liver injury via metabolic reprogram-
ming (enhancing OXPHOS and reducing glycolysis) in T cells, and this effect is at least partially due to EV-mediated
mitochondrial protein transfer between cells. This study may provide a new strategy for treating liver diseases related to
CD4" T-cell overactivation, such as AIH.
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