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A B S T R A C T

Background: Extracellular vesicles (EVs) are being considered as a potential therapeutic option for
ulcerative colitis (UC), and numerous preclinical studies have been conducted on the use of EVs
for UC.
Methods: A systematic review was conducted to compare the therapeutic effects of mammalian
EVs and placebo on UC in animal models, along with a meta-analysis comparing naïve (un-
modified) EVs and placebo. The search was performed in four databases (PubMed, Web of Sci-
ence, Scopus, and EMBASE) up to September 13th, 2023. The primary outcomes included disease
activity index (DAI), colonic mucosal damage index (CMDI), and adverse effects (PROSPERO ID:
CRD42023458039).
Results: A total of 69 studies were included based on pre-determined criteria, involving 1271
animals. Of these studies, 51 measured DAI scores, with 98 % reporting that EVs could reduce DAI
scores. Additionally, 5 studies reported CMDI and all showed that EVs could significantly reduce
CMDI. However, only 3 studies assessed adverse effects and none reported any significant adverse
effects. The meta-analysis of these studies (40 studies involving 1065 animals) revealed that naïve
EVs could significantly decrease the DAI score (SMD = − 3.00; 95 % CI: − 3.52 to − 2.48) and
CMDI (SMD = − 2.10; 95 % CI: − 2.85 to − 1.35).
Conclusion: The results indicate that mammalian EVs have demonstrated therapeutic benefits in
animal models of UC; however, the safety profile of EVs remains inadequate which highlights the
need for further research on safety outcomes.

1. Introduction

Ulcerative colitis (UC) is a type of inflammatory bowel disease (IBD), similar to Crohn’s disease and indeterminate colitis [1]. It is
an idiopathic, chronic inflammatory disorder of the colonic mucosa, beginning in the rectum and typically extending continuously
through part or all of the colon. However, some patients with proctitis or left-sided colitis may have inflammation extending to the
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caecum [2]. Symptoms may include bloody diarrhea, frequent bowel movements, abdominal pain, fatigue, and fecal incontinence [3].
Population aging and earlier diagnoses have led to an increasing incidence and prevalence of UC, especially in newly industrialized

countries [4]. The pathogenesis of UC is complex and not fully understood, but it is believed to involve genetics, immune response,
epithelial barrier defects, and dysbiosis in initiating and sustaining inflammation [5].

Treatment for UC depends on disease severity and the affected parts of the colon. Mild to moderate UC limited to the rectum and
lower colon is typically treated with oral or topical 5-aminosalicylic acid (5-ASA), while oral corticosteroids may be prescribed for
patients who do not respond well to 5-ASA treatment. Patients with moderate to severe UC may receive intravenous corticosteroids
(short courses), biologic monoclonal antibody medications or small molecule drugs. Surgery may be necessary for patients with severe
UC that does not improve with maximal medical treatment or for complications related to colorectal cancer prevention or treatment
[6].

Despite significant progress in research on UC, remission rates do not exceed 20–30 % in induction clinical trials and only reach
30–60 % among patients in real-life settings [5], indicating a need for more effective new therapies development.

Extracellular vesicles (EVs) are particles enclosed by a phospholipid bilayer that can be secreted by various cells. They contain a
variety of bioactive molecules, including proteins, lipids, and nucleic acids, and have been found to play important roles in inter-
cellular communication as well as the regulation of both physiological and pathological processes [7]. Therefore, EVs can be targeted
for treating diseases, used as a direct therapeutic application based on their endogenous bioactivity, or applied in drug delivery [8]. In
addition, there is a growing focus on researching the role of EVs in the treatment, diagnosis, and prognostic markers of tumors. EVs
have been found to mitigate the nephrotoxicity caused by the cisplatin [9], and showed potential as oncolytic agents [10]. Liquid
biopsy techniques, including EVs, are gaining increased attention for tumor diagnosis [11]. Immune checkpoints play a crucial role in
regulating immune responses. In the tumormicroenvironment, malignant cells can exploit the immunosuppressive effects of inhibitory
immune checkpoints to promote tumor progression [12]. Despite the occurrence of immune-related adverse events [13], blocking
inhibitory immune checkpoints has proven to be an effective strategy for cancer treatment; among these, PD-L1 is extensively studied
as an EV immune checkpoint [12]. Additionally, along with albumin [14] and Royal Marsden Hospital score [15], EVs also hold
promise for prognostic markers [16,17].

Further research has increasingly recognized the important roles of EVs in the immune system [18], their contribution to vascular
and epithelial barrier function in inflamed intestines and wound healing [19], their ability to modulate the intestinal microenvi-
ronment [20], and their anti-inflammatory properties [21]. EV therapy shows promising prospects in treatingUC, supported by
existing preclinical evidence. This review aims to evaluate the effect of EVs in UC animal models to facilitate clinical translation of EV
therapy.

2. Methodology

This review adheres to the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines [22] and has
been registered in the International Prospective Register of Systematic Reviews (PROSPERO; protocol ID: CRD42023458039).
Compared to the protocol, we have included additional content on utilizing the guidelines specified by the Grading of Recommen-
dations Assessment, Development and Evaluation (GRADE) for assessing evidence.

2.1. Search strategy

We conducted a comprehensive search of electronic bibliographic databases including PubMed, Web of Science, Scopus, and
EMBASE. The MeSH headings and keywords used in the search were “exosom*”, “secretom*”, “extracellular vesicle*”, “cell-derived
microparticle*”, “microvesicle*”, “proctocolitis”, “ulcerative colitis”, “colitis”, “inflammatory bowel disease”, “IBD”, “UC”, and
“ulcerat*" (Additional file 1). There were no restrictions on publication date, but the search was completed on September 13th, 2023.

All identified articles were imported into EndNote 20.6 and duplicates were removed. Two reviewers (Y.L. and Z.Y.) independently
screened all studies based on pre-defined inclusion and exclusion criteria. Titles and abstracts were initially reviewed, followed by a
full-text assessment of selected studies. Any discrepancies during the selection process were resolved by a third reviewer (M.C.).

2.2. Eligibility criteria

The studies included in this review met all of the following criteria, presented in a “PICOS” format.

2.2.1. Inclusion criteria

1. Population: In vivo mammalian animal model of UC.
2. Intervention: Mammalian EV without any restrictions on modification and route of administration.
3. Comparator: The comparator would be no treatment, placebo, or standard treatment. If there were multiple control groups, a non-
active control group (i.e., placebo) would be chosen.

4. Outcome: The primary outcome was disease activity index (DAI), colonic mucosal damage index (CMDI), and adverse effects. The
secondary outcome was colon length, histological score, and body weight. Studies that did not report any of the above outcomes
were excluded.

5. Study design: comparative pre-clinical studies. Controlled studies with a separate control group. No language restrictions.
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2.2.2. Exclusion criteria

1. Population: UC model with co-morbidities.
2. Intervention: No characterization of EVs (including morphology, size distribution, or EV markers) or if EVs are used only in
combination with other drugs.

3. Study design: Cross-over studies.

2.3. Data extraction

Four reviewers, divided into two groups (Y.L. and Z.Y., D.Z. and F.Z.), independently extracted data from each article. In cases
where discrepancies could not be resolved after discussion, two additional reviewers (D.Z. and M.C.) were consulted. Data was
extracted from the study text, tables, figures, supplementary materials, and cited references for methods using an online application
WebPlotDigitizer [23] when necessary. If an outcome was measured at multiple time points, only the data from the last time point was
included.

The extracted data included study characterization (first author, publication year, and country of the corresponding author/s),
study population (species, gender, age, weight), animal model (sample size and modeling method), intervention details (dose,
comparator, frequency, route of administration and follow-up period), information on EV (source, modification, collection medium
supplementation, vehicles, isolation and characterization method, characterization result, labeling and tracking, and immune-
biocompatibility), outcomes (DAI, CMDI, and adverse effects as the primary outcome; colon length, histological score, and body
weight as the secondary outcome), and the reported mechanisms from the study.

In addition to the above information if mesenchymal stem cells (MSCs) were the source of EVs their characterization would also be
extracted.

2.4. Quality and risk of bias assessment

The Systematic Review Centre for Laboratory Animal Experimentation (SYRCLE) risk of bias (RoB) tool [24] was utilized to assess
the risk of bias in this review. The SYRCLE’s RoB tool consists of six categories, encompassing a total of ten items. These categories
include: selection bias (sequence generation, baseline characteristics, allocation concealment), performance bias (random housing and
blinding of intervention), detection bias (random outcome assessment and blinding of outcome assessment), attrition bias (incomplete
outcome data), reporting bias (selective outcome reporting), and other sources of bias.

We evaluated the characterization outcome of MSCs (one of the source of EVs) and EVs in included studies based on the Inter-
national Society for Cellular Therapy (ISCT) [25] minimal criteria and the Minimal information for studies of extracellular vesicles
2018 (MISEV2018) [26], respectively.

The ISCT minimal criteria included the following: 1) adherence to plastic, 2) specific surface antigen expression (positive for
CD105, CD73, and CD90; negative for CD45, CD34, CD14 or CD11b, CD79α or CD19, and HLA-DR), and 3) in vitro differentiation
(osteoblasts, adipocytes, and chondroblasts).

MISEV2018 recommends using the term “extracellular vesicle” (EV) as the general name for particles that are naturally released
from cells and are enclosed by a lipid bilayer, and cannot replicate. To characterize EVs, MISEV2018 provides recommendations as
follows: 1) quantitation, 2) characterization of at least three positive protein markers of EVs (including at least one transmembrane/
lipid-bound protein and cytosolic protein) and one negative protein marker, and 3) characterization of single vesicles by two different
but complementary techniques. To determine the purity and reliability of the quantity measure, MISEV2018 also suggested reporting
the ratios of proteins: particles, lipids: particles, or lipids: proteins, along with global quantification estimates.

The quality of the outcomes was assessed in accordance with the guidelines specified by the GRADE [27]. We utilized the GRADE
profiler (GRADEpro GDT) to import data from Review Manager Software 5.4.1 for creating ‘Summary of findings’ tables.

The assessment of quality and RoB was completed by two independent reviewers (Y.L. and Z.Y.) and any discrepancies were
resolved through discussion with a third reviewer (M.C.).

2.5. Meta-analysis/statistical analysis

The meta-analysis was conducted using Review Manager Software 5.4.1 to analyze five outcomes: DAI, CMDI, colon length, his-
tological score, and body weight. The inclusion criteria for the meta-analysis required a minimum of three studies reporting the same
outcome between naïve (unmodified) EVs and placebo controls using the same scale. Descriptive summaries were provided for out-
comes that could not be assessed by meta-analysis, such as adverse effects.

We used inverse variance for meta-analysis. A random-effects model was utilized for the meta-analysis with the standardized mean
difference (SMD). Study confidence interval and total confidence interval were all 95 %. Heterogeneity was evaluated using the I2

index, and if I2 > 75 %, further heterogeneity analysis was conducted by excluding studies one by one. If a confirmed source of
heterogeneity was identified, the remaining studies would undergo meta-analysis, followed by qualitative and heterogeneity analysis
of this study. Subgroup analyses were performed based on compliance with MISEV2018 guidelines and EV source (derived from MSCs
or others). Additionally, a sensitivity analysis was carried out by systematically excluding studies from the results of the meta-analysis
one at a time. Publication bias was assessed using funnel plots.
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3. Results

3.1. Literature search

This systematic review was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) guideline [22].

The search process is illustrated in Fig. 1. After conducting a systematic search of four databases, a total of 3391 records were
identified. Following our eligibility criteria, we excluded 1787 duplicates, 1485 records through title and abstract screening, and 49
studies through full-text screening as shown in Fig. 1. Consequently, our qualitative synthesis included 69 studies comprising of 70
articles (2 records [28,29] representing one study) and involving a total of 1271 animals. There were no studies in the search results
that met the inclusion criteria but were excluded.

3.2. Study characteristics

The 69 studies were published between 2010 and 2023. Fig. 2a shows a steady increase in the number of published studies each
year, especially after 2019, indicating a significant surge in interest in utilizing EVs in UC. The studies were conducted in nine
countries, with China contributing to 75 % (n = 53) of the total research output.

3.3. Characteristics of UC animal models

3.3.1. Animal species
Animal models were distributed as follows: mice (n = 60) and rats (n = 9) in UC models (Fig. 2c).

Fig. 1. PRISMA flow chart summarizing study screening and selection procedure.
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3.3.2. Modeling method
In Fig. 2d, it is demonstrated that dextran sulfate sodium (DSS) was the most frequently utilized drug for modeling (n = 62, 82 %).

Trinitrobenzene sulfonic acid (TNBS) was employed in 14 % of studies (n = 10), while acetic acid was used in 3 % (n = 2). Only one
study (1 %) established a UCmodel by injecting CD4+CD45RBhigh T cells into Rag1− /− mice. The concentration of 3 % (n= 27) was the
most commonly utilized in DSS modeling. Additionally, two studies [30,31] used both DSS and TNBS, two studies [32,33] used two
different concentrations of DSS, and one study [34] used two different concentrations of DSS and TNBS to create UC models.

3.4. Intervention characteristics

3.4.1. Cellular origin of EVs
As illustrated in Fig. 3, EVs were obtained from various sources including cells (n= 60, 87 %), biofluid (n= 7, 10 %), faeces (n= 1,

Fig. 2. Overview of publish year (a), region(b), animal models (c), and modeling method (d).

Fig. 3. Sources of EVs used for the treatment of UC. *: One study utilized EVs derived from two distinct cell sources.
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1 %), or intestinal organoids (n= 1, 1 %). Among the EVs derived from cells, the majority were sourced from stem cells (n= 42, 70 %),
with MSC being the most commonly utilized type (n = 41,68 %). One study [35] employed both umbilical cord MSC and
placenta-derived MSC. Another study [36] used both granulocytic myeloid-derived suppressor cells and neutrophils. The milk-derived
EVs originated from human and cow milk and one study [37] utilized EVs from both sources.

With the exception of one study that did not specify a particular species of EV source, most studies used xenogeneic EVs (n= 37, 54
%) followed by allogeneic EVs (n = 30, 44 %). Only one study (1 %) [38] used autologous EVs.

3.4.2. Modification of EVs
A total of 34 studies utilized EV modification. Preconditioning (n = 14) and genetic modification (n = 14) were both common

methods used to modify EVs. Table 1 shows that EV modification involves various stimuli and genes, mostly applied to the source of
EVs.

Three studies employed both preconditioning and genetic modification techniques. Cao [39] transfected HCT116 cells with
miR-149-3p mimics and treated them with Enterotoxigenic Bacteroides fragilis before harvesting the EVs. Zhu [40] cultured cells in
normoxic or hypoxic incubators, then transfected them with a HIF-1α inhibitor or a control lentiviral vector. Gu [41] conducted two
experiments: one stimulated MSCs with or without lipopolysaccharide (LPS) (10 μg/mg), and another transfected MSCs with 100 nM
scrambled sequences and inhibitors of miR-181a, respectively.

Three other studies used different methods to modify EVs: Chen [42] collected EVs from the serum of pediatric patients who were
positive for Helicobacter pylori (Hp) or healthy volunteers. Deng [43] utilized the layer-by-layer self-assembly technique to encapsulate
human placenta MSC-EVs using biodegradable N-(2-hydroxyl) propyl-3-trimethyl ammonium chitosan chloride and oxidized konjac
glucomannan, both polysaccharide derivatives. Rao [44] packaged triptolide (TP) into EVs bymixing and incubating them in a shaking
incubator.

Out of the 34 studies that utilized modified EVs, only 12 of them (35 %) assessed the potential impact of processing on EVs. Only
one study (3 %) [44] evaluated the encapsulation efficiency when loading drugs into EVs. Four studies [40,45–47] reported no change
in morphology, size distribution, and surface markers of EVs. Three studies [48–50] found that higher quantity of EVs after modifi-
cation. One study [51] reported that after IL-10 treatment, dendritic cell-derived EVs expressed decreased levels of MHC II, CD80, and
CD40, moderate levels of CD86, and a high level of IL-10. Additionally, two studies [43,52] showed that modification can enhance the

Table 1
The modifications of EVs.

Ref. Modification Modification category

[54] S. japonicum soluble eggs antigen Preconditioning
[51] IL-10 Preconditioning
[55] IL-13, IL-10, or IL-1β Preconditioning
[36] Nω-hydroxy-nor-Arginine Preconditioning
[48] Irradiated with 30 Gy Preconditioning
[56] Thapsigargin Preconditioning
[49] IL-6, TNF-α, and IL-1β Preconditioning
[53] INF-γ Preconditioning
[57] Morphine Preconditioning
[58] A defined medium Preconditioning
[59] Dendrobium officinale polysaccharide and LPS Preconditioning
[50] CoCl2 (hypoxia mimetic agent) Preconditioning
[47] TNF-α and IFN-γ Preconditioning
[33] TNF-α Preconditioning
[60] miR-146a GM
[61] miR-195a-3p GM
[62] PD-L1 GM
[63] miR-146a GM
[52] EphB2 GM
[64] TGF-β1 or LacZ GM
[65] miR-590-3p GM
[66] miR-378a-3p GM
[31] TSG-6 GM
[45] TSG-6 GM
[46] IL-10 GM
[67] PD-L1 GM
[68] miR-129-5p GM
[69] miR-223 GM
[39] Enterotoxigenic Bacteroides fragilis and miR-149-3p P&G
[41] LPS or miR-181a P&G
[40] Hypoxic cultured and transfected with HIF-1α inhibitor P&G
[42] Hp-positive pediatric patients or healthy volunteers-derived serum Other
[43] A layer-by-layer self-assembly technique was used to encapsulate human placenta MSC-EVs Other
[44] TP was packed in EVs Other

Abbreviations: LPS: lipopolysaccharide; TSG-6: tumor necrosis factor-stimulated gene-6; Hp: Helicobacter pylori; GM: genetic modification; P&G:
preconditioning and genetic modification; TP: triptolide.
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targeting ability of EVs in the colons. One study [53] reported that IFN-γ treatment slightly increases MSC-secreted EV numbers and
significantly increases expression of CD9 and CD81 in EVs. Another study [41] reported that LPS stimulation increased expression
TSG101, CD81, CD63, and miR-181a in EVs.

3.4.3. EV preparation

3.4.3.1. EV collection conditions. A total of 61 studies collected EVs from conditioned medium. Since serum contains EVs, 24 studies
[30,31,33,40,41,46,48,49,52,57,62–64,70–80] chose a serum-free medium and 26 studies used a medium with EV-depleted serum to
culture cells before extracting EVs. However, only nine of those studies that used medium with EV-depleted serum described how they
depleted the serum of EVs without reporting the changes in particle count [44,51,53,56,66–68,81,82]. Three studies reported using
commercial EV-depleted serum [35,45,83], and fourteen studies did not describe the details of their EV-depletion protocol [34,43,47,
50,61,65,69,84–90]. In the remaining studies, one made the condition of source cells in PBS for 48 h [58], another study used a
complete medium [91], and nine studies did not report what they used before extracting EVs.

Except for 13 studies that did not report the duration of cell culture conditioning, more than half (n = 31) in the remaining studies
treated cells for 48 h before harvest. Seven studies treated cells for 24 h and five studies treated cells for 72 h. Besides, two studies
treated cells for 48–72 h [41,66], and 3 studies treated cells for 6 h [48], 20 h [36], and 24–48 h [85], respectively.

3.4.3.2. EV separation techniques. Fig. 4a shows the various separation techniques used for extracting EVs. Out of 32 studies, EVs were
separated using a single method with ultracentrifugation being the most frequently used (n= 19), followed by commercial kits (n= 9).
Some studies also utilized ultrafiltration (UF), size exclusion chromatography, and differential centrifugation. Due to the advantages
and disadvantages of each method, researchers have started combining separation techniques for EV isolation [92]. Thirty-seven
studies employed two techniques simultaneously, with ultracentrifugation and UF being the most common combination (n = 28).
Additionally, eight studies combined commercial kits with ultrafiltration, while one study combined commercial kits with ultracen-
trifugation. Further details can be found in [Additional file 2].

3.4.4. Characterization of EV preparations
Absolute purification of EVs from other entities is deemed impossible, as stated by MISEV2018 [26]. Therefore, it is essential to

characterize EVs using multiple and complementary techniques.

Fig. 4. Distribution of separation methods(a), characterization techniques (b), and protein markers of EVs (c). UC: ultracentrifugation; UF: ul-
trafiltration; SEC: size exclusion chromatography; DC: differential centrifugation. AFM: atomic force microscopy; PCS: photon correlation spec-
troscopy; PDI: polydispersity index; TRPS: Tunable Resistive Pulse Sensing; SEM: scanning electron microscopy; DLS: dynamic light scattering; NTA:
nanoparticle tracking analysis; TEM: transmission electron microscopy.
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Fig. 5. Risk of bias assessment based on SYRCLE’s ROB tool represented by RevMen 5.4.
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Fig. 4b illustrates the various techniques utilized for characterizing EVs, including quantification, morphology, size distribution,
and protein markers. Except for three studies [77,79,80], the remaining studies employed more than one technique for EV charac-
terization. The most commonly used techniques were transmission electron microscopy (TEM), western blotting, nanoparticle tracking
analysis (NTA), and BCA assay for evaluating EVmorphology, protein markers, size distribution, and protein concentration (as a proxy
for quantification of EVs), respectively. TEM was also utilized for size distribution analysis while NTA and Tunable Resistive Pulse
Sensing were used for determining EV concentration. Almost all studies detected the size distribution (n = 66; 96 %), protein markers
(n = 66; 96 %), and morphology of EVs (n = 65; 94 %). However, despite MISEV2018’s recommendation that global quantification of
EVs should be provided in studies characterizing them, only 67 % of studies (n = 46) described their quantification methods for EVs
with only 37 % (n = 17) reporting their results.

Western blotting was the most frequently employed technique (n = 59) for characterizing EV protein markers. Six studies utilized
flow cytometry, and one study employed both techniques. As depicted in Fig. 4c, tetraspanin transmembrane proteins CD63 (n = 46),
CD9 (n = 44), CD81 (n = 28), as well as cytosolic proteins TSG101 (n = 33), Alix (n = 12), HSP70 (n = 11) were among the most
frequently detected protein markers, along with negative marker calnexin (n = 22). Approximately thirty-three percent of studies
identified at least four different protein markers but four did not characterize negative protein markers.

3.4.5. EV administration and dosage regimen

3.4.5.1. Dose. Out of the 69 studies, 4 (6%) did not specify the dose of EV. Forty-seven studies (68%) utilized the amount of protein as
a measure of EV quantity, ranging from 10 μg to 100 mg. Conversely, 7 studies (10 %) counted the number of particles to assess EV
quantity, with a range of 108 to 2× 1010 particles [29,49,60,69,83,93,94]. Only one study (1 %) used the amount of EV source cells (10
million human adipose-derived MSCs) to estimate the quantity of EV [77], while ten studies (14 %) based their EV dose on the weight
of the animal [32,37,41,46,62,68,71,95–97]. Additionally, among 65studies, only7 (10 %) evaluated the dose-response [32,71,75,85,
95,96,98]. More detail is shown in [Additional file 3].

3.4.5.2. Administration route. Intravenous injection (n = 36, 53 %), particularly via the tail vein (n = 28, 41 %), was the most
commonly utilized route for EV administration. Intraperitoneal (n = 24, 35 %) and oral (n = 7, 10 %) routes were also frequently
employed in numerous studies. Furthermore, one study [43] compared the oral and intravenous administration of layer-by-layer
coated EVs for UC therapy and found that oral administration effectively alleviated UC using half the number of EVs. Another
study [81] injected EVs in situ at the injured colon mesangial margin.

3.4.6. Labeling and tracking of EVs
More than half of the studies (n= 36, 52 %) reported on the labeling and tracking of EVs. With the exception of 8 studies, most used

a single type of fluorescent dye to label EVs. The most commonly used dyes were PKH26 (n= 12, 27 %), DiR (n= 12, 27 %), and Dil (n
= 7, 16 %). One study [69] utilized Exo-CD63-GFP lentivirus to fluorescently label CD63 in macrophages and extracted
CD63-GFP-labeled EVs after establishing a stable cell line for observing EV tracking in vitro.

The majority of the studies (n = 21, 58 %) reported tracking EVs in only one of the following settings: in vivo (n = 2, 6 %), ex vivo
(post-mortem) (n = 12, 33 %), or in vitro (n = 7, 19 %). Eight studies (22 %) tracked EVs both ex vivo and in vitro [33,43,44,50,59,63,
95,97], while five (14 %) tracked EVs both in vivo and ex vivo [73,85,86,88,90]. Only two studies (6 %) labeled and tracked EVs in all
three settings: in vivo, ex vivo, and in vitro [32,76].

Despite UC mainly affecting the colon, twelve studies examined labeled EVs in other organs both in vivo and ex vivo. For more
details see [Additional file 4].

3.5. Quality assessment

3.5.1. Risk of bias assessment
Fig. 5 illustrates the results of the risk of bias assessment using SYRCLE’s ROB tool [24].
Out of the sixty-seven studies (97 %), all declared randomization, with only one study [30] specifically mentioning the use of a

random number table for grouping. Another study [98] divided mice based on their body weight, which was considered to have a high
risk of bias.

In terms of baseline comparability, 39 studies (57 %) reported comparable baseline characteristics, while thirty studies (43 %) did
not report body weight at the beginning of modeling, which is crucial in assessing UC severity.

Most studies did not report allocation concealment, random housing, and blinding. Only one study [48] explicitly stated that
experimenters were not blinded during grouping.

Merely four studies (6 %) indicated that multiple fields of view would be randomly selected under the microscope for outcome
assessment [41,47,49,98], and only twenty-one studies (30 %) reported experimenter blinding during outcome assessment.

Sixty studies (87%) had a low risk of attrition bias, while nine studies (13%) [34,35,39,46,57,58,68,83,97] had an unclear risk due
to lack of reporting sample size for each group.

All studies were assessed to have a low risk of reporting bias after comparing their methods and results; however, no prior protocol
was available.

The specific details of bias risk assessment could be found in the [Additional file 5].
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3.5.2. Adherence to ISCT criteria for MSC characterization
More than half of the studies (n= 41, 59 %) utilized MSC-derived EVs. Only 9 studies (22 %) examined all the required items as per

ISCT guidelines, but with incomplete surface antigen and differentiation outcomes [33,35,47,63,70,71,76,78,85]. Another 10 studies
(24 %) only examined two items. Seven studies [40,49,52,53,62,67,75] assessed criteria 1 and 2, while three [31,45,89] evaluated
criteria 2 and 3. Three studies (7 %) only looked at one item; one study [58] examined criteria 1 and two others [34,87] examined
criteria 2. Lastly, 19 studies (46 %) did not report the characterization of MSCs. Additionally, 4 studies mentioned that they obtained
MSCs commercially or from other institutes.

3.5.3. Adherence to MISEV2018 for EV nomenclature, characterization, and purity
For nomenclature, only 35 % of the studies (n = 24) adhered to the recommendation of MISEV2018. Specifically, 61 % (n = 42)

continued to use the term “exosome”, while 1 % (n = 1) used “microvesicle”, and 3 % of studies (n = 2) utilized both “extracellular
vesicle” and “exosome”. Additionally, it was found that 40 studies (58 %) published after 2019 did not comply with the MISEV2018

Fig. 6. Forest plot of the efficacy of EVs in decreasing the DAI scores.
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guidelines for EV nomenclature.
In terms of characterization, only a mere10 studies (14 %) [28–30,32,76,81,86,87,95,97,98] fully met the established criteria.
As for purification and quantitation methods employed in the research analyzed, only one study (1 %) [95] measured particle:

protein as a purifying analysis of EVs by using NTA.

3.5.4. Quality of the evidence
The quality of evidence was evaluated as very low to low by using GRADE. More detail was shown in [Additional file 6].

3.6. Synthesis of results

3.6.1. DAI

3.6.1.1. All included studies. A total of 51 studies measured DAI scores. As shown in [Additional file 7], almost all of them reported that
EVs could significantly decrease DAI (n = 50, 98 %), except for one study [69].

Initially, we included 41 studies for meta-analysis. However, as the heterogeneity exceeded 75, a heterogeneity analysis was
conducted. The results showed that excluding one study [28] lowered the I2 of the non-MSC-derived subgroup from 80 to 74.

Subsequently, we included 40 studies for meta-analysis, with 616 animals in the MSCs subgroup and 211 animals in the non-MSC-
derived subgroup (Fig. 6). The results indicated that intervention with EVs could significantly reduce the DAI scores (in the total: SMD
= − 3.00, 95 % CI: − 3.52 to − 2.48, p < 0.00001; in the MSCs subgroup: SMD = − 3.33, 95 % CI: − 3.99 to − 2.68, p < 0.00001; in the
non-MSCs subgroup: SMD = − 2.20, 95 % CI: − 2.97 to − 1.43, p < 0.00001). The certainty of the evidence was low.

Due to high heterogeneity, a descriptive summary was conducted for the outcome of DAI scores. As shown in Table 2, naïve EVs and
modified EVs could decrease the DAI scores, and compared with the naïve EVs, the modified EVs usually had a better effect.

Additionally, different from other studies using total protein to characterize the quantities of EVs, the excluded study [28,29] used
particles numbers, may be the source of heterogeneity.

3.6.1.2. Studies that characterized EVs based on MISEV2018. We also conducted a meta-analysis on the DAI scores of studies that
characterized EV as required by MISEV2018. The analysis included 7 studies. The results showed that EVs were effective in reducing
DAI scores, which is consistent with our earlier finding.

However, high heterogeneity was observed (I2 = 82 in the total meta-analysis, I2 = 78 in the MSC-derived EVs subgroup, and I2 =
90 in the non-MSCs-derived EVs subgroup), so we performed a heterogeneity analysis. The heterogeneity analysis demonstrated that
the heterogeneity index decreased (I2 = 56 in the total meta-analysis, I2 = 52 in the MSC-derived EVs subgroup, and I2 = 0 in the non-
MSCs-derived EVs subgroup) when we excluded one study from each of the two subgroups.

Therefore, we included only 5 studies in the final analysis, with 88 animals treated with MSC-derived EVs and 39 animals treated
with non-MSC-derived EVs (Fig. 7). The results showed that regardless of source, EV treatment significantly reduced DAI scores (in the
total: SMD = − 2.27, 95 % CI: − 3.05 to − 1.49, p < 0.00001; in the MSCs subgroup: SMD = − 2.79, 95 % CI: − 3.78 to − 1.79, p <

0.00001; in the non-MSCs subgroup: SMD = − 1.33, 95 % CI: − 2.07 to − 0.59, p = 0.0005).
The increased heterogeneity observed may be attributed to differences in administration method and dosage among studies. Unlike

other studies that administered EVs through i.v. or i.p., one study administered them directly at injury colon mesangial margin after
laparotomy [81]. Another study intervened with animals using a dosage of 3.0 × 109 particles per gram body weight of EVs as pre-
viously mentioned [28].

3.6.2. CMDI
Out of the total number of studies, only 5 reported CMDI [51,54,55,74,75], and all of them (n= 5, 100 %) demonstrated a positive

impact on improving CMDI.
The meta-analysis included data from 60 animals treated with MSC-derived EVs and 42 animals treated with EVs derived from

other sources. The results indicated that treatment with EVs had a beneficial effect on CMDI. This is shown in Fig. 8 (in the total: SMD
= − 2.10, 95 % CI: − 2.85 to − 1.35, p < 0.00001; in the MSCs subgroup: SMD = − 1.77, 95 % CI -2.69 to − 0.85, p= 0.0002; in the non-
MSCs subgroup: SMD = − 2.57, 95 % CI -3.87 to − 1.27, p = 0.0001). The certainty of the evidence was very low.

Furthermore, we have summarized the results that were not included in the meta-analysis in Table 3. Both naïve and modified EVs
demonstrated a favorable therapeutic effect.

Table 2
Summary of the DAI results.

EV types Results n Percent

Naïve Decreased DAI scores 23 45 %
Modified Decreased DAI scores 6 12 %

No effect 1 2 %
Naïve and modified Both decreased DAI scores but modified EVs had a better effect 14 27 %

Only naïve EVs decreased DAI scores 4 8 %
Only modified EVs decreased DAI scores 3 6 %
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3.6.3. Adverse effects
There were only three studies (4 %) conducted to evaluate the adverse effects of EVs, and all of them found no toxicity in animals.

Reif [37] administered milk-derived EVs to mice for seven days and observed no signs of illness, weight loss, or intolerance. Xu [67]
assessed the safety of PD-L1 overexpression MSC-derived extracellular vesicles (MSC-sEVs-PD-L1) by conducting H&E staining, flow
cytometry, blood biochemical examination, and blood routine examination. The study found that while MSC-sEVs-PD-L1 slightly
affected the macrophage population in the liver, it did not significantly impact other immune contexts of major tissues and was
therefore biocompatible in mice. Rao [44] used EVs to deliver TP to mice and evaluated its toxicity by performing pathological
staining, biochemistry examination, and by comparing the survival rate of mice treated with TP or doubled doses of EVs carrying TP.
The results suggested that EVs carrying TP could effectively reduce the toxicity of TP. The certainty of the evidence was very low.

Fig. 7. Forest plot of DAI scores of studies that characterized EV based on MISEV2018.

Fig. 8. Forest plot of the efficacy of EVs in decreasing the CMDI.

Table 3
Summary of the CMDI results.

EV types Results n Percent

Naïve Decreased CMDI 2 40 %
Naïve and modified Both decreased CMDI and no difference 1 20 %

Both decreased CMDI but modified EVs had a better effect 1 20 %
Only modified EVs decreased CMDI 1 20 %

Y.-J. Li et al.
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3.6.4. Colon length

3.6.4.1. All included studies. Out of the 69 studies reviewed, 53 quantitatively reported the length of the colon after EV interventions
compared to the control group, while 10 studies reported qualitatively. With the exception of 2 studies [49,69], all remaining studies
(n = 61, 97 %) reported that EVs could increase colon length.

A total of 44 studies were included in a meta-analysis, which indicated that EVs could significantly increase colon length. However,
high heterogeneity was observed in the MSC-derived EV subgroups (I2 = 76). To address this heterogeneity, further analysis was

Fig. 9. Forest plot of the efficacy of EVs in increasing the colon length.
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conducted and I2 was reduced to 73 by excluding one of the two studies.
Finally, we included 42 studies in the meta-analysis with a total of 541 animals in the MSC subgroup and 375 animals in the non-

MSC subgroup. As shown in Fig. 9, EVs had a significant effect on increasing the colon length regardless of their source (in the total:
SMD= − 2.47, 95 % CI: − 2.83 to − 2.11, p< 0.00001; in theMSCs subgroup: SMD= − 2.76, 95% CI -3.24 to − 2.28, p< 0.00001; in the
non-MSCs subgroup: SMD = − 2.06, 95 % CI -2.59 to − 1.52, p < 0.00001). The certainty of the evidence was low.

Due to some excluded studies from meta-analysis, a brief summary of results is provided as shown in Table 4. The results indicate
that EVs could reduce shortening of the colon.

Regarding heterogeneity analysis results, it is noted that one excluded study may have caused increased heterogeneity due to its
administration method [81]. The other study may have resulted in increased heterogeneity because it involved concurrent use of two
different MSC-derived EVs [35].

3.6.4.2. Studies that characterized EVs based on MISEV2018. We also conducted a meta-analysis of studies that strictly characterized
EVs according to MISEV2018 guidelines. A total of 7 studies were included in the meta-analysis. The results revealed high hetero-
geneity in the subgroup of MSC-derived EVs (I2 = 85). Further analysis showed that excluding one study [81] would decrease the
heterogeneity to 65 in the MSC-derived EVs subgroup (Fig. 10), possibly due to differences in route of administration as previously
described.

Therefore, we included 6 studies, involving 66 animals treated with MSC-derived EVs and 111 animals treated with non-MSCs-
derived EVs (in the total: SMD = − 2.07, 95 % CI: − 2.64 to − 1.50, p < 0.00001; in the MSCs subgroup: SMD = − 2.28, 95 % CI
-3.46 to − 1.11, p = 0.0001; in the non-MSCs subgroup: SMD = − 2.01, 95 % CI -2.68 to − 1.34, p < 0.00001).

3.6.5. Histological score

3.6.5.1. All included studies. Out of the 69 analyzed studies, only 2 did not report the outcome of histological staining, and 25 studies
reported HE staining outcomes without a histological score. Except for one [69], the remaining studies (n= 66, 99 %) all reported that
EVs could alleviate pathological changes and reduce the histological scores.

A meta-analysis was conducted on 36 studies, which included 474 animals treated with MSC-derived EVs and 298 animals treated
with non-MSCs-derived EVs. As shown in Fig. 11, there was high heterogeneity in the data (I2 = 80 in total and the MSC-derived EVs
subgroup). The heterogeneity analysis indicated that no single study had a significant influence on the outcome.

The results of the meta-analysis showed that the non-MSCs-derived EVs could decrease the histological scores significantly (in the
total: SMD= − 2.61, 95 % CI: − 3.11 to − 2.11, p< 0.00001; in the MSCs subgroup: SMD= − 3.11, 95 % CI -3.79 to − 2.42, p< 0.00001;
in the non-MSCs subgroup: SMD = − 1.93, 95 % CI -2.56 to − 1.30, p < 0.00001). The certainty of the evidence was low.

Due to high heterogeneity, we conducted a descriptive summary of results (Table 5).

3.6.5.2. Studies that characterized EVs based on MISEV2018. Another meta-analysis, strictly following the MISEV2018 guidelines, was
conducted. A total of 5 studies were included in this analysis. The findings indicated that regardless of the source, EVs were effective in
reducing histological scores. However, there was high heterogeneity observed in the subgroup of MSC-derived EVs (I2 = 81). It was
found that excluding one study [81] resulted in a decrease of heterogeneity to 0. As previously mentioned, the administration methods
used in these studies may be a potential source of heterogeneity.

Finally, a total of 4 studies involving 66 animals treated with MSC-derived EVs and 63 animals treated with non-MSCs-derived EVs
were included. As depicted in Fig. 12, it was evident that EVs had a significant effect on decreasing histological scores (in the total:
SMD= − 2.06, 95 % CI: − 2.51 to − 1.61, p< 0.00001; in theMSCs subgroup: SMD= − 1.92, 95% CI -2.53 to − 1.30, p< 0.00001; in the
non-MSCs subgroup: SMD = − 2.24, 95 % CI -2.91 to − 1.56, p < 0.00001).

3.6.6. Body weight
Of the 69 studies reviewed, 58 reported a change in body weight. With the exception of four studies [37,68,69,72], nearly all of the

studies (n = 54, 93 %) indicated that EVs could improve body weight loss.
A total of 17 studies were eligible for meta-analysis, which involved 180 animals treated with MSC-derived EVs and 68 animals

treated with other-derived EVs. As depicted in Fig. 13, the use of EVs led to a significant reduction in body weight loss (in the total:

Table 4
Summary of the colon length results.

EV types Results n Percent

Naïve Increased colon length 33 52 %
Modified Increased colon length 7 11 %

No effect 1 2 %
Naïve and modified Both increased colon length 1 2 %

Both increased colon length but modified EVs had a better effect 8 13 %
Only naïve EVs increased colon length 6 10 %
Only modified EVs increased colon length 6 10 %
No effect 1 2 %
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SMD= − 3.04, 95 % CI: − 3.83 to − 2.25, p< 0.00001; in theMSCs subgroup: SMD= − 3.68, 95% CI -4.76 to − 2.59, p< 0.00001; in the
non-MSCs subgroup: SMD = − 2.06, 95 % CI -3.10 to − 1.03, p < 0.0001). The certainty of the evidence was very low.

Due to variations in how weight change was reported across studies, some were not included in the meta-analysis; therefore, we
provided a brief summary of the results of weight changes as shown in Table 6.

3.6.7. Publication bias
The funnel plot was utilized to assess publication bias for the primary outcomes. As depicted in Fig. 14, there is no indication of

publication bias.

3.6.8. Sensitivity analysis
We conducted a sensitivity analysis for each meta-analysis and did not observe any significant changes in the outcomes.

4. Discussion

4.1. General interpretation of the results

We conducted a systematic review of the available evidence on the therapeutic efficacy and safety of EVs in animal studies. A total
of 69 studies were included, but only 54 studies were used for meta-analysis to assess the effects of naïve EV treatment according to our
eligibility criteria.

UC is a chronic and refractory disease that requires therapy to induce and maintain remission. The initial treatment should focus on
normalizing bowel frequency, controlling bleeding and urgency, as well as promoting mucosal healing and histologic remission, which
have been associated with improved clinical outcomes [99,100]. In the study, we utilized DAI scores and weight changes to represent
clinical symptoms, while CMDI, colon length, and histological scores were used to represent pathological results. Consistent with a
previous systematic review [101] assessing the efficacy of EVs for colitis, our findings indicated that naïve EVs was remarkably
effective in alleviating symptoms and improving pathology.

Most studies have indicated that EVs play a role in regulating immunity and anti-inflammatory responses. Additionally, some
research suggests that EVs contribute to repairing the intestinal mucosal barrier, regulating intestinal microbiota, and alleviating
oxidative stress. One study [88] proposes that EVs can alleviate ulcerative colitis by inhibiting neddylation, while another study [91]
suggests their potential use in treating ulcerative colitis through ubiquitination. Two studies [85,93] have highlighted the ability of
extracellular vesicles to inhibit pyroptosis and exert therapeutic effects. Furthermore, one study [84] has suggested that EVs may
improve UC by regulating lymphangiogenesis. Finally, two other studies [68,72] have mentioned that EVs alleviate UC by the inhi-
bition of ferroptosis.

We had originally planned to perform subgroup analyses based on the source of EVs (MSCs vs. others), given that MSC trans-
plantation has become the most widely used stem cell therapy for IBD due to several advantages [102]. Our results showed that both
subgroups were effective in treating UC; however, there was high heterogeneity. Although we conducted some analysis on possible
source of heterogeneity, it was not comprehensive enough. Additionally, differences in methodological design and lack of raw data
reporting may also contribute to heterogeneity.

EVs have been extensively researched as drug transporters due to their ability to enter a cell through various cellular pathways,

Fig. 10. Forest plot of colon length of studies that characterized EV based on MISEV2018.
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Fig. 11. Forest plot of the efficacy of EVs in decreasing the histological scores.

Table 5
Summary of the histological score results.

EV types Results n Percent

Naïve Reduced the histological damage 34 51 %
Modified Reduced the histological damage 7 10 %

No effect 1 1 %
Naïve and modified Both reduced the histological damage 1 1 %

Both reduced the histological damage but modified EVs had a better effect 9 13 %
Only naïve EVs reduced the histological damage 6 9 %
Only modified EVs reduced the histological damage 9 13 %
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Fig. 12. Forest plot of histological scores of studies that characterized EV based on MISEV2018.

Fig. 13. Forest plot of the efficacy of EVs in decreasing the body weight loss.

Table 6
Summary of the body weight results.

EV types Results n Percent

Naïve Reduced body weight loss 27 47 %
No effect 2 3 %

Modified Reduced body weight loss 6 10 %
No effect 1 2 %

Naïve and modified Both reduced body weight loss 3 5 %
Both reduced body weight loss but modified EVs had a better effect 4 7 %
Only naïve EVs reduced body weight loss 5 9 %
Only modified EVs reduced body weight loss 9 16 %
No effect 1 2 %
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excellent transcellular permeability, adaptability to various techniques applicable for loading, the possibility of transporting across the
blood-brain barrier, and their biocompatibility [103]. The processing of EVs is utilized for mechanism research, enhancing therapeutic
efficacy, or serving as carriers for drug delivery. Modified EVs showed greater effectiveness in our studies compared to naïve EVs.
However, more than half of the studies using modified EVs did not assess the influence on EVs, which may be one of the potential
mechanisms affecting therapeutic efficacy.

Animal experiments aim to find solutions to clinical problems; however, there are still hurdles in developing EV therapy. Factors
such as the source, mechanisms, isolation procedure and storage conditions of EVs can all impact the translation of EV therapy [104].
Some of these challenges are also evident in the studies that we have included.

Various sources of EVs are considered to have an impact on UC treatment; however, identification of the source is still insufficient.
Our review found that MSCs were the most commonly used source of EVs, but none of the studies strictly followed ISCT guidelines for
identifying MSCs. Furthermore among 61 studies that harvested EV from medium, 24 did not describe their depletion method of
exogenous EVs or even report specific culture media conditions. It is evident that researchers still pay insufficient attention to sourcing
and handling methods for obtaining high-quality EVs.

As recommended in MISEV2018 [26], over half of the studies included in our analysis utilized a combination of methods for EV
separation, which is advantageous for their isolation and concentration. However, only ten studies strictly adhered to the criteria
outlined in the MISEV2018 when characterizing EVs. Interestingly, when we included only these ten studies in another meta-analysis,
and the results indicated that heterogeneity was generally lower after conducting heterogeneity analysis. This suggests that incomplete
characterization of EVs can impact the components present and thus influence the results, possibly contributing to the high hetero-
geneity observed in the original meta-analysis.

It is important to note that there is currently no standardized dosage for EVs, and just over half of the studies have labeled and
tracked the EVs used. Most studies have only utilized intravenous administration, with oral delivery being preferred in chronic
conditions like UC for improved patient compliance and comfort [105]. Only one study [43] compared therapeutic effects between
intravenous and oral administration, reporting that orally administered processed EVs had better therapeutic effects. Therefore,
further research is necessary to determine optimal dosage and administration route for EV therapy.

It has been discovered that EVs contain multiple biomolecules, making them significant for intercellular exchange. Despite many
studies claiming their safety, there are still potential issues with their use. For example, most therapeutic EVs are produced by
immortalized cell lines, which may carry carcinogens [106]. Out of the 69 studies evaluated, only 3 assessed the adverse effects. While
all three showed no observed adverse effects caused by EVs, it is evident that there is still insufficient research on adverse effects in
animal experiments. The lack of research on adverse effects is a challenge for the clinical translation of EV treatment.

As highlighted in a survey [107] over a decade ago, reporting omissions were still common in our included studies. Many details
such as initial weight, sample size, randomized methods, implementation of blinding or not, and study design were not reported. As a
result, most studies only received an unclear risk when conducting a bias risk assessment. The quality of the included studies will
greatly affect the reliability of the conclusions [107,108], and potential biases caused by reporting omissions also pose a challenge for
clinical translation or EV therapy.

4.2. Limitations of the evidence

After evaluating the quality of evidence in accordance with the GRADE guidelines, EVs may reduce DAI and histological score and
increase colon length. The evidence is very uncertain about the effect of EVs on CMDI, adverse effect, and body weight. Downgrading is
due to unclear bias risk, high heterogeneity, and small sample size.

The inadequate design and reporting of animal research has long been a problem, compounded by high data heterogeneity,
publication bias, and other issues, leading to a generally low quality of evidence in animal experiments [109]. The ARRIVE guidelines
[110] may offer some improvement in addressing this issue. In the included studies, insufficient methodological descriptions are

Fig. 14. (a) Funnel plot with the DAI scores. (b) Funnel plot with the CMDI.
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common, and the guidelines outline the essential minimum information that should be included in the manuscript. By strictly adhering
to these guidelines, the quality of evidence may be enhanced.

4.3. Limitations of the review

This review has some potential limitations. Firstly, the data in the article are most extracted from online software rather than raw
data, which may affect the statistical results. Secondly, the quality of evidence is low and the risk of bias is mostly unclear, leading to
uncertainty in our conclusions. Finally, there are significant differences in modeling, intervention, and outcome measurement among
different animal experiments. Although we have imposed some limitations on animal species, EV sources, and EV processing, there are
still significant differences between them and the actual situation of human diseases.

4.4. Future prospects

While the results of this study demonstrate significant therapeutic effects of extracellular vesicles in animal experiments, there are
still underlying limitations. It is possible that future research efforts adhering strictly to various guidelines will expedite the clarifi-
cation of the efficacy and mechanism of action of EVs. Efficient, high-purity, and low-cost extraction and separation of extracellular
vesicles are also future goals in the field. Although naïve EVs necessitate further investigation, modified EVs may offer enhanced
effectiveness and safety as pharmaceutical agents. Therefore, there may be an increase in research on the processing of EVs in the
future. In addition, due to the prolonged course of ulcerative colitis, long-term medication may be necessary. Therefore, while most
animal experiments use intravenous administration, oral administration may be more suitable for future clinical practice. Research on
the transformation of administration methods is also crucial.

5. Conclusion

In summary, EVs has been found to be effective in animal models of UC, regardless of their sources. However, there are still some
deficiencies in the experimental design, which makes it challenging to translate the findings into clinical applications. Animal ex-
periments have demonstrated the efficacy and potential of EVs, which is undoubtedly good news for future clinical medication.
However, the quality of the evidence and the risk of bias are not optimistic. It may be helpful if future research strictly adheres to the
requirements of randomized controlled trials and guidelines. It is also important to not only encourage therapeutic studies but also pay
attention to the potential adverse effects caused by EVs. We believe that EV therapy holds promising prospects for difficult-to-treat
diseases like UC.
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