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Abstract

Inflammation plays a critical role in conditions such as acute liver failure, acute-on-chronic liver failure, and ischemia—
reperfusion-induced liver injury. Various pathogenic pathways contribute to liver inflammation, involving inflamma-
tory polarization of macrophages and Kipffer cells, neutrophil infiltration, dysregulation of T cell subsets, oxidative
stress, and activation of hepatic stellate cells. While mesenchymal stromal cells (MSCs) have demonstrated beneficial
properties, their clinical translation is limited by their cellular nature. However, MSC-derived extracellular vesicles
(MSC-EVs) have emerged as a promising cell-free therapeutic approach for immunomodulation. MSC-EVs naturally
mirror their parental cell properties, overcoming the limitations associated with the use of MSCs. In vitro and in vivo
preclinical studies have demonstrated that MSC-EVs replicate the beneficial effects of MSCs in liver injury. This includes
the reduction of cell death and oxidative stress, improvement of hepatocyte function, induction of immunomodula-
tory effects, and mitigation of cytokine storm. Nevertheless, MSC-EVs face challenges regarding the necessity of defin-
ing consistent isolation methods, optimizing MSCs culture conditions, and establishing quality control measures

for EV characterization and functional assessment. By establishing standardized protocols, guidelines, and affordable
cost mass production, clinicians and researchers will have a solid foundation to conduct further studies, validate

the therapeutic efficacy of MSC-EVs, and ultimately pave the way for their clinical implementation in acute liver injury.
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Background
Cirrhosis stands as a global healthcare challenge, contrib-
uting significantly to worldwide mortality and morbidity,
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[3]. Both ALF and ACLF involve substantial local and
systemic inflammation, leading to multi-organ failure and
compromised patient outcomes [3, 4]. In the absence of
specific therapies, intensive care and potential liver trans-
plantation (LT) remain the primary treatment modalities
[5]. However, LT is fraught with challenges, including
organ scarcity, ischemia—reperfusion injury (IRI), and the
requirement for lifelong immunosuppression [6]. IRI is
a significant mechanism of liver injury that occurs after
liver surgeries such as tumor resections, as well as during
LT. The generation of reactive oxygen species (ROS) after
the restoration of blood flow in ischemic tissue leads to
the development of an unfavorable redox state, which
plays a critical role in the occurrence of massive cell
damage and loss. Therefore, there is an urgent need for
novel and effective treatments to improve the survival of
patients with ALF or ACLF and to limit IRI during LT [7].
Dysregulated inflammation disrupts liver immune home-
ostasis, involving a dense population of myeloid and lym-
phoid immune cells, including Kupffer cells (KCs), paving
the way for targeted therapeutic interventions [8]. Mes-
enchymal stromal cells (MSCs), pluripotent non-hemat-
opoietic stem cells, have shown potential for mitigating
liver damage and modulating immune responses [9].
Despite their promise, significant barriers to MSC ther-
apy exist, including uncontrolled differentiation/prolifer-
ation and logistical constraints [10]. Currently, it is widely
accepted that the immunomodulatory functions of MSCs
primarily occur through paracrine mechanisms, largely
mediated by the secretion of extracellular vesicles (EVs)
with a median size of 100 nm [11]. Mesenchymal stromal
cells-derived extracellular vesicles (MSC-EVs) are lipid
membrane-bound vesicles capable of mediating intercel-
lular communication by transferring proteins, lipids, and
ribonucleic acids (RNAs) between cells [12]. MSC-EVs
offer new opportunities in liver injury treatment [7, 13],
as they naturally tend to mirror the properties of their
parental cell in recapitulating their properties in liver
injury, including immunomodulation, anti-fibrotic, anti-
apoptotic, and antioxidant effects, while circumvent-
ing the pitfalls inherent to the use of MSCs [14]. Upon
intravenous administration, MSC-EVs demonstrate a
massive accumulation in the liver, which holds particu-
lar significance due to the intimate association between
liver diseases and imbalances in immune homeostasis
[15]. Furthermore, this cell-free based therapy, coupled
with the possibility of intravenous route of administra-
tion and extended shelf-life and storage capability [16],
significantly enhances the translational potential of these
therapeutics in human subjects [17].

This review delves into the clinical potential of MSC-
EVs in the context of acute liver diseases, focusing on
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their immunomodulatory effects. It aims to define the
molecular mechanisms driving these effects and assess
the therapeutic efficacy of MSC-EVs in reducing cell
death, improving hepatocyte function, and mitigating
cytokine storm. Simultaneously, the review addresses
key translational challenges associated with MSC-EVs,
including the definition of consistent isolation methods
and optimization of culture conditions. The overarching
objective is to provide succinct insights into the prom-
ising clinical applications of MSC-EVs in acute liver
inflammation, acknowledging and navigating through
translational obstacles.

Liver inflammation and immune dysregulation in acute
liver injury

ALF and ACLF typically display a rapid and severe onset
of systemic and local hyperinflammation, which remains
a cardinal feature of their pathophysiology. Triggers such
as massive alcohol intake and bacterial infections are
responsible for over 96% of ACLF cases [18]. Both ALF
and ACLF are characterized with a maladaptive immune
response, marked by an overwhelming production of
pro-inflammatory cytokines, including tumor necrosis
factor (TNF)-a, interleukin (IL)-6, and IL-1f [18].

Inflammation and danger molecules-driven signaling
pathways
Inflammation is a general response of the immune sys-
tem to danger signals. Two distinct types of molecular
patterns, originating either from the damaged cells of
our organism (damage-associated molecular patterns
(DAMDPs)), or from endogenous or exogenous pathogens
(pathogen-associated molecular patterns (PAMPs)), are
responsible for local and systemic inflammation. Exces-
sive alcohol intake, for example, can increase gut perme-
ability and induce changes in the composition of the gut
microbiome and pH, resulting in increased delivery of
endogenous PAMPs—mainly lipopolysaccharide (LPS)—
to the liver via the portal circulation, exceeding the clear-
ance capacity of the gut associated lymphoid tissue. On
the other hand, in the case of an underlying liver disease,
whether it is acute or chronic, hepatocytes and tissue
damage result in the release of DAMPs such as adenosine
triphosphate (ATP), cholesterol, histones, high mobility
group box 1 or desoxyribonucleic acid (DNA) [19].
Circulating DAMPs and PAMPs then bind to pattern
recognition receptors such as toll-like receptors (TLRs)
and nucleotide-binding oligomerization domain recep-
tors, both of which are upregulated in chronic liver
disease. Inflammasomes are intra-cellular pattern rec-
ognition receptors mostly sensing injured cells. Inflam-
masome activation requires two signals: (i) TLR4/
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LPS-mediated activation prompting nuclear factor-
kappa B (NF-kB) activation and nuclear translocation,
leading to rapid pro-inflammatory cytokine expression
(like TNF-a, monocyte chemoattractant protein-1, IL-6,
IL-8, IL-1P)[20]. These cytokines, such as IL-6 and IL-8,
are predictors of mortality in ACLF, with higher IL-6 or
IL-8 plasmatic concentration when ACLF is precipitated
by either bacterial infection or alcohol consumption,
respectively [19]. TNF-a is also able to directly activate
both apoptotic and necroptotic pathways; (ii) the second
signal is typically mediated by DAMPs. Binding DAMPs
sensors, such as Nucleotide-binding oligomerization
domain, Leucine rich repeat and Pyrin domain contain-
ing (NLRPs) or adaptor protein apoptosis-associated
Speck like proteins containing a Caspase recruitment
domain, triggers inflammasome assembly and activation
of pro-caspase-1 to activated caspase-1, leading to IL-1f3
and IL-18 release[21]. IL-1pB, in turn, amplifies inflam-
mation and an extensive array of chemokines produc-
tion, leading to the recruitment and massive infiltration
of neutrophils and pro-inflammatory monocytes/mac-
rophages, as well as activation of resident KCs.

Neutrophils and monocytes/macrophages response

In hepatic innate immunity, Kipffer cells (KCs), neutro-
phils, and monocytes are principal actors. While neu-
trophils promote phagocytosis, ROS and neutrophil
extracellular traps generation, monocytes can differ-
entiate into liver macrophages, accounting for roughly
80% of bodily macrophages. KCs, liver-specific mac-
rophages, are uniquely situated within liver sinusoids
for prompt clearance of pathogens and cellular detritus.
They regulate hepatic inflammation and participate in
tissue repair, thereby maintaining liver immune balance.
These cells express TLRs and initiate immune reac-
tions upon sensing PAMPs and DAMPs. In ALF and
ACLF, macrophages shift from an anti-inflammatory
(M2) to a pro-inflammatory (M1) phenotype, resulting
in sustained secretion of cytokines such as TNF-a and
IL-6, and generation of ROS and nitric species damag-
ing biological molecules [22]. This imbalance between
oxidizing and anti-oxidizing agents, known as oxidative
stress (OS), involves hepatocytes, sinusoidal endothelial
cells, and KCs in its pathogenesis [23]. Notable features
include diminished expression of CXC receptors 1/2 and
Nicotinamide-Adenine-Dinucleotide-Phosphate Hydro-
gen oxidase 2 in neutrophils, and functional changes in
monocytes, impairing their phagocytic and ROS-produc-
ing capabilities [24]. Additionally, there is an increase in
immunosuppressive CD14+HLA-DR- monocytic cells,
undermining antimicrobial defenses [25].
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Dendritic cells hyperactivation

In the liver, hepatic dendritic cells, originating from
CD34 + hematopoietic progenitor cells, are pivotal for
modulating both innate and adaptive immune mecha-
nisms. Situated in portal tracts, these antigen-present-
ing cells mature and migrate to lymphoid organ T-cell
regions upon encountering immunogenic stimuli. They
activate T helper 17 cells (Th17) and foster regulatory
T-cell (Treg) development via IL-10 release. During ALF
or ACLF, the multifaceted functions of hepatic dendritic
cells appear compromised, resulting in elevated pro-
inflammatory activity [26].

Lymphocyte imbalance

While the liver is mainly home to innate immune cells,
the adaptive immune system plays a key role in the
inflammatory dynamics of ALF or ACLF. Research in
animal models indicates an imbalanced ratio of Th17 to
Treg, characterized by elevated levels of pro-inflamma-
tory cytokines like IL-17A, IL-21, and IL-22 from Th17
cells, as opposed to anti-inflammatory agents like IL-10
and transforming growth factor (TGF)-p from Treg cells
[27]. This discord contributes to sustained inflammation.
In later stages, adaptive immunity often shows signs of
attenuation, reflected by decreased CD4+and CD8+T
cell populations. Moreover, the suppression of Thl7-
related cytokines through mechanisms involving Cyto-
toxic T-lymphocyte-associated protein 4 and HLA-G
may usher in an immunosuppressive state [20].

Cell death during inflammatory state

Pyroptosis serves as another modality of programmed
cell death marked by the expulsion of pro-inflammatory
substances, relevant in hepatic inflammation and damage
[28]. Regulated through the activation of specific entities
like gasdermin D and caspases, primarily caspase-1 and
caspase-4/5/11, this process initiates membrane pore for-
mation and eventual cell breakdown [29]. Consequently,
intracellular elements, including inflammatory cytokines
and DAMDPs, are liberated, exacerbating liver inflamma-
tion and tissue injury. Various stimuli such as infections,
cellular distress, or immunological imbalances can pre-
cipitate pyroptosis, which is implicated in liver condi-
tions ranging from inflammation and fibrosis to IRI [29].

Reactive hepatic stellate cells activation

Hepatic stellate cells (HSCs), mesenchymal cells similar
to fibroblasts and pericytes, play a pivotal role in fibro-
genesis [30]. In response to hepatic injury, often medi-
ated by phagocytosis of hepatocyte-derived apoptotic
fragments and interactions with KCs, HSCs undergo a
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transition into myofibroblast-like cells. These activated
HSCs, defined by their secretion of extracellular matrix
and pro-inflammatory cytokines like IL-1p and IL-18,
contribute to liver fibrosis and perpetuate inflammation
[31].

Contrast in inflammatory responses between acute
and chronic liver diseases
Conversely, chronic liver diseases often manifest with
a more subdued, albeit persistent, inflammatory state
characterized by a gradual shift in macrophage polariza-
tion from anti-inflammatory (M2) to pro-inflammatory
(M1) phenotypes, contributing to fibrosis and cirrhosis
over time. Moreover, chronic conditions involve com-
plex interactions between hepatocytes, HSCs, and KCs,
leading to prolonged yet less intense inflammation [20].
Acute liver conditions are marked by a rapid and intense
inflammatory response, while chronic diseases display a
more protracted and complex inflammatory landscape.
Figure 1 summarizes the mechanisms involved in acute
liver inflammation.
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Mechanisms of Immunoregulatory effects of Mesenchymal
Stromal Cell-Derived Extracellular Vesicles in Liver
Inflammation

General mechanisms involved in MSC-EV-based therapies
MSCs are multipotent cells characterized by their spin-
dle-shaped structure, adherence to plastic surfaces, and
specific expression of CD markers such as CD73, CD90,
and CD105. Originating from diverse tissues like bone
marrow and adipose tissue, MSCs can differentiate into
multiple cell types like osteoblasts, chondrocytes and
adipocytes [32]. Their pleiotropic effects extend to vari-
ous therapeutic effects in liver diseases, including immu-
nomodulation, anti-fibrotic, and anti-apoptotic activities
[33]. While clinical studies support the safety and efficacy
of MSCs in treating liver disorders, challenges such as
uncontrolled differentiation/proliferation and potential
immunogenicity persist [34]. EVs derived from MSCs
offer a viable alternative [34]. These nanoscale vesicles,
varying in size, enclose a wide array of bioactive mol-
ecules, such as micro RNAs, messenger RNAs, and lipids
[35]. MSC-EVs recapitulate the effects of MSCs, with
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Fig. 1 Pathophysiology of acute liver inflammation. Acute liver inflammation is characterized by profoundly dysregulated inflammatory processes,
mediated by several effectors, such as M1 macrophage polarization, an increase in the Th17/Treg ratio, hepatic stellate cells activation, hepatocyte
necrosis, neutrophil infiltration, and pronounced oxidative stress leading to mitochondrial dysfunction. II-: Interleukins, TNF: Tumor necrosis factor,
ROS: Reactive oxygen species, PAMPs: Pathogen associated molecular patterns, DAMPs: Damage-associated molecular patterns, Th17/Treg: T helper

17 cells/ regulatory T cells. All figures were created with Biorender.com
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crucial advantages such as lower risk of uncontrolled pro-
liferation and immunogenicity, greater stability and much
less restrictive storage conditions [36, 37]. MSC-EVs offer
a prospective pathway for liver disease treatment, espe-
cially given their capacity for long-term storage and clini-
cal convenience. They present a promising avenue for
further study into their mechanistic impact on acute liver
inflammation and therapeutic applications in liver condi-
tions [13].

MSC-EVs in macrophage modulation and liver disease
management

Macrophages and KCs significantly influence liver mal-
function and related immune response [38]. Multiple
studies corroborate the beneficial impact of MSC-EVs on
liver functionality, predominantly through macrophage-
based anti-inflammatory actions [39]. In ALF, MSC-EVs
minimize the release of inflammatory cytokines like IL-6,
IL-1B, TNF-a, and IL-17 [40], alongside inflammatory
chemokines such as Regulated on Activation, Normal T
cell Expressed and Secreted, Monocyte chemoattract-
ant protein-1, and Interferon gamma-induced protein
10 [41]. Conversely, MSC-EVs augment the secretion
of anti-inflammatory cytokines like IL-10, IL-1RA, and
IL-13 [42], thereby modulating inflammation favorably.
Furthermore, they regulate NLRP3 inflammasome acti-
vation through micro RNA (miR)-17 and miR-299-3p
[43, 44], particularly in the RAW 264.7 macrophage line
[45]. Various models of acute autoimmune hepatitis also
reported reduced pro-inflammatory cytokine secretion
when treated with MSC-EVs. Notably, MSC-EVs modu-
late Signal transducer and activator of transcription 3
(STAT3) gene expression through miR-223-3p, promot-
ing an anti-inflammatory macrophage phenotype [46].
In IRI post-LT, MSC-EVs led to reductions in systemic
inflammation, substantiated by decreased levels of IL-6,
IL-1B, and TNEF-a [47]. Moreover, a study by Zhou et al.
revealed that MSC-EVs with miR-22-3p content can
potentiate M2 macrophage polarization in liver trans-
plant settings, exerting strong anti-inflammatory effects
[48]. Concerning nonalcoholic steatohepatitis, MSC-EVs
play a vital role in ameliorating fibrosis and inflamma-
tion. Specifically, they inhibit pro-fibrotic genes like Tis-
sue inhibitor of metalloproteinases-1 and Alpha Smooth
Muscle Actin [49], and promote the anti-inflammatory
M2 macrophage phenotype, verified by the induction of
IL-10 and arginase-1 [50]. In summary, MSC-EVs exhibit
promising benefits in mitigating inflammation and
fibrosis. By facilitating the polarization of macrophages
toward an anti-inflammatory phenotype and suppress-
ing pro-inflammatory mechanisms, MSC-EVs emerge
as a viable therapeutic avenue for addressing hepatic
disorders.
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MSC-EVs modulate the immune response by decreasing

the ratio of T helper type 17 and regulatory T cells

The imbalance between Th1l7 and Treg, characterized
by an increased Th17/Treg ratio, has been implicated
in liver injury and autoimmune diseases [27]. In animal
models of ALF and acute autoimmune hepatitis, MSC-
EVs have been observed to reduce the Th17/Treg ratio,
notably by enhancing the release of miR-223-3p targeting
STAT3 pathway, an upstream activator of IL-6 and IL-1
[46]. In liver injury induced by Concavalin A, a notable
increase in Treg to CD4+ cell percentages among liver
non-parenchymal cells was reported, corresponding to
a decline in liver inflammation and necrotic areas [51].
Investigations have also revealed that MSC-EVs attenu-
ate IRI in the liver by adjusting the Th17/Treg balance
through miR-1246, impacting the IL-6 signal transducer
(gp130) and STAT3 pathway as well as the Wnt/B-catenin
pathway [52]. Moreover, they affect the calcium ion
influx and regulate the CD154 synthesis in CD4+ T cells,
thus modulating their function [53]. The immunomodu-
latory influence of MSCs on helper T cell subsets in liver,
including Th1, Th2, and Th22, has also been established
[54]. Similarly, MSC-EVs have exhibited these effects in
other organs such as the lungs [55]. A study by Huang
et al. demonstrated that MSC-EV-rich conditioned
medium altered Th2 cell populations and minimized
the Th17/Treg ratio in an ALF mouse model [56]. Con-
clusively, the ability of MSC-EVs to modulate the Th17/
Treg ratio provides a compelling therapeutic avenue for
liver disorders, particularly as Tregs are central to immu-
nomoduating mechanisms and tissue repair processes.

MSC-EVs could deactivate HSCs, suppress dysregulated

cell death (ferroptosis, pyroptosis) and improve liver
regeneration

MSC-EVs exhibit therapeutic capabilities in ameliorating
toxin-induced liver damage and curtailing HSCs activ-
ity [56]. Their efficacy has been documented in preclini-
cal studies of ALF triggered by S. japonicum, in which
in vitro assays showed MSC-EVs inhibited HSCs prolifer-
ation, and in vivo data confirmed enhanced survival rates
[57]. In IRI models, MSC-EVs mitigated pyroptotic fac-
tors, such as NLRP3 and caspase-1, and enhanced regen-
erative markers like Cyclin D1 and Vascular Endothelial
Growth Factor [58]. A study by Gong et al. supported the
involvement of the NF-kB and miR-183/5-lipoxygenase
pathways in the mechanism underlying the protective
effects of MSC-EVs [47]. MSC-EVs exhibited a protective
role against ferroptosis in carbon tetrachloride-induced
liver injury by modulating Solute Carrier Family 7 Mem-
ber 11 function [59]. Moreover, studies have elucidated
that MSC-EVs could attenuate ferroptosis by leveraging
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specific microRNAs and pathways such as Nuclear fac-
tor (erythroid-derived 2)-like 2 and miR-124-3p [60, 61].
Thus, MSC-EVs offer a promising avenue for mitigating
liver injury, acting through a variety of mechanisms that
include HSCs deactivation and regulation of cell death
pathways like pyroptosis and ferroptosis.

Neutrophil modulation and oxidative stress regulation

by MSC-EVs in hepatic injury

MSC-EVs have been demonstrated to be capable of
dampening neutrophil-mediated inflammation in liver
tissues, largely through mitochondrial transfer to intra-
hepatic neutrophils, thus aiding in metabolic restoration
by modulating the formation of neutrophil extracellular
traps [62]. In a rat LT model, MSC-conditioned medium
resulted in notable attenuation of neutrophil influx
into liver grafts, protecting hepatocytes and sinusoidal
endothelial cells [63]. Similarly, the infusion of MSC-
EVs in liver IRI models led to diminished inflammatory
cytokine levels (IL-6, high mobility group box 1, TNF-a)
and reduced OS, accompanied by decreased neutrophil
infiltration [64].

MSC-EVs in autophagy enhancement and hepatocyte
apoptosis attenuation

A seminal study by Lin et al. suggested that MSC-EVs
harness the let-7a-5p exosomal component to stimu-
late autophagy by inhibiting Mitogen-Activated Pro-
tein Kinase Kinase Kinase Kinase 3, thereby mitigating
inflammation [59]. In the LPS/D-galactosamine mice
model, MSC-EVs bolstered autophagy and reduced
hepatocyte apoptosis [65]. Furthermore, miR-20a,
secreted by MSC-EVs, has been found to regulate apop-
tosis-related genes, hence lessening hepatocyte apopto-
sis [66]. Studies have verified that MSC-EVs upregulate
pro-survival proteins such as Bcl2 while downregulat-
ing pro-apoptotic markers [65]. Two distinct pathways
have been identified concerning hepatoprotective effects:
one involving Extracellular signal-regulated kinases %
phosphorylation and Bcl2 overexpression, and the other
inhibiting the Inhibitor of nuclear factor kappa B kinase
subunit beta/NF-kB/caspase 9/3 pathway [67].

The literature indicates the multifaceted abilities of
MSC-EVs in modulating liver injury, from macrophage
phenotype shifts to Th17/Tregs balance and OS regula-
tion. MSC-EVs manifest anti-fibrotic, pro-regenerative
properties and inhibit stellate cell activation, underscor-
ing their therapeutic potential in liver injury manage-
ment [68].

Table 1 summarizes preclinical studies on the effects of
MSC-EVs in acute liver injury.
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The Figure 2 provides a comprehensive summary of
the molecular effects of MSC-EVs in the context of acute
liver inflammation, with a specific emphasis on the influ-
ence exerted on macrophages and CD4+ T cells.

Translational challenges of mesenchymal stem/

stromal cells-derived extracellular vesicles in acute liver
inflammation

Despite the promise MSC-EVs hold as a cell-free therapy,
various complexities and inconsistencies impede their
translational journey to clinical settings [17]. Contribut-
ing to these limitations are variances in MSCs source tis-
sues (whether bone marrow, adipose deposits, or human
umbilical cords) as well as inconsistencies in the thera-
peutic efficacy across different production batches. The
challenge extends to establishing the ideal dosage and
treatment regimen, and determining the most effective
route of administration for MSC-EVs. [69]. Additional
layers of complexity arise from heterogeneous culture
conditions, including hypoxic environments or condi-
tions enhanced by growth factors, and the challenge of
scaling up the mass production process in a standardized
approach. Regulatory and technical intricacies, unique
to MSC-EVs, further restrict research access to clinical
applications, thus delaying the assessment of MSC-EVs as
emergent therapeutic solutions.

Definition and characterization of MSC-EVs

Divergent views and debates persist concerning the bio-
logical attributes, functional roles, and potency assays
pertinent to MSC-EVs, complicating efforts for uniform
definitions and characterizations [35]. The identification
of MSCs is principally rooted in the characterization of
their progenitor cells and their originating tissue. Factors
such as donor age, passage history of the MSCs, and vari-
ations between donors further add layers of complexity
to MSCs characterization. Protocols for isolating MSCs,
coupled with diversity in culture conditions (e.g,, 2D
versus 3D culture), also influence their features. Addi-
tionally, MSC-EVs profiling incorporates not only the
traits of the MSCs but also the criteria set forth by the
Minimal Information for Studies of Extracellular Vesicles
2018 guidelines. These standards address aspects such
as the dimensional properties of EVs and surface mol-
ecule expression [13]. Although strides have been made
by the International Society for Cell and Gene Therapy to
bring uniformity to characterization techniques, incon-
sistencies remain. Diverse methods, including nanopar-
ticle tracking, protein and mRNA assessments, electron
microscopy, western blotting, and flow cytometry, con-
tribute to the heterogeneity [35]. The absence of univer-
sally accepted potency assays for confirming MSC-EVs
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Immunodulatory effect of MSC-EVs in acute liver inflammation
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Fig. 2 Immunomodulatory effects of MSC-EVs in acute liver inflammation, focusing on macrophages and CD4 +T cells effects. Macrophages

and CD4+T cells play a pivotal role in the immunomodulatory effects of MSC-EVs in acute liver inflammation. Through the transduction of several
miRNAs that target specific genes involved in the inflammatory process, MSC-EVs demonstrate a remarkable ability to attenuate acute liver
inflammation. Consequently, the influence of MSC-EVs on both local and systemic hepatic inflammation leads to a decrease in the Th17/Treg ratio,
polarization of macrophages and Kupffer cells (KCs) towards an anti-inflammatory phenotype, and immunomodulation of cytokine and chemokine
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secretion. MSCs: Mesenchymal stromal cells, MSC-EVs: Mesenchymal stromal cells-derived extracellular vesicles, miR: micro-RNA, Il-: Interleukines,
TNF: Tumor necrosis factor, Th17/Treg: T helper 17 cells/ regulatory T cells, CD: Cluster of differentiation, TLR: Toll-like receptor, NLRP3: NOD-like
receptor family, pyrin domain containing 3, TXNIP: Thioredoxin Interacting Protein, STAT3: Signal transducer and activator of transcription 3, IRF8:
Interferon regulatory factor 8, NF-kB: nuclear factor-kappa B, ALOX5: Arachidonate 5-Lipoxygenase, CCT2: Chaperonin Containing TCP1 Subunit 2,
NFAT: Nuclear factor of activated T-cells, RANTES: Regulated on activation, normal T cell expressed and secreted, MCP-1: Monocyte chemoattractant
protein-1, IP-10: Interferon gamma-induced protein 10, ICAM1: InterCellular adhesion molecule, TGF: transforming growth factor, PTPN22: rotein
tyrosine phosphatase non-receptor type 22. All figures were created with Biorender.com

efficacy in specific pathologies complicates matters fur-
ther. Such variability poses challenges to the consistency
of therapeutic outcomes and comparability across stud-
ies [70]. In terms of tissue source selection for parental
MSCs and MSC-EVs quantification and quality assess-
ment, there is a pressing need for standardization. Addi-
tionally, donor selection demands caution given the risk
of viral transmission and variable MSCs quality from
different patients. The overarching goal is to correlate
particular features of each MSC-EVs batch with their
inherent biological traits and therapeutic efficacy [71].

Clinical applications

Defining the standardized therapeutic dosage for MSC-
EVs represents a significant obstacle. Existing literature
commonly prescribes higher concentrations of MSC-
EVs relative to MSCs, complicating matters further [72].

In animal models, reported therapeutic dosages span a
broad range from 0.1 to 250 pg of EV protein content,
or between 2.0x10% and 5.0x 10! particles per dose,
assuming 1 pg of EV protein content is approximately
equivalent to 2.0x10° MSC-EVs [73]. Optimal routes
for MSC-EVs administration continue to be a topic of
research. Although MSC-EVs have a brief plasma half-
life, significant concentrations have been found in the
liver 24 h post-infusion [74]. A recent study revealed
that intravenous administration led to noticeable accu-
mulations of MSC-EVs in the liver and spleen, start-
ing from 3 h post-infusion and lasting for 24 h [15].
Conversely, intratracheal and intranasal routes failed
to result in localized accumulations, suggesting intrave-
nous methods may be preferable for liver-targeted ther-
apies in murine models [15]. The best route for human
applications (whether intravenous, intrasplenic, portal,
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or intra-arterial) remains to be explored. Another area
requiring clarification is the efficacy of single versus mul-
tiple injections, particularly within the context of MSC-
EVs therapeutic applications. Determining an optimal
treatment schedule is crucial for maximizing patient out-
comes. Notably, clinical investigations have so far indi-
cated a favorable safety profile for MSC-EVs, even during
the COVID-19 pandemic when they were administered
to critically-ill patients through nebulized [75] or intrave-
nous routes [76], without any significant adverse events.
Nevertheless, more exhaustive long-term safety studies
are essential to further substantiate the safety of this cell-
free therapy.

Scaling-up, isolation, and bioengineering of clinical-grade
MSC-EVs: challenges and innovations

One pressing issue in the production of clinical-grade
MSC-EVs is the necessity to scale-up MSC production, a
process resource-intensive and dependent on the acces-
sibility of expansive culture apparatus [77]. Innovations
like 2D and 3D bioreactors are emerging to facilitate
large-scale MSC-EVs production. However, consider-
able variability exists in the methodologies, from expan-
sion methods such as 2D vs 3D culture systems, to
various stress conditions like hypoxia or serum starvation
imposed on MSCs [17]. Currently, three cutting-edge
techniques are employed in the bioproduction of 3D-cul-
tured MSCs: bioreactor-based 3D culture of MSCs, recel-
lularization of MSCs using a 3D scaffold, and the 3D
printing of these scaffolds [78]. For instance, the impact
of a 3D-printed scaffold-perfusion bioreactor system on
the production and bioactivity of EVs secreted by MSCs
has been explored. Findings suggest that culture in a per-
fusion bioreactor can yield an approximate 40—80-fold
increase in MSC EVs production, varying with the meas-
urement technique, compared to traditional cell culture
methods [79]. Although the application of MSC EVs pro-
duced via this system in liver disease has not yet been
fully evaluated, the approach holds substantial potential
for future therapeutic interventions. The isolation of
MSC-EVs represents another hurdle, with techniques
ranging from differential ultracentrifugation to tangen-
tial flow filtration and size exclusion chromatography
[80]. TFF is increasingly recognized as the most efficient
for scaling, overcoming limitations associated with other
techniques like ultracentrifugation. Standardized isola-
tion protocols are urgently needed to guarantee product
consistency. Storage and preservation of MSC-EVs offer
their own set of challenges, although evidence supports
their stability at — 80 °C for up to 6 months [37]. Short-
term storage stability has also been indicated between
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temperatures of 0—4 °C for up to 8 days [81]. Various
formulations and buffer solutions, such as PBS-human
albumin trehalose, can significantly enhance MSC-EVs
stability during multiple freeze—thaw cycles and long-
term storage [81]. Thus, MSC-EVs present a safer, more
versatile option for therapeutic use compared to MSCs.
They offer a "cell-free" therapy without nuclei, reducing
the risks of uncontrolled proliferation and immunogenic-
ity, and preventing the potential side effects associated
with MSCs, such as pulmonary capillary overload or
occlusion. Their nanovesicle structure enhances safety,
particularly during intravenous administration [7]. MSC-
EVs are stable, easy to store, and can be used as ready-to-
use medicinal products, withstanding long-term storage
and freeze—thaw cycles better than MSCs. Clinically,
they have a strong safety profile, proven in various tri-
als including COVID-19 treatments [82]. Advances in
bioengineering enable MSC-EVs to be customized with
specific molecules, making them a targeted therapeu-
tic option. These combined factors highlight MSC-EVs’
efficacy and safety, enhancing their clinical appeal [7].
Advancements in bioengineering open new vistas for
MSC-EVs as drug delivery vehicles, potentially customiz-
able for tissue targeting or enhanced blood stability [83].
Leveraging the biogenesis of EVs for bioengineering and
therapeutic cargo loading represents a novel application
of MSC-EVs in liver disease treatment. Future develop-
ments will focus on engineering MSC-EVs to contain
specific microRNAs or proteins derived from geneti-
cally modified MSCs. Another process involves endog-
enous engineering approaches, such as luminal or surface
modifications in MSC-EVs. Additionally, direct loading
of nucleic acids into EVs with targeted microRNAs or
proteins is possible, further enhancing their therapeutic
potential [84]. Bio-engineered MSC-EVs can potentially
overcome physiological barriers such as the blood—brain
barrier, expanding their range of clinical application [85].

Future studies will need to determine the therapeu-
tic benefits of these modifications, thereby warranting
standardized procedures based on clinical objectives and
targeted pathologies.

Quality control and regulatory aspect

Certainly, to assure consistent quality of MSC-EVs in both
regular manufacturing and product surveillance, identifi-
cation of critical quality attributes is crucial. Rohde et al.
have suggested a multi-faceted approach to quality con-
trol, incorporating evaluations of progenitor cell proper-
ties, EV characteristics, microbial purity, and functional
potency [12]. These assessments provide a comprehen-
sive view of the quality and therapeutic effectiveness of
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MSC-EVs. Moreover, employing a reference product
can standardize batch-to-batch comparisons, serving as
a quality benchmark and aiding in the detection of any
notable disparities [80]. These rigorous quality controls
facilitate continuous oversight throughout MSC-EVs pro-
duction, ensuring that the end product is up to defined
specifications and norms [86]. Despite the advantages
and potential for easier and faster regulatory approval of
MSC-EVs therapies compared to cell-based treatments,
several challenges remain in their clinical translation.
In terms of regulatory rules, EVs are subject to different
rules from those established for cell-based therapies, and
recent papers have provided important guidance on the
regulatory aspects of their pharmaceutical development.
Several initiatives from the International Society for
Extracellular Vesicles Task Force on Regulatory Affairs
and Clinical Use of EV-based Therapeutics [87] as well as
the Exosomes Committee from the ISCT, as well as the
French work group “Extracellular Vesicle translatiOn to
clinical. perspectiVEs - EVOLVE France” [13], are work-
ing on these aspects and have already published several
guidelines enabling investigators to classify their EV
therapeutics pragmatically so as to be able to compose
their investigational medicinal product dossier in order
to advance in clinical translation. Overall, the categoriza-
tion of EV-based therapies will depend on the cell type of
origin, whether the final EVs are native or modified, their
formulation, and their mode of administration [13, 87].
While regulatory frameworks may differ between conti-
nents, the European framework allows EV-based thera-
peutic products, under development or to be developed,
to be included in the definition of medicinal product
under Directive 2001/83/EC. Within the medicinal prod-
ucts framework, EV-based products are categorized as
“biological medicinal products” (Directive 2003/63/EC).
The subcategorization of EV-derived products will take
into account their complexity and active substance, as
proposed in an ISEV position paper [87]. Thus, the inter-
national societies stresses the need for stringent valida-
tion processes for any interventions designed to alter EV
content and underscores the priority of establishing the
safety profile of MSC-EVs-based therapy in initial clinical
trials.

Conclusion and perspectives

This comprehensive review explored the pivotal role of
dysregulated inflammation in the pathogenesis of both
ALF and ACLE, conditions characterized by significant
clinical severity. Notably, MSC-EVs can tilt the balance
of polarization towards type-2 regulatory macrophages,
regulate Th17/Treg ratios, reduce neutrophil infiltration,
and alleviate OS. Additionally, they modulate hepatocyte
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autophagy and apoptosis while inhibiting HSC activation.
The cumulative impact of these immunomodulatory,
anti-inflammatory, and regenerative effects underscores
the emerging potential of MSC-EVs as a groundbreak-
ing therapeutic intervention for the management of ALF
and ACLE Nevertheless, the feasibility of their clinical
translation and the therapeutic reliability of MSC-EVs are
highly dependent on rigorous standardization of manu-
facturing protocols. This necessitates the development
of uniform isolation techniques, optimization of MSCs
culture conditions, and the implementation of rigorous
quality control metrics for both EVs characterization and
functional evaluation. Through the establishment of such
standardized procedures, comprehensive guidelines, and
economically viable mass production, the scientific com-
munity is poised to conduct robust investigative studies.
This will not only facilitate the validation of MSC-EVs’
therapeutic utility but also catalyze their clinical adop-
tion for the effective management of liver injuries. As the
field advances, continued research endeavors and col-
laborative efforts are imperative to unlock the full thera-
peutic potential of MSC-EVs in the complex landscape of
liver diseases.

Materials and methods

Eligibility criteria

We performed a scoping review by selecting the most
relevant articles by combining “Mesenchymal stromal
cells’, “Mesenchymal stem cells’, “extracellular vesicles’,
“exosomes’, “acute liver failure”, “acute-on-chronic liver
failure”, “ischemia—reperfusion injury’, “immune regu-
lation’, “liver immunity”, “immunomodulation’, “inflam-
mation’, “Macrophage polarization” We have not taken
any restrictions regarding the date or location of the
publications. The final search occurred on First July of
2023. We reviewed our findings to identify work rele-
vant to immunomodulatory effect of MSC-EVs in liver
injury.

Information sources

Our research is conducted in several databases such
as PubMed, Web of Science, Cross Ref, and Google
scholar. This review was writing in accordance with the
PRISMA statement.

Abbreviations

ALF Acute liver failure

ACLF Acute-on-chronic liver failure

ATP Adenosine triphosphate

DAMPs Danger/Damage-associated molecular patterns
DNA Desoxyribonucleic acid

EVs Extracellular vesicles

HSCs Hepatic stellate cells

IL- Interleukin-



Sitbon et al. Journal of Translational Medicine (2024) 22:480

IRI Ischemia-reperfusion injury

KCs Kupffer cells

LPS Lipopolysaccharide

T Liver transplantation

miR Micro RNA

MSC-EVs  Mesenchymal stromal cells-derived extracellular vesicles

MSCs Mesenchymal stromal cells

Nf-kb Nuclear factor-kappa B

NLRP Nucleotide-binding oligomerization domain, Leucine rich repeat

and Pyrin domain containing
(&) Oxidative stress

PAMPs Pathogen-associated molecular patterns

ROS Reactive oxygen species

RNAs Ribonucleic acids

STAT3 Signal transducer and activator of transcription 3

Th T helper cells

TLRs Toll-like receptors
TNF Tumor necrosis factor
Treg Regulatory T cells

Acknowledgements
Not applicable.

Author contributions

Conceptualization, AS. and AM.,; methodology, A.S. and A.M; validation, J.
Gallet, J. Gautheron. and AM,; data curation, AS, PR.D,, S.H.; writing—original
draft preparation, A.S., PR.D.; writing—review and editing, S.H., PRD., AM, J.
Gallet,, J. Gautheron,, V.P; visualization, A.S,; supervision, A.M.

Funding
This research received no external funding.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors have read and agreed to the published version of the manuscript.

Competing interests
The authors declare no conflict of interest.

Received: 27 March 2024 Accepted: 7 May 2024
Published online: 21 May 2024

References

1. Asrani SK, Devarbhavi H, Eaton J, Kamath PS. Burden of liver diseases in
the world. J Hepatol. 2019;70:151-71.

2. Moreau R, Jalan R, Gines P, Pavesi M, Angeli P, Cordoba J, et al. Acute-on-

chronic liver failure is a distinct syndrome that develops in patients with

acute decompensation of Cirrhosis. Gastroenterology. 2013;144:1426-

1437.e9.

Stravitz RT, Lee WM. Acute liver failure. The Lancet. 2019;394:869-81.

4. ArroyoV, Moreau R, Jalan R. Acute-on-chronic liver failure. N Engl J Med.
2020;382:2137-45.

5. BajajJS, O'Leary JG, Lai JC, Wong F, Long MD, Wong RJ, et al. Acute-on-
chronic liver failure clinical guidelines. Offic J Am Colle Gastroenterol.
2022;117:225-52.

6. Neuberger J. An update on liver transplantation: a critical review. J Auto-
immun. 2016;66:51-9.

7. Sitbon A, Delmotte P-R, Goumard C, Turco C, Gautheron J, Conti F,
et al. Therapeutic potentials of mesenchymal stromal cells-derived

w

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Page 12 of 14

extracellular vesicles in liver failure and marginal liver graft rehabilitation:
a scoping review. Minerva Anestesiol. 2023;

Robinson MW, Harmon C, O'Farrelly C. Liver immunology and its role in
inflammation and homeostasis. Cell Mol Immunol. 2016;13:267-76.
Mdller L, Tunger A, Wobus M, von Bonin M, Towers R, Bornhduser M, et al.
Immunomodulatory properties of mesenchymal stromal cells an update.
Front Cell Dev Biol. 2021. https://doi.org/10.3389/fcell.2021.637725/full.

. Kholodenko IV, Kurbatov LK, Kholodenko RV, Manukyan GV, Yarygin KN.

Mesenchymal stem cells in the adult human liver: hype or hope? Cells.
2019;8:1127.

. Chang C, Yan J,Yao Z, Zhang C, Li X, Mao H. Effects of mesenchymal stem

cell-derived paracrine signals and their delivery strategies. Adv Healthc
Mater. 2021;10:2001689.

. Rohde E, Pachler K, Gimona M. Manufacturing and characterization of

extracellular vesicles from umbilical cord-derived mesenchymal stromal
cells for clinical testing. Cytotherapy. 2019;21:581-92.

. Silva AKA, Morille M, Piffoux M, Arumugam S, Mauduit P, Larghero J,

et al. Development of extracellular vesicle-based medicinal products: a
position paper of the group “Extracellular Vesicle translatiOn to clinical
perspectiVEs—EVOLVE France! Adv Drug Deliv Rev. 2021;179: 114001.

. BorgerV, Bremer M, Ferrer-Tur R, Gockeln L, Stambouli O, Becic A, et al.

Mesenchymal stem/stromal cell-derived extracellular vesicles and their
potential as novel immunomodulatory therapeutic agents. Int J Mol Sci.
2017;18:1450.

. Tolomeo AM, Zuccolotto G, Malvicini R, De Lazzari G, Penna A, Franco C,

et al. Biodistribution of intratracheal, intranasal, and intravenous injec-
tions of human mesenchymal stromal cell-derived extracellular vesicles
in a mouse model for drug delivery studies. Pharmaceutics. 2023;15:548.

. Sivanantham A, Jin Y. Impact of storage conditions on EV integrity/sur-

face markers and cargos. Life. 2022;12:697.

. Maumus M, Rozier P, Boulestreau J, Jorgensen C, Noél D. Mesenchymal

stem cell-derived extracellular vesicles: opportunities and challenges for
clinical translation. Front Bioeng Biotechnol. 2020;8:997.

. Trebicka J, Fernandez J, Papp M, Caraceni P, Laleman W, Gambino C,

et al. The PREDICT study uncovers three clinical courses of acutely
decompensated cirrhosis that have distinct pathophysiology. J Hepatol.
2020;73:842-54.

Claria J, Stauber RE, Coenraad MJ, Moreau R, Jalan R, Pavesi M, et al.
Systemic inflammation in decompensated cirrhosis: characterization and
role in acute-on-chronic liver failure. Hepatology. 2016;64:1249-64.
Khanam A, Kottilil S. Acute-on-chronic liver failure: pathophysiological
mechanisms and management. Front Med. 2021. https://doi.org/10.
3389/fmed.2021.752875/full.

Broz P, Dixit VM. Inflammasomes: mechanism of assembly, regulation and
signalling. Nat Rev Immunol. 2016;16:407-20.

Rahman N, Pervin M, Kuramochi M, Karim MR, Izawa T, Kuwamura M, et al.
M1/M2-macrophage Polarization-based Hepatotoxicity in d-galactosa-
mine-induced acute liver injury in rats. Toxicol Pathol. 2018;46:764-76.
Cichoz-Lach H, Michalak A. Oxidative stress as a crucial factor in liver
diseases. World J Gastroenterol. 2014;20:8082-91.

Shen X, Cao K, Zhao Y, Du J. Targeting neutrophils in sepsis: from mecha-
nism to translation. Front Pharmacol. 2021. https://doi.org/10.3389/fphar.
2021.644270.

Bernsmeier C, van der Merwe S, Périanin A. Innate immune cells in cir-
rhosis. J Hepatol. 2020;73:186-201.

Lukacs-Kornek V, Schuppan D. Dendritic cells in liver injury and fibrosis:
shortcomings and promises. J Hepatol. 2013;59:1124-6.

Drescher HK, Bartsch LM, Weiskirchen S, Weiskirchen R. Intrahepatic
TH17/TReg cells in homeostasis and disease—it's all about the balance.
Front Pharmacol. 2020. https://doi.org/10.3389/fphar.2020.588436.
Gautheron J, Gores GJ, Rodrigues CMP. Lytic cell death in metabolic liver
disease. J Hepatol. 2020,73:394-408.

Al Mamun A, Wu'Y, Jia C, Munir F, Sathy KJ, Sarker T, et al. Role of pyropto-
sis in liver diseases. Int Immunopharmacol. 2020;84: 106489.

Tsuchida T, Friedman SL. Mechanisms of hepatic stellate cell activation.
Nat Rev Gastroenterol Hepatol. 2017;14:397-411.

Hamesch K, Borkham-Kamphorst E, Strnad P, Weiskirchen R. Lipopol-
ysaccharide-induced inflammatory liver injury in mice. Lab Anim.
2015;49:37-46.

Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach |, Marini FC, Krause
DS, et al. Minimal criteria for defining multipotent mesenchymal stromal


https://doi.org/10.3389/fcell.2021.637725/full
https://doi.org/10.3389/fmed.2021.752875/full
https://doi.org/10.3389/fmed.2021.752875/full
https://doi.org/10.3389/fphar.2021.644270
https://doi.org/10.3389/fphar.2021.644270
https://doi.org/10.3389/fphar.2020.588436

Sitbon et al. Journal of Translational Medicine

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

(2024) 22:480

cells. The International Society for Cellular Therapy position statement.
Cytotherapy. 2006;8:315-7.

Saeedi P, Halabian R, Imani Fooladi AA. A revealing review of mesenchy-
mal stem cells therapy, clinical perspectives and modification strategies.
Stem Cell Investig. 2019;6:34.

Shokravi S, Borisov V, Zaman BA, Niazvand F, Hazrati R, Khah MM, et al.
Mesenchymal stromal cells (MSCs) and their exosome in acute liver
failure (ALF): a comprehensive review. Stem Cell Res Ther. 2022;13:192.
Théry C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsito-
haina R, et al. Minimal information for studies of extracellular vesicles
2018 (MISEV2018): a position statement of the international society for
extracellular vesicles and update of the MISEV2014 guidelines. J Extracell
Vesic. 2018;7:1535750.

Psaraki A, Ntari L, Karakostas C, Korrou-Karava D, Roubelakis MG. Extracel-
lular vesicles derived from mesenchymal stem/stromal cells: the regen-
erative impact in liver diseases. Hepatology. 2022;75:1590-603.

Gelibter S, Marostica G, Mandelli A, Siciliani S, Podini P, Finardi A, et al. The
impact of storage on extracellular vesicles: a systematic study. J Extracell
Vesicles. 2022;11: e12162.

Lo Sicco C, Reverberi D, Balbi C, Ulivi V, Principi E, Pascucci L, et al.
Mesenchymal stem cell-derived extracellular vesicles as mediators of
anti-inflammatory effects: endorsement of macrophage polarization.
Stem Cells Transl Med. 2017,6:1018-28.

Damania A, Jaiman D, Teotia AK, Kumar A. Mesenchymal stromal cell-
derived exosome-rich fractionated secretome confers a hepatoprotective
effect in liver injury. Stem Cell Res Ther. 2018;9:1-2.

Deng C, Hu J,He L, Ge L, Wu N, Xie M, et al. Daucosterol combined with
umbilical cord mesenchymal stem cell-derived exosomes can alleviate
liver damage in liver failure mice by regulating the IL-6/STAT3 signaling
pathway. Cancer Biol Ther. 2023;24:2184150.

Haga H, Yan IK, Takahashi K, Matsuda A, Patel T. Extracellular vesicles from
bone marrow-derived mesenchymal stem cells improve survival from
lethal hepatic failure in mice. Stem Cells Transl Med. 2017,6:1262-72.
Lotfinia M, Kadivar M, Piryaei A, Pournasr B, Sardari S, Sodeifi N, et al.
Effect of secreted molecules of human embryonic stem cell-derived
mesenchymal stem cells on acute hepatic failure model. Stem Cells Dev.
2016;25:1898-908.

LiuY, Lou G, Li A, Zhang T, Qi J, Ye D, et al. AMSC-derived exosomes allevi-
ate lipopolysaccharide/d-galactosamine-induced acute liver failure by
miR-17-mediated reduction of TXNIP/NLRP3 inflammasome activation in
macrophages. EBioMedicine. 2018;36:140-50.

Zhang S, Jiang L, Hu H, Wang H, Wang X, Jiang J, et al. Pretreatment of
exosomes derived from hUCMSCs with TNF-a ameliorates acute liver
failure by inhibiting the activation of NLRP3 in macrophage. Life Sci.
2020;246: 117401.

Jiang L, Zhang S, Hu H, Yang J, Wang X, Ma Y, et al. Exosomes derived from
human umbilical cord mesenchymal stem cells alleviate acute liver failure
by reducing the activity of the NLRP3 inflammasome in macrophages.
Biochem Biophys Res Commun. 2019;508:735-41.

Lu F-B, Chen D-Z, Chen L, Hu E-D, Wu J-L, Li H, et al. Attenuation of
experimental autoimmune hepatitis in mice with bone mesenchymal
stem cell-derived exosomes carrying MicroRNA-223-3p. Mol Cells.
2019;42:906-18.

Gong Y, Dai H, Liu W, Liao R, Chen H, Zhang L, et al. Exosomes derived
from human adipose-derived stem cells alleviate hepatic ischemia-
reperfusion (I/R) injury through the miR-183/ALOXS5 axis. FASEB J. 2023;37:
e22782.

Zhou M, Hui J, Gao L, Liang J, Wang C, Xu J. Extracellular vesicles from
bone marrow mesenchymal stem cells alleviate acute rejection injury
after liver transplantation by carrying miR-22-3p and inducing M2 polari-
zation of Kupffer cells. ] Gene Med. 2023;25: e3497.

Ohara M, Ohnishi S, Hosono H, Yamamoto K, Yuyama K, Nakamura H,

et al. Extracellular vesicles from amnion-derived mesenchymal stem

cells ameliorate hepatic inflammation and fibrosis in rats. Stem Cells Int.
2018;2018:3212643.

Zhao H, Shang Q, Pan Z, Bai Y, Li Z, Zhang H, et al. Exosomes from
adipose-derived stem cells attenuate adipose inflammation and obesity
through polarizing M2 macrophages and beiging in white adipose tissue.
Diabetes. 2018;67:235-47.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Page 13 of 14

Tamura R, Uemoto S, Tabata Y. Immunosuppressive effect of mesenchy-
mal stem cell-derived exosomes on a concanavalin A-induced liver injury
model. Inflamm Regen. 2016;36:1.

Xie K, Liu L, Chen J, Liu F. Exosomal miR-1246 derived from human umbili-
cal cord blood mesenchymal stem cells attenuates hepatic ischemia
reperfusion injury by modulating T helper 17/regulatory T balance.
IUBMB Life. 2019;71:2020-30.

Zheng J, LuT, Zhou C, Cai J, Zhang X, Liang J, et al. Extracellular vesicles
derived from human umbilical cord mesenchymal stem cells protect liver
ischemia/reperfusion injury by reducing CD154 expression on CD4+ T
Cells via CCT2. Adv Sci. 2020;7:1903746.

Hu C, Wu Z, Li L. Mesenchymal stromal cells promote liver regeneration
through regulation of immune cells. Int J Biol Sci. 2020;16:893-903.

Cruz FF, Borg ZD, Goodwin M, Sokocevic D, Wagner DE, Coffey A, et al.
Systemic administration of human bone marrow-derived mesenchymal
stromal cell extracellular vesicles ameliorates aspergillus hyphal extract-
induced allergic airway inflammation in immunocompetent mice. Stem
Cells Transl Med. 2015;4:1302-16.

Huang B, Cheng X, Wang H, Huang W, La Ga hu Z, Wang D, et al.
Mesenchymal stem cells and their secreted molecules predominantly
ameliorate fulminant hepatic failure and chronic liver fibrosis in mice
respectively. J Translat Med. 2016;14:45.

Dong L, PuY, Chen X, Qi X, Zhang L, Xu L, et al. (UCMSC-extracellular
vesicles downregulated hepatic stellate cell activation and reduced liver
injury in S. japonicum-infected mice. Stem Cell Res Therapy. 2020;11:21.
Piao C, Sang J, Kou Z, Wang Y, Liu T, Lu X, et al. Effects of exosomes
derived from adipose-derived mesenchymal stem cells on pyroptosis
and regeneration of injured liver. Int J Mol Sci. 2022;23:12065.

Lin F, Chen' W, Zhou J, Zhu J, Yao Q, Feng B, et al. Mesenchymal stem

cells protect against ferroptosis via exosome-mediated stabilization of
SLC7A11 in acute liver injury. Cell Death Dis. 2022;13:271.

Zhao S, Huang M, Yan L, Zhang H, Shi C, Liu J, et al. Exosomes derived
from baicalin-pretreated mesenchymal stem cells alleviate hepatocyte
ferroptosis after acute liver injury via the Keap1-NRF2 pathway. Oxid Med
Cell Longev. 2022;2022:8287227.

Wu L, Tian X, Zuo H, Zheng W, Li X, Yuan M, et al. miR-124-3p delivered by
exosomes from heme oxygenase-1 modified bone marrow mesenchy-
mal stem cells inhibits ferroptosis to attenuate ischemia-reperfusion
injury in steatotic grafts. J Nanobiotechnol. 2022;20:196.

LuT, Zhang J, Cai J, Xiao J, Sui X, Yuan X, et al. Extracellular vesicles derived
from mesenchymal stromal cells as nanotherapeutics for liver ischaemia—
reperfusion injury by transferring mitochondria to modulate the forma-
tion of neutrophil extracellular traps. Biomaterials. 2022,284: 121486.

Du Z,Wei C, Cheng K, Han B, Yan J, Zhang M, et al. Mesenchymal stem
cell-conditioned medium reduces liver injury and enhances regenera-
tion in reduced-size rat liver transplantation. J Surg Res. 2013;183:907-15.
Yao J, Zheng J, Cai J, Zeng K, Zhou C, Zhang J, et al. Extracellular
vesicles derived from human umbilical cord mesenchymal stem

cells alleviate rat hepatic ischemia-reperfusion injury by suppress-

ing oxidative stress and neutrophil inflammatory response. FASEB J.
2019;33:1695-710.

Zhao S, LiuY, Pu Z. Bone marrow mesenchymal stem cell-derived
exosomes attenuate D-GalN/LPS-induced hepatocyte apoptosis by
activating autophagy in vitro. Drug Des Devel Ther. 2019;13:2887-97.
Zhang L, Song Y, Chen L, Li D, Feng H, Lu Z, et al. MiR-20a-containing
exosomes from umbilical cord mesenchymal stem cells alleviates liver
ischemia/reperfusion injury. J Cell Physiol. 2020;235:3698-710.

YanY, Jiang W, Tan Y, Zou S, Zhang H, Mao F, et al. hucMSC exosome-
derived GPX1 is required for the recovery of hepatic oxidant injury. Mol
Ther. 2017;25:465-79.

Wu R, Fan X, Wang Y, Shen M, Zheng Y, Zhao S, et al. Mesenchymal
stem cell-derived extracellular vesicles in liver immunity and therapy.
Front Immunol. 2022;13: 833878.

Fuloria S, Subramaniyan V, Dahiya R, Dahiya S, Sudhakar K, Kumari U,

et al. Mesenchymal stem cell-derived extracellular vesicles: regenera-
tive potential and challenges. Biology. 2021;10:172.

. Nieuwland R, Falcon-Pérez JM, Théry C, Witwer KW. Rigor and stand-

ardization of extracellular vesicle research: paving the road towards
robustness. J Extracell Vesicles. 2020;10: e12037.

. Witwer KW, Van Balkom BWM, Bruno S, Choo A, Dominici M, Gimona

M, et al. Defining mesenchymal stromal cell (MSC)-derived small



Sitbon et al. Journal of Translational Medicine (2024) 22:480

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

extracellular vesicles for therapeutic applications. J Extracell Vesicles.
2019;8:1609206.

Lui PPY, Leung YT. Practical considerations for translating mesenchymal
stromal cell-derived extracellular vesicles from bench to bed. Pharma-
ceutics. 2022;14:1684.

Sverdlov ED. Amedeo Avogadro’s cry: What is 1 pg of exosomes? BioEs-
says. 2012;34:873-5.

Vos J, Tejeda-Mora H, Merino A, Wu L, Woud WW, Demmers JA, et al.
Bio-distribution and longevity of mesenchymal stromal cell derived
membrane particles. J Control Release. 2022;350:642-51.

Zhu Y-G, Shi M, Monsel A, Dai C, Dong X, Shen H, et al. Nebulized
exosomes derived from allogenic adipose tissue mesenchymal stromal
cells in patients with severe COVID-19: a pilot study. Stem Cell Res Ther.
2022;13:220.

Huang Y, Li X, Yang L. Mesenchymal stem cells and their derived small
extracellular vesicles for COVID-19 treatment. Stem Cell Res Ther.
2022;13:410.

Johnson J, Shojaee M, Mitchell Crow J, Khanabdali R. From mesenchy-
mal stromal cells to engineered extracellular vesicles: a new therapeu-
tic paradigm. Front Cell Dev Biol. 2021. https://doi.org/10.3389/fcell.
2021.705676/full.

Mclaughlin C, Datta P, Singh YP, Lo A, Horchler S, Elcheva IA, et al.
Mesenchymal stem cell-derived extracellular vesicles for therapeutic
use and in bioengineering applications. Cells. 2022;11:3366.

Kronstadt SM, Patel DB, Born LJ, Levy D, Lerman MJ, Mahadik B, et al.
Mesenchymal stem cell culture within perfusion bioreactors incorpo-
rating 3D-printed scaffolds enables improved extracellular vesicle yield
with preserved bioactivity. Adv Healthc Mater. 2023;12: €2300584.
Herrmann IK, Wood MJA, Fuhrmann G. Extracellular vesicles as a next-
generation drug delivery platform. Nat Nanotechnol. 2021;16:748-59.
Gorgens A, Corso G, Hagey DW, Jawad Wiklander R, Gustafsson MO,
Felldin U, et al. Identification of storage conditions stabilizing extracel-
lular vesicles preparations. J Extracell Vesicles. 2022;11: e12238.

Monsel A, Hauw-Berlemont C, Mebarki M, Heming N, Mayaux J,
Nguekap Tchoumba O, et al. Treatment of COVID-19-associated ARDS
with mesenchymal stromal cells: a multicenter randomized double-
blind trial. Crit Care. 2022;26:48.

Zheng W, Rédler J, Sork H, Niu Z, Roudi S, Bost JP, et al. Identification of
scaffold proteins for improved endogenous engineering of extracel-
lular vesicles. Nat Commun. 2023;14:4734.

Radler J, Gupta D, Zickler A, Andaloussi SE. Exploiting the biogenesis of
extracellular vesicles for bioengineering and therapeutic cargo loading.
Mol Ther. 2023;31:1231-50.

Wei X, Zheng W, Tian P, Liu H, He Y, Peng M, et al. Administration of
glycyrrhetinic acid reinforces therapeutic effects of mesenchymal stem
cell-derived exosome against acute liver ischemia-reperfusion injury. J
Cell Mol Med. 2020;24:11211-20.

Adlerz K, Patel D, Rowley J, Ng K, Ahsan T. Strategies for scalable manu-
facturing and translation of MSC-derived extracellular vesicles. Stem Cell
Research. 2020;48: 101978.

Lener T, Gimona M, Aigner L, Bérger V, Buzas E, Camussi G, et al. Applying
extracellular vesicles based therapeutics in clinical trials - an ISEV position
paper. J Extracell Vesicles. 2015;4:30087.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 14 of 14


https://doi.org/10.3389/fcell.2021.705676/full
https://doi.org/10.3389/fcell.2021.705676/full

	Mesenchymal stromal cell-derived extracellular vesicles therapy openings new translational challenges in immunomodulating acute liver inflammation
	Abstract 
	Background
	Liver inflammation and immune dysregulation in acute liver injury
	Inflammation and danger molecules-driven signaling pathways
	Neutrophils and monocytesmacrophages response
	Dendritic cells hyperactivation
	Lymphocyte imbalance
	Cell death during inflammatory state
	Reactive hepatic stellate cells activation
	Contrast in inflammatory responses between acute and chronic liver diseases

	Mechanisms of Immunoregulatory effects of Mesenchymal Stromal Cell-Derived Extracellular Vesicles in Liver Inflammation
	General mechanisms involved in MSC-EV-based therapies
	MSC-EVs in macrophage modulation and liver disease management
	MSC-EVs modulate the immune response by decreasing the ratio of T helper type 17 and regulatory T cells
	MSC-EVs could deactivate HSCs, suppress dysregulated cell death (ferroptosis, pyroptosis) and improve liver regeneration
	Neutrophil modulation and oxidative stress regulation by MSC-EVs in hepatic injury
	MSC-EVs in autophagy enhancement and hepatocyte apoptosis attenuation

	Translational challenges of mesenchymal stemstromal cells-derived extracellular vesicles in acute liver inflammation
	Definition and characterization of MSC-EVs
	Clinical applications
	Scaling-up, isolation, and bioengineering of clinical-grade MSC-EVs: challenges and innovations
	Quality control and regulatory aspect


	Conclusion and perspectives
	Materials and methods
	Eligibility criteria
	Information sources

	Acknowledgements
	References


