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Extracellular vesicles: a new frontier

in diagnosing and treating graft-versus-host
disease after allogeneic hematopoietic cell
transplantation

Peipei Wu'?", Zhangfei Wang'!, Yongping Sun®', Zhixiang Cheng*>", Min Wang®" and Baolong Wang'*

Abstract

Graft-versus-host disease (GvHD) is a prevalent complication following allogeneic hematopoietic stem cell
transplantation (HSCT) and is characterized by relatively high morbidity and mortality rates. GvHD can result

in extensive systemic damage in patients following allogeneic HSCT (allo-HSCT), with the skin, gastrointestinal
tract, and liver frequently being the primary target organs affected. The severe manifestations of acute intestinal
GVHD often indicate a poor prognosis for patients after allo-HSCT. Endoscopy and histopathological evaluation
remain employed to diagnose GvHD, and auxiliary examinations exclude differential diagnoses. Currently, reliable
serum biomarkers for the diagnosis and differential diagnosis of GvHD are scarce. As an essential part of standard
transplant protocols, early application of immunosuppressive drugs effectively prevents GvHD. Among them,
steroids represent first-line therapeutic agents, and the JAK2 inhibitor ruxolitinib represents the second-line
therapeutic agent. Currently, no efficacious treatment modality exists for steroid-resistant aGvHD. Therefore, the
diagnosis and treatment of GvHD still face significant medical demands. Extracellular vesicles (EVs) are nanometer
to micrometer-scale biomembrane vesicles containing various bioactive components, such as proteins, nucleotides,
and metabolites. Distinctive changes in serum-derived EV components occur in patients after allo-HSCT; Hence,
EVs are expected to be potential biomarkers for diagnosing and treating GvHD. Furthermore, cell-free therapeutics
characterized by EVs derived from mesenchymal stem cells (MSCs) have manifested remarkable therapeutic efficacy
in preclinical models and preclinical trials of GvHD. Customized engineered EVs with fewer toxic and side effects
for the combined treatment of GvHD hold broad prospects for clinical translation. This review article examines the
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potential value of translating EVs into clinical applications for the diagnosis and treatment of GvHD. It summarizes
the latest advancements and prospects of engineered EVs applying GvHD.
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Introduction

Graft-versus-host disease (GvHD) is a serious complica-
tion of allo-HSCT [1]. According to the latest survey sta-
tistics, the cumulative incidence of acute GvHD (aGvHD)
reported by each center within 100 days was 62%. After
verification by the endpoint review committee, the inci-
dence rate has been revised to 49%. 40% of all patients
after allo-HSCT experience aGvHD (grades II-IV), with
19% having severe aGvHD (grades III-IV) in patients
who received a transplant during the period 1990-1995.
The incidence of aGvHD is declining over time. Among
patients who received transplants between 2011 and
2015, the incidence of aGvHD in grades II-IV was 28%,
and the incidence of grades III-IV aGvHD was 11% [2—
4]. In recent decades, the primary clinical treatment of
GvHD still relies on inducing overall immunosuppres-
sion (5-6). However, due to the need for more accuracy
of this method, it leads to a high non-recurrence mortal-
ity rate secondary to infection. Also, it increases the risk
of resistance to treatment and relapse of blood cancer
[6]. Therefore, exploring new prevention and treatment
methods in the clinic is urgent.

Extracellular vesicles (EVs) constitute a group of mem-
branous vesicles enclosed by a lipid bilayer ranging from
the nano- to micrometer scale (7—8). Many recent stud-
ies have indicated that EVs are vital in the genesis, pro-
gression, diagnosis, treatment, and prognosis of immune
disorders [9-12]. EVs can be discharged into the extra-
cellular milieu via the active secretion of viable cells or
the exfoliation of dead cells, thereby being ubiquitously
present in diverse body fluids and cell supernatants [13].
Because of their contents, various proteins, nucleotides,
lipids, and metabolites are often used as carriers for vari-
ous diseases [14]. Furthermore, these components can
precisely reflect the characteristics of the source cells,
so EVs are also valuable biomarkers for disease diagno-
sis [13, 15]. Studies have shown that the components of
EVs in the serum of patients after allo-HSCT are unique.
Hence, EVs have potential value in early diagnosis and
monitoring of the prognosis of GVHD [16-18]. Further-
more, clinical and preclinical studies have shown that
EVs, as an essential component of paracellular secretion,
have biological functions similar to those of parental
cells (19-20), such as immune regulation, proliferation
promotion and inhibition of apoptosis, and anti-inflam-
matory and antioxidant functions. Mesenchymal Stro-
mal/Stem Cells (MSCs) are pluripotent stem cells with
self-renewal and multi-differentiation potential [21-23].
MSCs are a potential treatment for GvHD due to their

multiple biological properties, such as immune regula-
tion [24]. In recent years, it has been widely documented
that EVs derived from mesenchymal stem cells (MSCs)
are capable of evading numerous side effects and sub-
stituting for MSCs in exerting therapeutic functions,
concurrently significantly enhancing the clinical mani-
festations and mortality of GvHD [25-27]. In addition,
researchers have also found that EVs can serve as an
excellent delivery carrier [28], and the surface and inte-
rior of its lipid bilayer can be personalized and loaded
with some tissue-targeted molecules or enhanced thera-
peutic drugs to improve its efficacy in intervening GvHD
[29].

Literature reviews on EVs and GvHD reported thus
far have mainly emphasized the role and mechanism of
EVs in the pathogenesis and progression of GvHD. In
contrast, our review will concentrate primarily on the
clinical diagnostic value of EVs in diagnosing GvHD and
the translational application value of MSC-EVs in treat-
ing GvHD. More specifically, this review will discuss
the occurrence and development of GvHD from mul-
tiple standpoints, including the pathogenesis, classifica-
tion, and the latest therapeutic progress of GvHD, and
review the progress of applying EV-based diagnosis and
treatment in GvHD, as well as future clinical application
prospects.

Classification and pathogenesis of GYHD

Allo-HSCT is an efficacious modality for managing
diverse malignant hematological diseases, including leu-
kemia, lymphoma, myelodysplastic syndrome, aplas-
tic anemia, and multiple myeloma [30-32]. In 1990, the
results of the first survey conducted by the European
Bone Marrow Transplant Group indicated that a total of
143 centers reported 4,234 hematopoietic cell transplants
(HCT). As of 2019, a total of 700 centers from 51 coun-
tries reported that the number of HCT in Europe and its
partner countries reached 48,512, among which 19,798
cases (41%) were allogeneic transplants and 28,714 cases
(59%) were autologous transplants (33—34). In 2018, over
22,000 cases of HCT were reported in the United States
[35]. Currently, haploid HSCT (haplo-HSCT) is widely
used worldwide, and with the successful application of
haplo-HSCT, the number of hematopoietic HSCT cases
has increased rapidly. Over the past three decades, the
scale of haplo-HSCT in Europe has witnessed a remark-
able increase. By 2019, the quantity of haplo-HSCT had
nearly multiplied by eight [34, 36]. Data from the Chi-
nese Hematopoietic Stem Cell Transplantation Registry
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showed that in 2019, almost 10,000 cases of allo-HSCT
were performed in 140 medical institutions in China,
among which haplo-HSCT accounted for 60% [37-38].
Although the therapeutic efficacy of allo-HSCT in the
treatment of malignant hematological diseases has been
continuously improved, the frequent occurrence of com-
plications such as GvHD, infections, toxic reactions, and
relapses still constitutes significant factors restricting the
success of transplantation.

GvHD is caused by the active attack of T lymphocytes
on allogeneic donor grafts against alloantigens in recipi-
ents after allo-HSCT, primarily targeting the skin, gastro-
intestinal tract, and liver, manifesting as skin congestion,
maculopapular rash, and intractable diarrhea (4-5).
Based on the timing of the GvHD after allo-HSCT, GvHD
is mainly divided into two forms: acute GvHD (aGvHD)
that occurs within 100 days and chronic GvHD (cGvHD)
within more than 100 days. In 2005, the National Insti-
tutes of Health (NIH) of the United States refined this
classification and distinguished GvHD based on disease
characteristics [39]. aGvHD mainly affects the skin, liver,
and gastrointestinal tract, while cGvHD may affect any
body organ, and its diagnosis is not time-limited [40]. The
pathophysiological process of aGvHD is mainly divided
into three stages: the initiation phase, the phase of T cell
activation, and the effector phase [4]. At the initiation
stage, the intervention of chemotherapy and/or radio-
therapy induces the release of danger signals in the host
tissues, such as damage-associated molecular patterns
(DAMPs) and pathogen-associated molecular patterns
(PAMPs), which further activates the host antigen-pre-
senting cells (APC). APC mainly includes professional
APC (dendritic cells) and non-professional APC (epithe-
lial and mesenchymal cells) [41]. APC, beyond merely
presenting self-antigens and allogeneic antigens to invig-
orate pathogenic T cells, orchestrates the development
of GvHD by penetrating tissues and organs, secreting a
cascade of inflammatory cytokines, and generating both
autoantibodies and alloantibodies via an array of intri-
cate mechanisms [42]. In contrast to aGvHD, donor and
host APC can initiate CD4-mediated cGvHD [43]. There-
fore, blocking donor T cells from recognizing the recipi-
ent’s alloantigen is a promising strategy for preventing
GvHD [44]. In the subsequent stage of T cell activation,
the host APC activates the allogeneic donor CD4* and
CD8" T cells. Subsequently, in the effector stage, effec-
tor T cells and pro-inflammatory cytokines lead to the
damage or apoptosis of tissues such as the gastrointesti-
nal tract, skin, and liver, thereby triggering the emergence
of aGvHD symptoms (4—5). Compared with aGvHD, the
pathogenesis of cGVHD is more complex. It is usually
divided into three stages: acute inflammation, chronic
inflammatory immune dysregulation, and abnormal tis-
sue repair leading to continuous fibrosis (45-46). During
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the first stage, the inflammatory signals initiated by the
injury of the host tissue stimulate the activation of donor
alloreactive T cells, thereby causing damage or apoptosis
of the host target cells. In the second stage, the peripheral
tolerance of regulatory T cells and B cells is lost, concur-
rently, self-reactive and alloreactive T cell populations
emerge. These factors contribute to the persistence of the
T17 cell-mediated inflammatory response. In the third
stage, activated macrophages stimulate the generation
of transforming growth factor-B (TGF-f) and platelet-
derived growth factor-a (PDGF-«a), which further impairs
the function of regulatory T cells and intensifies the
inflammation [47]. The abnormal tissue repair process
results in continuous fibrosis, and patients may present
with scleroderma or obliterative bronchiolitis syndrome.
Moreover, the donor B cell’s steady state and tolerance
mechanism are disrupted, leading to decreased memory
function. Donor T follicular helper cells (Tfh) have been
verified to proliferate in secondary lymphoid organs and,
by secreting cytokines such as IL-21 and B cell activat-
ing factors, facilitate the survival and proliferation of
donor B cells and their differentiation into plasma cells
that generate abnormal anti-host immunoglobulins [48].
B-cell lymphocytopenia and humoral immunodeficiency
are prominent features of cGvHD, which may result in
the body not producing sufficient antibodies or antibody
deficiency, resulting in increased susceptibility to infec-
tion by pathogens [49]. Therefore, preventive strate-
gies that block the development of pathogenic B cells or
inhibit Tth cells may better prevent cGvHD (Fig. 1) [46,
50]. In addition to T and B cells, macrophages, NK cells,
and other immune microenvironment cells also play a
role in aGvHD and cGvHD [49].

Classification, biosynthesis, release, and uptake of
EVs

EVs are membrane vesicles of nanoscale to microscale
size that are actively released or shrunk by cells into
the extracellular environment. According to EVs’ bio-
logical process, diameter size, and biophysical and
chemical properties, the International Society for Extra-
cellular Vesicles has further classified EVs [8, 51]. Accord-
ing to the diameter, they are divided into apoptotic bodies
(ABs), microparticles, microvesicles (MVs), nanovesicles,
and nanoparticles; according to the different cellular and
tissue sources, they are divided into prostasomes, dexo-
somes, oncosomes, synaptic vesicles, cardiosomes, and
vexosomes; and according to function, they are divided
into matrix vesicles. According to the extracellular secre-
tion characteristics, they are divided into exosomes, exo-
some-like vesicles, and ectosomes. Exosomes are vesicles
formed by the fusion of multivesicular bodies (MVBs)
and the plasma membrane. Microvesicles are vesicles
formed by the plasma membrane directly to the outgoing
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Fig. 1 Classification and pathogenesis of GvHD

GvHD is a multi-system injury disease caused by the donor’s immune cells (mainly T cells), which recognize the antigen of the recipient tissue and launch
an immune attack after organ transplantation. Based on the timing of the GvHD after allo-HSCT, GvHD is mainly divided into two forms: GvHD, which oc-
curs within 100 days, and cGvHD, which occurs within more than 100 days. GvHD, Graft-versus-host disease; aGvHD, Acute GvHD; cGvHD, Chronic GvHD;
IFN-y, Interferon-gamma; TNF-a, Tumor necrosis factor-alpha; TNF-@, Tumor necrosis factor-beta; Th2 cell, Helper T cell 2; Th17 cell, Helper T cell 17; B cell,
B lymphocyte. Figure 1 was created with BioRender software (https://app.biorender.com/)

bud, and apoptotic bodies are vesicles released by apop-
tosis [52]. Current research has mainly focused on the
following three categories: apoptotic bodies, microvesi-
cles, and exosomes. After their initial discovery, EVs were
considered to be cell fragments. EVs transfer bioactive
proteins or genetic material carried by their internal or
surface from donor cells to recipient cells through direct
membrane fusion, ligand-mediated interaction, a variety
of cell endocytic pathways, and other mechanisms, thus
playing a variety of biological functions (Fig. 2) [7, 52].
Tissues and cells in a diseased state specifically express
specific ligand molecules. Based on this physiological and
pathological process, researchers have designed various
specific targeting short peptide molecules such as RVG
(Rabies virus glycoprotein) peptide, RGD (Arg-Gly-Asp)
peptide, and Kim-1 (Kidney injury molecule-1) peptide
to modify the surface of EV vesicles, thereby achieving
precise drug delivery [28, 53—55]. In addition, the ligand

of CXCR4 (C-X-C chemokine receptor type 4), namely
SDE-1/CXCL12 (Stromal cell-derived factor-1), is highly
expressed in the inflammatory site. Research indicates
that EVs overexpressing CXCR4 can specifically be home
to the inflammatory regions, which offers novel ideas for
treating diseases such as ulcerative colitis, tumors, osteo-
porosis, and periodontitis [56—59]. Recently, Stanford et
al. [60]. have developed bioengineered multifunctional
EVs for targeted delivery of biological agents to T cells.
These EVs can specifically target T cells and actively
enrich target cargo molecules. Furthermore, this technol-
ogy significantly improves the efficiency of uptake and
fusion of engineered EVs by receptor cells. In contrast to
traditional engineering approaches, this novel method
does not require the isolation of EVs synthesized by
parental cells in vitro. Instead, it enables in situ engineer-
ing of parental cells in vivo through a one-step process,
allowing the biologically synthesized multifunctional EVs
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Fig. 2 Biogenesis and function of EVs

EVs are small membrane-bound vesicles actively secreted or released by living cells into the extracellular environment. They have a lipid bilayer mem-
brane surrounding them, are relatively small, and typically range in diameter from 30 to 2000 nm. Small EVs are synthesized and secreted by the par-
ent cell via ESCRT-dependent or -independent pathways and are called exosomes. Meanwhile, the parent cell releases larger EVs, called microvesicles,
through budding. ApoEVs, on the other hand, are membrane-bound vesicles that are passively shed by dying cells and are relatively larger, typically rang-
ing from 500 to 2000 nanometers in diameter. ApoEVs originate from the detachment of apoptotic cells. The molecular mechanisms used by receptor
cells to take in different-sized EVs include membrane fusion, ligand-mediated, and phagocytosis, among others. ER, Endoplasmic reticulum; Golgi, Golgi
apparatus; ESCRT, Endosomal sorting complex required for transport; MVBs, Multivesicular bodies

to be directionally transported via the blood circulation
to target cells and directly exert their functions.

After in-depth studies over the past decades, vari-
ous biological effects of EVs have gradually emerged,
including mediating intercellular signaling, antigen pre-
sentation, immune regulation, and promotion of angio-
genesis (61-62). EVs, particularly those derived from
MSCs, exert a favorable therapeutic impact in various
refractory diseases, including diabetes, systemic lupus
erythematosus, spinal cord injury, malignant hematologi-
cal disorders, and the associated GvHD [27]. In addition,
EVs also have good biocompatibility, low immunogenicity

and toxicity, biodegradability, and other advantages, and
have gradually become crucial in nanomedicine research
[28, 55]. Engineered EVs also bring new hope for per-
sonalized and accurate treatment of various diseases [7,
55, 63]. The lipid bilayer of EVs is wrapped with many
proteins, nucleotides, lipids, and metabolites, which are
used as biomarkers for diagnosing and treating disease.
Various cells secrete and release EVs in different disease
conditions, carrying proteins, nucleic acids, and lipids.
The content carried by EVs serves as a reflection of the
cellular state of the parent cell at the time of secretion,
and these components undergo dynamic adjustments in
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response to changes in the physiological state and envi-
ronment of the parent cell during EV secretion. Conse-
quently, by analyzing these EVs, we can accurately and
precisely reflect alterations in the pathophysiological
state of their originating parent cells. Furthermore, given
that EVs have specificity and stability of cell types and can
be obtained from body fluids, various components within
EVs can become suitable biomarkers for early diagnosis,
treatment, prognosis, and other diseases. EVs as bio-
markers are essential for individualized disease diagnosis
and monitoring [64].

The diagnostic value of EVs in aGvHD and cGvHD
aGvHD and cGvHD represent some of the most vital
long-term complications ensuing from allo-HSCT and
constitute the prime cause of non-relapse mortality
[47]. aGvHD and cGvHD not only significantly reduce
long-term survival and quality of life for patients post-
transplantation but have also been associated with a vari-
ety of other comorbidities. Although current research
has improved our understanding of the pathogenesis
of aGvHD and cGvHD, reliable biomarkers for predict-
ing the occurrence of aGvHD and ¢cGvHD have yet to
be determined. Since 30—70% of patients develop GvHD
after allo-HSCT [40], it is urgent to identify appropri-
ate early diagnosis and prognostic markers for the early
detection and intervention of this post-transplant com-
plication. A diverse array of biomarkers for GvHD,
encompassing genetic, plasma, cellular, and microbiome-
related markers, is being progressively explored [65].
Within the clinical realm, dependable serum biomarkers
for the diagnosis and differential diagnosis of aGvHD and
c¢GVvHD remain scarce. Endoscopy, other supplementary
examinations, and histopathological assessment still con-
stitute the predominant methods for the diagnosis and
differential diagnosis of aGvHD. Liquid biopsy is a non-
invasive blood testing approach that analyzes and diag-
noses diseases like cancer by monitoring biomarkers such
as free circulating tumor cells (CTCs), circulating tumor
DNA (ctDNA), exosomes, and circulating RNA that are
released into the blood by tumors or metastatic foci [66].
With the rapid evolution of liquid biopsy technology, the
screening of biomarkers for the diagnosis and prognosis
of GvHD in blood, urine, and other biological fluids holds
considerable value. As an essential component of liquid
biopsy, EVs are expected to be an attractive biomarker for
the diagnosis and prognosis of GvHD due to their high
number and easy capture.

The source or quantity of circulating EVs and their
diagnostic application in GvHD

The incidence and mortality of cardiovascular events in
allo-HSCT survivors are significantly increased, with
endothelial dysfunction and thrombosis risk being the
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main contributors. Therefore, early monitoring of vas-
cular injury and prothrombotic activity in allo-HSCT
survivors may be an essential strategy for preventing
and treating cardiovascular diseases. In establishing and
developing plant resistance to viral host, the number,
membrane antigen subgroups, and contents carried by
EVs undergo significant changes. Studies have shown
that circulating EVs derived from allo-HSCT survivors
may be an evaluation index of endothelial injury and
procoagulant activity [67]. The study recruited 45 sur-
vivors post-allo-HSCT and 45 controls. Most patients
who underwent allo-HSCT experienced aGvHD (44%)
and/or cGvHD (66%). The authors found that allo-HSCT
survivors had significantly increased levels of platelet
and erythrocyte-derived EVs compared with the control
group [67]. Furthermore, among allo-HSCT survivors
with a history of thrombotic microangiopathy, erythro-
cyte-derived MVs are markedly elevated. Several stud-
ies have shown that the number of EVs in the circulating
blood of patients with GvHD is significantly increased,
and the increase in the secretion of EVs is significantly
associated with the risk of aGvHD (16-17). Carneiro
et al. [16]. found that in patients with circulating EVs in
plasma, high levels of total EVs (TEVs) and red blood
cell-derived EVs (EryEVs) counts strongly correlated
with the occurrence of aGvHD. In contrast, platelet-
derived EVs (PEVs) were not associated with the risk of
aGvHD. Some studies have shown that EVs derived from
red blood cells, platelets, or vascular endothelial cells
may be a new class of biomarkers. The proportion and
functional alterations of T cell subsets are paramount
for the occurrence and progression of GvHD. Moreover,
T cells released EVs at a constant low level, which sud-
denly increased after activation. Hence, detecting the
variations of EV subpopulations derived from T cells
might offer a more direct and efficient means for moni-
toring the occurrence of GvHD. Nagasawa et al. [17]. dis-
covered that T cell-specific CD3" CD8" EVs and CD3"
HLA-DR" EVs levels were strongly correlated with the
risk of aGvHD. By examining the EVs derived from the
peripheral blood of 20 patients who underwent HSCT,
they ascertained that the levels of CD3" CD4* EVs and
CD3* CD8" EVs were correlated explicitly with the
counts of CD4" and CD8" T lymphocytes, respectively.
Meanwhile, CD3* CD8* EVs and CD3* HLA-DR" EVs
escalated in patients with GvHD and were more specifi-
cally competent in reproducing the persistence of GvHD
than soluble interleukin 2 receptor (sIL-2R). Engraftment
syndrome (ES) is a non-infectious fever syndrome that
typically occurs during the recovery of neutrophils after
HSCT, and its clinical manifestations include fever, rash,
and pulmonary infiltration (68-69). This syndrome can
occur in patients undergoing both autologous and allo-
HSCT. Because the symptoms of ES are similar to those
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of aGvHD, it was once called super-acute GvHD [17]. In
engraftment syndrome, sIL-2R was significantly elevated,
whereas CD3"HLA-DR'EVs were not. Furthermore,
ferritin and sIL-2R were conspicuously elevated in pre-
transplant hemophagocytic syndrome; However, CD3*
HLA-DR" EVs showed little change. CD3* CD4*", CD3*
CD8*7, and CD3* HLA-DR*~ EVs can effectively stimu-
late cell-mediated immune responses. The proportion
and functional alterations of T cell subsets exert signifi-
cant roles in the occurrence and development of GvHD.
Thus, detecting the variations of EV subsets derived
from T cells might constitute a more direct and practi-
cal approach for monitoring the occurrence of GvHD. In
contrast to other conventional biomarkers, CD3* CD8*
and CD3* HLA-DR* may exhibit superior performance
in in monitoring and assessing aGvHD. The researchers
independently developed a novel EV technology plat-
form for automatic acoustic capture and separation to
overcome the technical bottleneck of separating EVs
from small plasma volumes. They found that the amount
of EV captured in plasma increased more than two-fold
in most patients after allo-HSCT [18]. The expression
of platelet-specific miR-142-3p in EVs after transplanta-
tion is closely correlated with the expected platelet count
dynamics. More importantly, the authors also found that
some miRNAs in plasma EVs were strongly correlated
with the occurrence and development of GvHD. These
research results imply that the monitoring of circulating
EVs is expected to become a valuable biomarker for the
occurrence and development of GvHD and the prognosis
of treatment (Fig. 3).

The membrane antigen components of circulating EVs and
the diagnostic application of GvHD

Studies have demonstrated that specific membrane
components of EVs, such as lipids and membrane pro-
teins, as well as their contents, including nucleotides
and metabolites, are closely associated with the occur-
rence and progression of diseases. Recently, studies have
shown that surface antigens of EVs have a potential cor-
relation with the occurrence of aGvHD (70-71). Baur et
al. [72]. discovered that circulating EVs in the plasma of
patients after allo-HSCT, expressed PD-L1 and PD-L1*
EVs, attained the peak of PD-L1 expression 6 weeks
after allo-HSCT. The expression of PD-L1 in these EVs
was associated with their capacity to inhibit T cells and
the emergence of GvHD. The development of aGvHD is
closely related to the appearance of EVs with high PD-L1
expression in allo-HSCT post-transplantation. More-
over, the expression level of PD-L1 in patients is posi-
tively correlated with the severity of GvHD. And PD-L1
expression levels will significantly decrease only after
successful treatment of GvHD. The above results sug-
gest that PDL1 EVs may be used to monitor the clinical
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efficacy of GVvHD treatment. In another study, Lia et al.
[70]. detected serum EVs of 41 patients with multiple
myeloma who received allo-HSCT using 13 antibodies
against specific membrane proteins and found that the
membrane antigens CD146, CD31, and CD140-a" EVs
had a strong correlation with the appearance of aGvHD.
Among them, CD146 (MCAM-1) increased the risk of
aGvHD by nearly 60%, whereas CD31 (PECAM-1) and
CD140 (PDGFR) decreased the risk of almost 40% and
60%, respectively. The emergence of EVs with differential
expression of membrane antigens indicates that the risk
of aGvHD significantly increases for patients after trans-
plantation. The variations of EV subpopulations may pre-
cede the clinical manifestations of GVHD, offering crucial
early warning information for the early prevention and
clinical intervention of GvHD. In a follow-up study, Lia
et al. [71]. further observed and monitored the expres-
sion profiles of CD146, CD31, CD140a, CD120a, CD26,
CD144, CD30, and their miRNA loading on EVs in 32
consecutive patients, which showed a significant corre-
lation with the pathogenesis of aGvHD. They also found
that the expression profile of EVs and plasma biomark-
ers (such as ST2, sSTNFR1, and REG3a) potentially corre-
lated with aGvHD. The combination of CD146, sTNFRI1,
and miR-100 or miR-194 in EVs was closely related to
the pathogenesis of aGvHD. Its diagnostic efficacy, indi-
cated by an AUROC (area under the receiver operating
characteristic curve)>0.975, suggested that the expres-
sion profile of EVs was expected to be a promising bio-
marker for the early diagnosis of aGvHD. The above
studies have demonstrated that the abnormal alterations
in the expression profiles of membrane antigen compo-
nents of EVs and their carried contents, such as nucleo-
tides or proteins, are closely associated with the disease
occurrence and progression of GvHD. The individual or
combined detection of EV components is anticipated to
become an excellent biomarker for the early diagnosis or
prognosis monitoring of aGvHD.

The nucleotide components of circulating EVs and their
diagnostic application in GvHD

Recent studies have shown that miRNAs encapsulated
by circulating EVs in patients are expected to be prom-
ising biomarkers for the early monitoring of aGvHD and
cGvHD. Lim et al. [18]. showed that miRNAs in plasma
EVs can predict GvHD and correlate with disease sever-
ity and patient survival. The authors utilized acoustic flu-
idic capture technology to capture EVs in plasma samples
from 20 consecutive patients with high-risk/relapsed
hematological malignancies 12 weeks pre- and post-allo-
HSCT. They ascertained that the number of EVs in most
patients increased by more than 2-fold after transplanta-
tion. Through the analysis of the miRNA expression pro-
filing of EVs, the expression of miR-15b-3p, miR-30a-5p,
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Current studies demonstrate that EVs in the plasma or serum of GvHD patients are expected to become significant markers for diagnosing acute and
chronic GvHD. By detecting changes in the quantity, subtype, and content of EVs in patients’ blood, researchers can effectively predict the onset and
progression of GvHD. This approach provides an important reference basis for clinical practice. GvHD, Graft-versus-host hisease; EVs, Extracellular vesicles;
CD146, Cluster of Differentiation 146; PDL-1, Programmed cell death-ligand 1; miR-100, miRNA-100; miR-128, miRNA-128

miR-130a-3p, miR-145-5p, and miR-342-3p in plasma
EVs was conspicuously augmented after transplanta-
tion; in contrast, the expression of miR-18a-5p, miR-
92b-3p, miR-93-5p, miR-141-3p, and miR-486-5p was
significantly diminished. Importantly, they found that
upregulated miRNAs in plasma EVs were positively cor-
related with infection and GvHD, respectively, while the
downregulated miRNAs were negatively correlated with

these complications. Furthermore, platelet-specific miR-
142-3p expression was also associated with expected
platelet count dynamics in graft EVs. This study reveals
that it is crucial to construct a rapid separation tech-
nology platform for plasma EVs based on acoustic prin-
ciples and elucidate EV miRNA’s important significance
as a potential biomarker for early prevention and diag-
nosis of infection or GvHD after allo-HSCT. In another
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study, Lacina et al. [73]. performed the detection of
miRNA expression profiles in 3 patients with cGvHD
and 4 patients without cGvHD and no disease symp-
toms and identified that there were three differentially
expressed miRNAs in patients with cGvHD, namely hsa-
miR-29¢-3p, hsa-miR-374b-5p, and hsa-miR-630. Among
them, the latter two levels were significantly decreased by
2.7-fold and 4.1-fold, respectively, while the expression
of hsa-miR-29c-3p was elevated considerably by 5.8-fold.
These results suggest that the miRNA profiles of plasma
EVs might be used as markers for the pathogenesis of
cGvHD.

In 2005, the new consensus standard classification
established by the National Institutes of Health (NIH)
defined aGvHD that occurs more than 100 days after
transplantation as late-onset aGvHD (LA GvHD) [39].
According to this NIH definition, approximately 20—-40%
of patients with ¢cGvHD may be reconsidered as LA
GvHD. LA GvHD is also associated with higher non-
relapsed mortality after allo-HSCT compared to non-
GvHD [74]. The underlying mechanism of LA GvHD
remains poorly understood, and the identification of
differentially expressed miRNAs in EVs is of significant
importance in revealing the role of miRNAs in this dis-
ease. Yoshizawa et al. [75]. collected EVs from the plasma
of 5 patients with LA GvHD, 5 patients with non-GvHD,
and 8 healthy controls and performed miRNA expression

Table 1 Diagnostic value of EVs in GvHD
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profiling. They identified 55 miRNAs with differential
expression between LA GvHD and non-GvHD. Among
them, through conducting further verification on the 10
miRNAs (such as miR-19a, miR-30c¢, miR-125b, miR-128,
miR-142-3p, miR-191, miR-193a, miR-193b, miR-423-5p,
and miR-574-3p) that were most differentially expressed,
miR-128 was upregulated to a significantly greater extent
in the pathogenesis of LA GvVHD, with an area under
the curve (AUC) of 0.975. Previous studies have indi-
cated that miR-128 shows abnormal expression in the
tissues and blood samples of some patients with malig-
nant tumors and is associated with tumor progression.
Moreover, MirTarBase analysis showed that miR-128
target genes were involved in the immune system and
inflammatory response. These results further imply that
miR-128 present within EVs is expected to act as a novel
and non-invasive biomarker for the early diagnosis of LA
GvHD (Table 1). Overall, the attribute of circulating EV
miRNA constitutes a non-invasive and highly promising
biomarker for the early diagnosis of acute, chronic, and
late-onset GvHD.

Circulating EVs and the medication and prognosis
monitoring of GvHD

Treatment with rabbit anti-T lymphocyte globulin
(ATLG) is an effective strategy for the prevention of
GvHD, and its effectiveness in preventing GvHD has

EV Types Cargoes Change Clinical Ref
outcome
Plasma miR-15b-3p, miR-30a-5p, 1 The miRNAs in plasma EVs can predict GvHD and are closely associated  [18]
EVs miR-130a-3p, miR-145-5p, and l with the severity of the disease and the survival of the patient
miR-342-3p
miR-18a-5p, MiR-92b-3p, MiR-93-
5p, miR-141-3p, and miR-486-5p
Plasma EVs PEVs and EryEVs 1 PEVs and EryEVs for assess [67]
the endothelial injury and procoagulant activity of allo-HSCT survivors
Plasma 1 The counts of TEVs and EryEVs are closely related to aGvHD el
EVs
Serum CD3*CD4*-, CD3*CD8*, 1 The levels of T-cell-specific CD3*CD8*- and CD3*HLA-DR* EVs are n7
EVs CD3*HLA-DREVs strongly correlated with aGvHD
Plasma The membrane antigens CD31, 1 CD31*-, CD140-a*-, and CD146™- EVs are closely related to aGvHD [70]
EVs CD140-a, and CD146 of EVs
Plasma CD146, sTNFRT, and 1 CD146, sTNFR1, and miR-100 [71]
EVs miR-100 or miR-194 or miR-194 are closely
related to aGvHD
Plasma PD-L1"EVs i PD-L1* EVs are strongly [72]
EVs correlated with aGvHD
Serum CD69" EVs 1 CD69" EVs are associated [76]
EVs with aGvHD risk
Plasma miR-29¢-3p, 1 The miRNA spectrum in plasma EVs for the diagnosis of cGvHD [73]
EVs miR-630, and miR-374b-5p l
Plasma EVs miR-128 1 Employed for the early non-invasive diagnosis of LA GvHD [75]

Abbreviations: EVs, Extracellular vesicles; ROC, Receiver operator characteristic curve; Ref, Reference; GvHD, Graft-versus-host disease; aGvHD, Acute GvHD; cGvHD,
Chronic GvHD; LA GvHD, Late-onset aGvHD; miR, miRNA; EryEVs, Erythrocyte-derived EVs; PEVs, Platelet-derived EVs; PD-L1, Programmed cell death-ligand 1;

STNFR1, Soluble tumor necrosis factor receptor 1
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been demonstrated in randomized studies. However,
its impact on relapse remains a significant concern for
broader application. Therefore, the early adjustment of
the ATLG dosage in line with the host characteristics is
expected to minimize its side effects (such as immune
reconstitution, recurrence, and infection), representing
an effective means to improve the clinical intervention
of ATLG. Storci et al. [76]. found that the serum ATLG
activity level was significantly decreased in 23 patients
with GvHD. Meanwhile, the concentration of CD69* EVs
in patients with GvHD increased at the time before infu-
sion. The researchers obtained consistent results in 12
other validation cohorts of HSCT patients who received
ATLG treatment. These results suggest that high levels
of serum CD69" EVs are significantly correlated with an
augmented risk of GvHD, and are anticipated to be an
effective means for customizing ATLG dose monitoring
for individualized prevention of GvHD.

Therapeutic effects of EVs in GvHD and its related
complications

Long-term suppression of the host immune system and
methods to improve transplant tolerance remain the
main challenges in organ transplantation and GvHD [77].
MSC-EVs have been used in the treatment of a variety
of immune diseases. Allogeneic human MSC products
can be used in the clinical treatment of GvHD, but clini-
cal application data indicate that these MSC products

Table 2 Application of MSC-EVs in treating GvHD
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have certain limitations in treatment practice. Many
patients with aGvHD respond to cell therapy of human
bone marrow/umbilical cord MSCs/stem cells. How-
ever, the mechanism of these cells to improve complica-
tions related to aGvHD remains to be clarified. MSC-EVs
are due to their unique biological distribution and sig-
nificant dose-dependent therapeutic effects. The unique
immunomodulatory properties of MSC-EVs make them
particularly important in grafts in which the immune
system is overactive, such as allo-HSCT. Recent studies
have revealed that MSC-EVs have promising therapeutic
effects in preclinical and clinical studies. Some specific
miRNAs, membrane proteins, membrane lipids, and sol-
uble factor binding components carried by MSC-EVs can
treat GVHD and its related complications through vari-
ous mechanisms, such as regulation of T cell-mediated
adaptive immunity and APC-mediated innate immunity
and direct regeneration of injured target organs.

Therapeutic effects of EVs in aGvHD

MSCs have been utilized in treating aGvHD, ¢cGvHD, and
their associated complications, as they discharge a wide
range of mediators, including immunosuppressive mol-
ecules, growth factors, chemokines, and EVs (Tables 2
and 3) [89]. Studies have investigated the effects of MSC
administration on aGvHD, with differing results. Increas-
ing evidence suggests that MSC-derived cytokines, EVs,
and other components are critical in alleviating GvHD.

Source of EVs Cargoes Target genes Effects Ref
or pathways
hBMMSC-EVs - - - [25]
hucMSC-EVs ATOs mTOR-autopha-  Promote the polarization of macrophage M1 to M2 type and reduce the severity of aGvHD  [29]
gy pathway
hucMSC-EVs, miR-204 IL-6/IL-6R/ Amelioration of cGvHD-associated dry eye via regulation of M2 macrophage polarization [78]
mBMMSC-EVs STAT3 pathway
hBMMSC-EVs miR-125a-3p - Inhibit the functional differentiation of naive T cells into effector T cells and maintain CD4*  [79]
CXCcL12 CD25* Foxp3* Treg
in aGvHD
hBMMSC-EVs - - Inhibited CD4* T cells and Th17 cells, and induced Tregs in cGvHD [80]
MBMMSC-EVs  miR-21 Targeted the Improved immunomodulatory properties of regulatory [81-
PTEN/AKT/Foxp3  Tregs in cGvHD 82]
pathway
hBMMSC-EVs CcD73 - Promoted adenosine-based immune suppression in x-GvHD [83]
hPMSC-EVs - - Promoted the treatment of [84]
chronic skin GvHD
ihESC-EVs - - Enhanced Tregs production via an APC-mediated pathway in x-GvHD [85]
hucMSC-EVs miR-223 ICAM-1 Reduced the migration of donor T cells and the expression of inflammatory cytokines in [86]
mb-MSC-EVs aGvHD
hucMSC-EVs - - Regulating immune response in aGvHD [87]
hBMMSC-EVs - - Regulate the subsets of DCs and T cells as well as their functions, and restrain the inflamma-  [88]

tory response in aGvHD

Abbreviations: EVs, Extracellular vesicles; apoEVs, EVs released by apoptotic cells; Ref, Reference; miR, miRNA; MSC/MSCs, Mesenchymal Stromal/Stem Cells;
mBMMSCs, Murin bone marrow MSCs; hBMMSCs, Human bone marrow MSCs; HucMSCs, Human umbilical cord MSCs; hPMSCs, Human placenta MSCs; ihESCs,
Immortalized human embryonic stem cell-derived MSCs; DCs, Dendritic cells; ATOs, Arsenic trioxides; GvHD, Graft-versus-host disease; aGvHD, Acute GvHD; cGvHD,
Chronic GvHD; x-GvHD, Human-into-mouse xenogeneic GvHD; Tregs, Regulatory T cells; ICAM-1, Intercellular adhesion molecule-1
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Table 3 Ongoing clinical trials concerning MSCs and MSC-EVs for the intervention of GvHD and its associated complications

No. Study title* Status Condition Intervention NTC number

1 Sequential administration of WJ-MSCs for the treatment Not yet recruiting; aGvHD LV. of WJ-MSCs NCT06304025
of GvHD refractory to second-line treatment Phase 1/2

2 Umbilical cord mesenchymal stem cells as first-line Recruiting; aGvHD Infusion of NCT05531266
treatment for patients with acute graft versus host Not applicable hUCMSCs
disease

3 Mesenchymal stem cells for the treatment of Unknown status; aGvHD Infusion of NCT01765634
refractory acute graft versus host disease Phase 2 hBMMSCs

4 Interferon y-primed mesenchymal stromal cells as Suspend; aGvHD Infusion of NCT04328714
prophylaxis for acute graft v host disease Phase 1 hBMMSCs

5 Placenta-derived mesenchymal stem cells and placenta- Not yet recruiting; aGvHD Infusion of IRCT20140818018842N40
derived mesenchymal stem cells exosomes in the treat- Phase 1/2 hPMSC-sEVs
ment of acute GvHD

6 Treatment of severe acute GVHD after allogeneic hema- Recruiting; aGvHD Infusion of NL-OMON41587
topoietic stem cell transplantation with steroids versus  Phase 3 MSCs

MSC and steroids. A prospective double-blind placebo-
controlled randomized phase Il trial

7 MSC for severe aGVHD Unknown status; Severe hMSCs NCT03631589
Phase 2/3 aGVHD
8 Safety and efficacy of UC-MSC in patients with Unknown status;  Acute Infusion of NCT01754454
acute severe graft versus host disease Phase 1/2 severe hUCMSCs
GvHD
9 Infusion of allogeneic bone marrow mesenchymal Completed; SRaGvHD  Infusion of NCT02824653
stem cells in patients with steroid-refractory GVHD Phase 1/2 hBMMSCs
10  Treatment of steroid-resistant GVHD by infusion MSC Completed; SRaGvHD  Infusion of NCT00827398
Phase 1/2 hMSCs
11 Efficacy and safety of UC-MSCs for the treatment of Completed; SRaGvHD Infusion of NCT04738981
steroid-resistant aGVHD following allo-HSCT Phase 3 hUCMSCs
12 Mesenchymal stem cells as first treatment line for Unknown status; SRaGvHD Infusion of NCT02770430
resistant acute graft versus host disease Phase 2 hBMMSCs
13 Extracorporeal photopheresis and Not yet recruiting; HR/SRa LV.of alloge- NCT05333029
Mesenchymal stem cell infusion for GVHD Phase 2 GvHD neic MSCs
14 Dose-escalation trial of mesenchymal stromal cells Not yet recruiting; Xerosto- Local injection NCT06392711
in patients with medical xerostomia Phase 1 mia of BMMSCs
(GvHD)
15 BMT autologous MSCs for GvHD Completed; a/cGvHD  I.V.of autolo- NCT02359929
Phase 1 gous BMMSCs
16  MSCs combined with CD25 monoclonal antibody and Unknown status; aGvHD Infusion of NCT02241018
calcineurin inhibitors for treatment of steroid-resistant  Phase 2/3 BMMSCs
aGVHD
17 A Study of CYP-001 in combination with Recruiting; SRaGvHD Infusion of NCT05643638
corticosteroids in adults with high-risk aGvHD Phase 2 CiPSC-MSCs
18  Addition of cord blood tissue-derived mesenchymal Recruiting; SRaGvHD Infusion of NCT04744116
stromal cells to ruxolitinib for the treatment of steroid-  Early Phase 1 hUCMSCs

refractory cells
acute graft versus host disease

19  Mesenchymal stromal cells (MSCs) for the treatment Unknown status; Severe Infusion of NCT01764100
of graft versus host disease (GVHD) Phase 1 (Grade hMSCs
lI-1v)
SRaGvHD
20 A prospective study of remestemcel-L, ex-vivo cultured Completed; SRaGvHD Infusion of NCT02336230
adult human mesenchymal stromal cells, for the Phase 3 hMSCs

treatment of pediatric participants who have failed to
respond to steroid treatment for acute graft-versus-host
disease (aGVHD)

21  Mesenchymal stem cells (MSCs) for Withdraw; SRaGvHD Infusion of NCT05443464
steroid refractory acute GVHD (SR-aGVHD) Phase 1 hBMMSCs

22  Safety and efficacy study of adult human mesenchy- Completed; GvHD Infusion of NCT00136903
mal stem cells to treat acute graft versus host disease Phase 2 hMSCs

(GVHD)
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Table 3 (continued)
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No. Study title* Status Condition Intervention NTC number
23 Clinical research of umbilical cord-derived mes- Recruiting; GvHD Infusion of ChiCTR1900022292
enchymal stromal cells in the prophylaxis of graft- Phase 4 hUCMSCs
versus-host disease after HLA-haploidentical stem-cell
transplantation
24  Efficacy and safety study of allogenic mesenchymal Unknown status; cGvHD Bone marrow  NCT01526850
stem cells for patients with chronic graft versus host Phase 2/3 injection
disease of hMSCs
25  MSC for the treatment of cGVHD after allo-HSCT Unknown status;  c¢GvHD Infusion of NCT04692376
Phase 2 BMMSCs
26 Effect of PMSCs and their secretome for Completed; GvHD Infusion /skin NCT06469411
the treatment of GvHD Phase 3 spray of hPM-
SCs and their
secretome
27  Mesenchymal stem cells for the treatment of Unknown status; c¢GvHD Infusion of NCT01765660
refractory chronic graft versus host disease Phase 2 BMMSCs
28 Treatment of chronic oral graft versus host disease with  Recruiting; Oral hUCMSCs NCT06149832
human umbilical cord mesenchymal stem cell dressing  Phase 4 cGvHD dressing
29 Effect of UMSCs derived exosomes on dry eye Completed; cGvHD- Eye drops of NCT04213248
in patients with cGVHD Phase 1/2 related hUCMSC-sEVs
DES

* Study titles are indicated as listed on ClinicalTrials. https://clinicaltrials.gov/. and https://trialsearch.who.int/ Accessed 30 August 2024

Abbreviations: EVs, Extracellular vesicles; sEVs, Small EVs; GvHD, Graft-versus-host disease; aGvHD, Acute GvHD; cGvHD, Chronic GvHD; LA GvHD, Late-onset aGvHD;
HRaGvHD, High-Risk aGvHD; SRaGVvHD, Steroid-refractory aGvHD; x-GvHD, Human-into-mouse xenogeneic GvHD; MSC/MSCs, Mesenchymal Stromal/Stem Cells;
WJ-MSCs, Wharton'’s jelly MSCs; BMMSCs, Bone marrow MSCs; hMSCs, Human MSCs; hUCMSC/UC-MSCs/UMSCs, Human umbilical cord MSCs; CiPSC-MSCs, Cymerus
induced pluripotent stem cell (iPSC)-derived MSCs; hPMSCs, Human placenta MSCs; ihESCs, Immortalized human embryonic stem cell-derived MSCs; mb-MSCs,
Murine compact bone MSCs; MDSCs, Myeloid-derivative-suppressor cells; BMT, Bone marrow transplantation; IFN-y, Interferon gamma; HLA, Human leukocyte

antigen; DES, Dry eye syndrome

Kordelas et al. [25]. were the first to report a clinical
case of mucosal GVHD after PBSCT for myelodysplastic
syndrome. A female patient developed moderate muco-
sal GvHD after her first allo-HSCT using PBSC from an
HLA-identical female donor for myelodysplastic syn-
drome at age 13. At age 20, she was diagnosed with sec-
ondary AML and underwent a second allogeneic stem
cell transplant with PBSC from a male donor of the same
HLA, resulting in hyperacute skin GvHD (Grade 4).
The patient experienced severe intestinal and cutaneous
GvHD, treated with steroids and MSC-EVs. Shortly after
starting MSC-EV therapy, the pro-inflammatory cyto-
kine response in peripheral blood mononuclear cells sig-
nificantly decreased, leading to a marked improvement in
GvHD symptoms: diarrhea severity was notably reduced
post-treatment. Skin and mucosal GvHD also showed
significant improvement within 2 weeks and remained
stable even after 4 months of MSC-EV treatment. Con-
sequently, steroid dosage was reduced from 125 mg to
30 mg per day. The patient’s condition stayed stable for
several months. Although the patient ultimately passed
away from pneumonia seven months after receiving
MSC-EVs, these promising results suggest that MSC-EVs
may offer a novel and safe approach for treating refrac-
tory GvHD and other inflammation-related disorders.

EVs improve GvHD by regulating the function of CD4* and
CD8* T cells

Cord blood-derived multipotent stem cells (CB-SCs)
were found to improve the development of the GvHD
response in xenohuman PBMC-induced NSG mouse
models in vivo. Mechanistically, CB-SCs improve alloge-
neic response in vitro, an effect associated with CB-SC-
derived EVs that suppress the proliferation and activation
of T cells in allogeneic mixed lymphocyte cultures [90].
The dysfunction of CD4" T cells in GvHD may be an
essential factor aggravating GvHD. A recent study by Li
et al. [91]. revealed that hucMSC-EVs can efficaciously
reduce damage from GvHD by alleviating disorders of
redox metabolism and inflammatory cytokine bursts in
CD4" T cells. Moreover, the authors discovered that miR-
16-5p, which is abundantly present in hucMSC-EVs, can
alleviate endoplasmic reticulum stress and decrease the
apoptosis of CD4" T cells through targeted inhibition
of the ATF6/CHOP signaling axis, facilitate the devel-
opment of CD4" IL-10" T cells, and restore immune
homeostasis during the pathogenesis of GvHD. Wang et
al. [87]. found that hucMSC-EV treatment could regulate
the immune response to prevent life-threatening aGvHD.
Further investigations disclosed that the infusion of EVs
conspicuously mitigated the clinical score and patho-
logical impairment in mice afflicted with aGvHD and
diminished their mortality rate. After EV treatment, the
frequency and absolute quantity of CD3*CD8" T cells
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were significantly decreased, whereas the proportion of
CD3*CD4" and CD3*CD8" T cells escalated; the con-
centrations of IL-2, IFN-y, and TNF-a in serum dropped,
while the level of IL-10 in serum ascended. In vitro exper-
iments showed that EVs could dose-dependently inhibit
mitogen-induced splenocyte proliferation, inhibit the
expression of pro-inflammatory cytokines levels of IL-2,
IFN-y, and TNF-a, and promote the expression of IL-10.
The results of this study also suggested that hucMSC-EVs
are an ideal alternative for the prevention of aGvHD after
allo-HSCT.

The miRNAs within EVs derived from bone marrow
MSCs play a crucial role in regulating immune responses;
however, the function of miRNAs in treating aGvHD
remains undefined. Liu et al. [86] uncovered through
high-throughput sequencing that miR-223 was strikingly
highly expressed in both hucMSC-EVs and mBMSC-EVs
and disclosed that miR-223 derived from MSC-EVs could
diminish donor T cell migration by targeting ICAM-1,
thereby mitigating the symptoms of aGvHD. Mechanis-
tic studies showed that miR-223 could inhibit ICAM-1
expression in mouse lymphatic endothelial cells to inhibit
T-cell adhesion and migration, and miR-223 AgomiR
infusion could alleviate the clinical symptoms of aGvHD,
reduce donor T cell infiltration into the spleen, liver, and
intestinal tract, and reduce the expression of the inflam-
matory cytokines IFN-y, TNF-a, and IL-17. Fujii et al.
[79]. systematically administered human bone marrow
MSC-EVs not only prolonged the survival of aGvHD
mice but also reduced the damage of various target
organs of GvHD. In GvHD mice treated with EVs, CD4*
and CD8" T cells were inhibited, and the proportion of
CD62L" CD44" and CD62L* CD44°T cells was reduced,
suggesting that EVs can inhibit the functional differentia-
tion of T cells from the naive phenotype to the expression
of the effector phenotype. In addition, EVs also pre-
served the CD4* CD25" Foxp3* regulatory T-cell popu-
lation. Amarnath et al. [83]. found that CD73-expressing
BMMSC-EVs mediated adenosine-based immunosup-
pression and could improve x-GvHD. The authors first
established an x-GvHD model of human CD4" Thl cell
death and explored immunomodulation using clinical-
grade BMMSC products. BMMSCs could reverse the
established, lethal x-GvHD by significantly inhibiting the
Th1 cell effector function. The implantation of BMMSCs
was limited to the lungs without affecting regulatory
T cells, suggesting that the paracrine mechanism of
BMMSCs was the key mechanism mediating this effect.
Further studies found that serum CD73-expressing MSC-
EVs in BMMSCs recipients increased significantly and
promoted adenosine accumulation in vitro. BMMSC-
mediated immunomodulatory effects were wholly abol-
ished by drug therapy with adenosine A2A receptor
antagonists. To investigate the underlying mechanisms
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and reveal their potential clinical relevance, we examined
the content of MSC-EVs in serum samples collected from
patients before and after treatment with BMMSCs. We
found that MSC-EVs expressing CD73 promoted adenos-
ine accumulation in serum samples from patients after
treatment with BMMSCs. BMMSCs effectively modu-
late experimental GvHD by promoting adenosine-based
immunosuppression through paracrine activation.

EVs improve GvHD by regulating the function of regulatory T
cells

Zhang et al. [85]. found that EVs derived from immor-
talized human embryonic stem cell-derived MSCs
increased T-reg production in mice with allogeneic skin
grafts but not in engrafted mice. MSC-EVs were jointly
utilized in combination with mouse splenic CD4" T
cells activated by anti-CD3/CD28 monoclonal antibod-
ies or splenic CD11c"* cells that are rich in allogeneic
antigen-presenting cells (APCs) to determine whether
mouse CD4" CD25" T cells or CD4* CD25" Foxp3* cells
could be induced. MSC-EVs have also been utilized in
a lethal human-SCID chimeric mouse GvHD model. In
this model, human PBMC was infused into irradiated
NSG mice to induce GvHD. MSC-EVs can induce CD4*
CD25" T cells or CD4" CD25* Foxp3* Tregs activated
by allogeneic CD11c* cells rather than those activated
by anti-CD3/CD28 monoclonal antibodies. This induc-
tion effect demonstrates a dose-dependent relationship
with EVs. MSC-EVs attenuated symptoms of GvHD and
increased survival in a murine model of a GvHD induced
by a human antimouse CD4" T cell effector stimulated
by transplanted human APC. The levels of human CD4*
CD25" CD127°""~ Tregs in surviving MSC-EVs-treated
mice were significantly higher than those in surviving
mice treated with the TNF inhibitor etanercept. MSC-
EVs facilitate the generation of regulatory T cells in vivo
and in vitro via the APC-mediated pathway.

EVs improve GvHD by regulating the function of other
immune cells and the inflammatory response

MSC-EVs have been found to alleviate GvHD and
preserve the graft-versus-leukemia (GVL) effect by
inhibiting the immunomodulatory functions of DCs,
macrophages, and T lymphocytes in allo-HSCT animal
models [92]. Treatment with MSC-EVs can effectively
reduce the clinical symptoms of GvHD patients after
HSCT and significantly improve the survival rate of
HSCT recipients. Studies in GvHD patients have shown
that MSC-EVs inhibit the release of IFN-y and TNF-a
through activated NK cells, thus reducing the lethal func-
tion and inflammatory response of NK cells [93]. MiRNA
microarray screening showed that miR-125a-3p was
the most significantly upregulated in EV, and its down-
stream target genes were closely related to the inhibition
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of T-cell proliferation. Recently, Li et al. [88]. found that
hBMMSC-EVs could reduce pathological damage caused
by aGvHD and promote the survival of mice by regulat-
ing the function of DCs and T cell subsets and inhibit-
ing the inflammatory response of mice. The intervention
of EV resulted in a decrease in the expression of IL-2,
IFN-y, and TNF-q, an increase in the expression of IL-10,
reduced body weight loss, clinical scores, and mortality
in aGvHD mice. Further studies found that EV treatment
resulted in a 7- to 8-fold increase in CD8a* and CD11b*
conventional DCs and changed the subsets of helper T
cells and Tregs, reducing the proliferation of cytotoxic
T cells, which was conducive to inflammation suppres-
sion in aGvHD mice. Because human experimentation
is strictly restricted by moral, ethical, legal, and other
factors, the human-mouse GvHD model (xenogeneic
GvHD, x-GvHD) has become an ideal experimental tool
for GvHD research because of its reliability and stability.

Therapeutic effects of EVs in cGvHD and GvHD-related
complications

c¢GVHD is a systemic, multi-organ syndrome; the main
affected target organs include the skin, eyes, liver, and
gastrointestinal tract. Norooznezhad et al. [84]. reported
a second case of EV treatment in a patient with cutane-
ous ¢cGVHD, showing clinically acceptable results for
both the team and the patient. The results remained
stable for 4 months without recurrence. This study only
investigated the treatment of hPMSCs with EVs. The
authors suggest that studies on BMMSC from other
sources, such as bone marrow, should be carried out to
treat cGvHD. In addition, changes in the environment
of BMMSCs could also be considered another vari-
able in future studies. The incidence and severity of skin
ulcers, wounds, keratinization, and atrophic lesions were
reduced, and wound healing was observed. Addition-
ally, there was a significant improvement in the degree of
sclerosis and dryness of the skin after treatment. Dry eye
syndrome (DES) associated with GvHD is characterized
by extensive inflammatory destruction of the ocular sur-
face, leading to unbearable pain and visual impairment.
Current clinical treatments have limited efficacy. Zhou
et al. [78]. reported that MSC-EVs can relieve GvHD-
related DES by inhibiting inflammation and improving
epithelial cell recovery in mice and humans. In a prospec-
tive clinical trial, the authors found that hucMSC-EVs
significantly improved the symptoms of 28 patients with
refractory GvHD-related DES. After intervention with
hucMSC-EVs, the fluorescein score was reduced, the tear
film break-up time was prolonged, tear secretion was
increased, and the OSDI score was reduced. Similarly, in
a mouse model of GvHD-related DES-induced by ben-
zalkonium chloride (BAC), the symptoms of DES were
effectively alleviated after treatment with mouse bone
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marrow MSC-EVs (mBMMSC-EVs). Mechanistic studies
found that a miR-204 molecule enriched in MSC-EVs can
target the IL-6/IL-6R/STAT3 signaling axis to reprogram
pro-inflammatory M1 macrophages into immunosup-
pressive M2 macrophages to attenuate DES. To evalu-
ate the safety and efficacy of MSC-EVs in a transplant
patient population, Lightner et al. [94]. used MSC-EVs
to treat isolated intestinal transplant patients (n =2), liver
allograft patients (n=2), modified multi-visceral trans-
plantation patients (n = 3), and GvHD patients (n=2). The
results showed that the clinical symptoms of all patients
improved within 24 h after EVs treatment, the serologi-
cal laboratory evaluation indicators, the lung symptoms
and skin manifestations of GvHD improved, and the graft
inflammation/rejection was entirely resolved histologi-
cally within 7 days after administration.

CD4* T cells and Th17 cells play a crucial role in the
pathogenesis of cGVHD [47, 49]. Lai et al. [80]. found that
hBMMSC-EVs could effectively prolong the survival of
¢GVHD mice, reduce the clinical and pathological scores
of mice, and inhibit the skin, lung, and liver fibrosis pro-
cess by exerting powerful immunomodulatory effects on
GvHD effector T cells. In the process of EVs intervention
in cGvHD, CD4" T cell activation and lung infiltration
were reduced, the expression of Th17 cell-related tran-
scription factors and pro-inflammatory cytokines was
significantly reduced, and the pathogenic T cells express-
ing IL-17 and regulatory cells inducing IL-10 expression
were inhibited. EVs blocked Th17 cell differentiation of
Th17 cells from PBMCs of healthy donors and patients
with ¢cGvHD in vitro and improved the Treg phenotype.
hBMMSC-EVs could enhance the survival of patients
with ¢GvHD and their pathological injury by inhibit-
ing Th17 cell proliferation and activity of Th17 cells and
inducing Treg expression. Early administration of MSC-
EVs to inhibit persistent Th17 cell-mediated inflamma-
tion may block the progression of the fibrotic stage by
exacerbating overactive inflammation levels. Therefore,
MSC-EVs are expected to be effective reagents for the
prevention or treatment of cGvHD.

Engineering EVs for the treatment of GvHD and its related
complications

Owing to its remarkable biocompatibility and physical
and chemical stability, EVs are regarded as outstanding
means of transportation by many researchers. Both huc-
MSC-EVs and arsenic trioxides (ATOs) have been shown
to treat aGvHD through immunomodulation. In addi-
tion to immunomodulation, hucMSC-EVs have a unique
drug delivery function, which is believed to improve their
activity (Fig. 4). ATOs are effective drugs for the treat-
ment of acute promyelocytic leukemia. In addition to
the direct intervention of ATOs in acute promyelocytic
leukemia, recent studies have also found that it can play
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GVHD results in multi-system damage, with aGvHD primarily impacting target organs such as the gastrointestinal tract, skin, and liver, while cGvHD can
affect all organ systems. Research has demonstrated that natural EVs from various sources can modulate the function and homeostasis of immune cells,
including T and B cells, through multiple mechanisms of action. This modulation may alleviate the progression of GvHD. Recent studies indicate that
engineered EVs can serve as an advanced drug delivery system to enhance the therapeutic efficacy of GvHD while minimizing numerous toxic side
effects. MSC-EVs have shown promise in alleviating both acute and chronic forms of GVHD. However, immunogenic proteins and elevated coagulation
factors present on the surface of these EVs may compromise their effectiveness in intervening against GvHD. Further research is essential to address these
potential challenges associated with EVs in treating GvHD. EVs, Extracellular vesicles; APC cell, Antigen presenting cell; NK cell, Natural killer cell; Treg cell,
Regulatory T cell; MSC/MSCs, Mesenchymal Stromal/Stem Cells; M1 and M2, M1 and M2 macrophages; miR-204, miRNA-204; ATOs, Arsenic trioxides; IL-6,
Interleukin 6; GVHD, Graft-versus-host disease; aGvHD, Acute GvHD; cGvHD, Chronic GvHD; LA GvHD, Late-onset aGvHD; HRaGvHD, High-Risk aGvHD;
SRaGVHD, Steroid-refractory aGvHD; x-GvHD, Human-into-mouse xenogeneic GvHD; TF/CD142, Tissue factor; KO, Knockout; CRISPR, Clustered regularly
interspaced short palindromic repeats
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an immunomodulatory role in inhibiting the develop-
ment of autoimmune disorders such as GvHD. Kavian et
al. [95]. found that applying ATOs can improve the clini-
cal symptoms of scleroderma GvHD mice. At the same
time, Liu et al. [96]. also found that ATOs can transfer
macrophages to the M2 state to prolong the survival of
aGVHD mice. Other research reports also show that
ATOs are expected to be a new method for the treat-
ment of immune disorders, such as experimental colitis
and autoimmune encephalomyelitis, rheumatoid arthri-
tis, and systemic lupus erythematosus [97-100], indi-
cating that ATOs may be expected to be a new method
for the treatment of GvHD. However, their wide clinical
use is limited due to significant toxicity. Therefore, the
use of hucMSC-EVs to deliver ATOs cannot only reduce
their toxicity but also improve the therapeutic effect of
GvHD. Su et al. [29]. prepared ATOs-loaded hucMSC-
EVs to intervene in aGvHD. In vitro and in vivo results
indicated that ATOs-hucMSC-EVs mainly reduced the
severity of aGvHD by regulating the mTOR autophagy
signal to reset inflammatory macrophages to the M2 phe-
notype without weakening the activity of GVL response.
In another study, Zhou et al. [78]. found that miR-204
rich in MSC-EVs could effectively relieve the clinical
symptoms of GvHD-related DES in both preclinical and
prospective clinical trials. Subsequently, to achieve more
efficient therapeutic efficacy, the authors constructed an
1929 cell line with miR-204 precursor overexpression by
gene manipulation and isolated L929-EVs overexpress-
ing miR-204, significantly weakening dry eye symptoms.
Establishing this engineered EV therapeutic platform also
brought new ideas and hope for treating complex GvHD-
related DES.

BMMSCs have been found to regulate T cell homeosta-
sis in vivo, thus protecting patients after allo-HSCT from
potentially fatal events of GvHD. Epidermal growth fac-
tor (EGF) has been reported to induce the expression of
miR-21 and AKT, which improves cell survival in vitro.
Additionally, the level of miR-21 is positively correlated
with Foxp3 expression of Foxp3 (forkhead box P3), which
affects the regulation of the natural function of Tregs.
Overexpression of miR-21 has been reported to enhance
proliferation, invasion, and differentiation damage to
BMMSCs. Zhu et al. (81-82) utilized EGF to facilitate
the phosphorylation of c-Jun in BMMSCs, thereby pro-
moting the expression miR-21 in BMMSC-EVs. This led
to an enhancement of the expression of Foxp3 in regu-
latory T cells (Tregs), thereby improving the therapeutic
effect of BMSCs on aGvHD. In the aGvHD mouse model,
EGF significantly increased the therapeutic efficacy of
BMMSC:s by reducing the expression of IFN-y and organ
damage. The skin is the site most frequently affected by
acute and chronic GvHD [101]. Systemic sclerosis (SSc)
and sclerodermatous-GvHD (Scl-GvHD) are chronic
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autoimmune diseases of connective tissue. Recent studies
have shown that MSCs are a promising method for treat-
ing autoimmune fibrotic skin diseases SSc and Scl-GvHD.
MSCs and their EVs play a crucial role in rebalancing
immune and inflammatory disorders, resisting oxidative
stress, and inhibiting overly activated fibrosis [102].

Regulatory T cells (Tregs) are a subset of CD4" T
cells, which can play a decisive immunosuppressive role
in autoimmune response diseases, including aGvHD,
and some miRNAs are involved in the pathophysiologi-
cal process of GvHD. EVs secreted by MSCs stimulated
by TGE-p combined with IFN-y have stronger immuno-
suppressive activity. They can promote monocyte trans-
formation into Tregs more effectively, among which
IDO may be a key mediator [103]. In addition, Wang et
al. [104]. found that apoptotic bodies released by IFN-y/
TGE-B1-stimulated apoptotic MSCs significantly inhib-
ited the proliferation of T cells, increased the number of
Tregs, maintained the activity of immunoregulatory T
cells, and reduced the expression of pro-inflammatory T
cells. These research discoveries suggest that the constit-
uents derived from MSCs induced by various stimulating
molecules (such as molecules like EVs and apoptotic bod-
ies) likewise offer novel strategies for treating of GvHD
and other immune-related disorders.

Studies have shown that the therapeutic MSCs used
for therapeutic purposes, as well as EVs secreted by host
vascular cells, and these EVs themselves, express varying
levels of high procoagulant tissue factor (TF/CD142) on
their surfaces [23, 105—-107]. TF/CD142 associated with
EVs is a crucial endothelial injury and coagulopathy bio-
marker. Intravenous infusion of MSC may affect the cell’s
hematological compatibility and safety [108—110]. There-
fore, clinicians must be cautious when handling MSC or
EV therapy to prevent potentially fatal thromboembolic
events during infusion or blood contact, especially in
patients with potential coagulopathy, such as GvHD and
COVID-19. The immunogenicity of EVs constitutes a sig-
nificant factor restricting their future clinical transforma-
tion and application [111]. At present, basic research has
yet to concentrate entirely on this challenge. Hence, it is
particularly urgent to gain an in-depth understanding of
the various factors influencing the potential immuno-
genicity of EVs and the strategies for reducing immune
recognition to enhance therapeutic efficacy. Hence,
eliminating or reducing the expression of TF/CD142 and
other immunogenic genes on the surface of MSCs and
their derived EVs through CRISPR (Clustered regularly
interspaced short palindromic repeats) technology and
different approaches can enhance the biocompatibility of
MSC-related products after intravenous infusion. These
strategies might serve as effective measures to augment
the therapeutic efficacy of MSCs or their derived EVs in
treating GvHD.
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Discussion and perspectives

In the past few decades, studies have shown that EVs
have the potential for clinical translation and application
in diagnosing and treating various diseases, including
GvHD, which has attracted widespread attention from
the medical research and clinical application fields. EVs
can be secreted and released by almost all cells and are
widely present in cell culture supernatant and various
body fluids, such as blood, urine, cerebrospinal fluid, and
saliva. The existence of the natural lipid bilayer structure
of EVs can protect the internal cargo from the degrada-
tion of cytoplasmic enzymes to allow the carrying of vari-
ous functional molecules such as nucleic acid, protein,
lipid, metabolites, and other components stably in the
extracellular environment; this unique advantage makes
EVs a circulating marker of clinical diagnosis and trans-
formation. Many studies have shown that the number of
circulating EVs, membrane protein, and internal nucleic
acid molecules are significantly different in the occur-
rence and development of aGvHD and cGvHD, which
further suggests that EVs may be used for the preven-
tion, diagnosis, and prognosis monitoring of GvHD as
well as guidance of clinical medication. By revealing the
expression profiles of EV proteins and nucleic acids and
the secretion levels of EVs in different cell subsets during
the occurrence and development of GvHD, it is expected
to become a promising biomarker for the prevention,
diagnosis, and monitoring of disease progression and
patient survival. However, challenges persist with insuf-
ficient sample sizes, lag isolation methods, and low EV
capture yields in EV-based clinical biomarker studies. To
overcome the technical bottleneck of EV separation from
small plasma volume and improve the yield of EV cap-
ture, the researchers independently developed a novel EV
technology platform for automatic acoustic capture and
separation [18]. The improvement of this technique holds
great promise for the early diagnosis of EV-based clinical
biomarkers of GVHD. In recent years, the EV separation
technology has continuously improved, especially with
the emergence of microfluidic and other technologies, so
that the cost of EV separation has reduced, the required
sample size has reduced, and the capture yield of EV has
continually improved [112]. The translational clinical
application of plasma-derived EVs in transplant-related
diseases will have a broader scope for application.

EVs have biological functions similar to mother cells
and advantages such as low immunogenicity, good bio-
compatibility, and a greater tendency to reach the injured
site. Therefore, in recent years, scientists are gradu-
ally trying to use natural EVs, especially MSC-EVs, to
treat complex and refractory diseases, including dia-
betes [113], systemic lupus erythematosus [114], rheu-
matoid arthritis [115], malignant hematological tumors
[116], GVHD [12, 27], and other immune disorders [117].
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Studies have shown that fibrosis caused by collective bar-
rier surface regeneration failure and maladaptive repair
plays a vital role in the pathogenesis and progression of
GvHD. Furthermore, median survival, GvHD clinical
score, and histological score improved in mice treated
with MSC-EV compared to untreated GvHD mice, and
prophylactic treatment with MSC-EV reduced the sever-
ity of GvHD and improved survival [118]. In addition to
MSCs, EVs derived from various immunosuppressive
cells can also inhibit the onset and progression of GvHD.
Myeloid-derivative-suppressor cells (MDSCs) suppress
the immune response. Some studies have shown that
MDSCs can inhibit GvHD by promoting Tregs activ-
ity, suggesting that MDSC-EVs may be a key component
in alleviating GvHD [26]. Although immunosuppres-
sive therapy could control inflammation associated with
aGvHD and cGvHD, damage to organ tissue homeostasis
will lead to long-term organ damage and affect patient
quality of life [6].

MSCs and their derived EVs improve aGvHD and, as
well as GvHD-related complications, by mediating tissue
regeneration and repair to reduce disease severity of dis-
ease and mortality. Unlike traditional nanomaterials, EVs
are gradually regarded as natural drug and gene delivery
carriers due to their better biocompatibility, safety, and
physical and chemical stability [119]. By loading a vari-
ety of bioactive molecules into EVs or performing specific
targeted modifications on the surface of EVs, these func-
tional EV modification strategies can not only improve
the internal circulation time of drugs, reduce drug clear-
ance rate, and reduce drug toxicities but also achieve
accurate targeted delivery of drugs, thereby improving
the efficacy of treatment. In recent years, some studies
have confirmed that engineered EVs can achieve the pur-
pose of improving the treatment of aGvHD and ¢cGvHD
and related complications by delivering nucleic acid or
drugs and other therapeutic molecules (29, 78, 81-82),
which also brings novel ideas and strategies for the
treatment of diseases. Previous studies have shown that
human BMMSC-EVs could treat acute steroid-refrac-
tory GvHD [25]. However, Madel et al. [120]. found that
the efficacy of hBMMSC-EV preparations in alleviating
symptoms in advanced mouse GvHD models needs to be
more consistent between batches. Therefore, standard-
ized MSC-EV production strategies may not guarantee
the production of MSC-EV products with repeatable
quality and effective mitigation of GvHD. Before admin-
istration, every MSC-EV preparation intended for clini-
cal application must thoroughly evaluate its therapeutic
efficacy both in vitro and in vivo.

Based on EVs, both therapy and drug delivery have
been proven to possess favorable safety and efficacy in
preclinical models and early clinical trials. Consequently,
EVs are anticipated to become the next-generation
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therapeutic and drug delivery systems. However, fac-
tors such as the origin and biogenesis of EVs, size,
endogenous/exogenous contents, production and stor-
age approaches, dosage, infusion rate, and biomolecu-
lar corona significantly influence their immunogenicity
[121]. Consequently, it is imperative to formulate meth-
odologies for minimizing the immunogenicity of EVs
to expedite clinical progress. In addition, there are still
some differences and controversies in the purification
and identification, bioactivity determination, and qual-
ity control of EVs derived from stem cells, including
embryonic stem cells and MSCs, and there still needs
to be unified standards. To address these challenges and
actively promote the research and application of stem
cell-derived EVs in the disease treatment field, the Extra-
cellular Vesicle Research and Application Branch of the
Chinese Research Hospital Association enlisted domes-
tic experts and scholars specializing in stem cell-derived
EVs. In 2022, for the first time, two national group stan-
dards, “Small Extracellular Vesicles Derived from Human
Pluripotent Stem Cells” (T/CRHA 002-2021) [122] and
“Small Extracellular Vesicles Derived from Human Mes-
enchymal Stem Cells” (T/CRHA 001-2021) [123], were
formulated and published.

Conclusions

Although EVs have broad application potential and
advantages in the diagnosis and treatment of diseases,
there are still many bottlenecks and challenges in clini-
cal translation and application, including purity and stan-
dard extraction, large-scale production and preparation,
and long-term in vivo application safety evaluation, still
have a long way to go. It is postulated that via the con-
certed endeavors of scholars specializing in EV research
both nationally and internationally, in conjunction with
the progressive enhancement of EV separation and puri-
fication technology, certain impediments that EVs con-
front in diagnosis and application will be successively
surmounted. Additionally, the application and transfor-
mation of stem cell EVs in the therapeutic management
of multiple intricate and recalcitrant clinical disorders
such as GvHD will also exhibit more promising prospects
and application values.
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