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Abstract
Introduction Extracellular vesicles from mesenchymal stromal cells (MSC-EVs) have shown promise in wound healing. Their
use in diabetic wounds specifically, however, remains pre-clinical and their efficacy remains uncertain less clear. A systematic
review of preclinical studies is needed to determine the efficacy ofMSC-EVs in the treatment of diabetic wounds to accelerate the
clinical translation of this cell-based therapy.
Methods PubMed and Embase were searched (to June 23, 2020). All English-language, full-text, controlled interventional
studies comparing MSC-EVs to placebo or a “no treatment” arm in animal models of diabetic wounds were included. Study
outcomes, including wound closure (primary outcome), scar width, blood vessel number and density, and re-epithelialisation
were pooled using a random effects meta-analysis. Risk of bias (ROB) was assessed using the SYRCLE tool for pre-clinical
animal studies.
Results A total of 313 unique records were identified from our search, with 10 full text articles satisfying inclusion criteria (n =
136 animals). The administration of MSC-EVs improved closure of diabetic wounds compared to controls with a large observed
effect (Standardized Mean Difference (SMD) 5.48, 95% Confidence Interval (CI) 3.55–8.13). Healing was further enhanced
using MSC-EVs enriched in non-coding RNAs or microRNAs compared to controls (SMD 9.89, 95%CI 7.32–12.46). Other
outcomes, such as blood vessel density and number, scar width, and re-epithelialisation were improved with the administration of
MSC-EVs, with a large effect. ROB across studies was unclear.
Conclusion MSC-EVs, particularly following enrichment for specific RNAs, are a promising treatment for diabetic wounds in
pre-clinical studies and translation to the clinical domain appears warranted.
Registration PROSPERO #CRD42020199327 [248].
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Introduction

Chronic foot ulcers and delayed wound healing are debilitat-
ing complications of diabetes mellitus [1] that increase patient

risk of gangrene, amputation, disability, and death [2, 3].
Effective management of diabetic complications will be in-
creasingly needed, as the prevalence of diabetes mellitus is
expected to rise from approximately 6.4% in 2010 to 7.7%
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by 2030 [4]. Unfortunately, current therapies for diabetic
wounds remain insufficient [3], and healing is often prolonged
due to poor perfusion and chronic inflammation [5].

Mesenchymal stromal cells (MSCs) have been investigated
extensively for their role in tissue repair due to their angiogen-
ic and immune modulatory properties [6–9]. MSCs contribute
to angiogenesis [10, 11] by increasing capillary growth and
increasing angiogenic factors in burns [12, 13], pressure ul-
cers, and diabetic wounds [14, 15]. In clinical trials, MSCs
have demonstrated efficacy for the treatment of several im-
mune conditions such as chronic ulcers in leprosy [16], rheu-
matoid arthritis [17], Crohn’s disease [18], graft versus host
disease [19], and eczema [20]. Moreover, MSCs have been
studied in a broad range of immunological conditions [21],
have been deemed largely safe across a wide range of diseases
[22] and continue to be studied for many other indications
[23]. A significant number of registered clinical trials of
MSCs and/or derivative therapies such as conditioned media
or extracellular vesicles from MSCs are currently enrolling
patients to study the efficacy in wound healing in patients with
burns, diabetes, and other predisposing diseases (see
clinicaltrials.gov, searched March 9, 2021). Notably, MSCs
are approved in Europe for the treatment of perianal fistulas
secondary to Crohn’s disease [24]. Additionally, MSCs can
promote wound healing in a variety of pre-clinical models and
clinical studies, including diabetic wounds [25, 26]. In partic-
ular, initial clinical reports suggest that patients with skin ul-
cers receiving MSCs experience faster wound closure rates
and less pain compared to conventional therapy [8, 25].

Despite the emerging promise of MSC-based therapies,
concerns about ectopic tissue formation after administration
and challenges related to storage and cost have dampened
enthusiasm. A cell-free alternative, such as MSC-derived ex-
tracellular vesicles (MSC-EVs) represents an appealing thera-
py to harness the advantages of MSC-based therapies and
provide an “off-the-shelf” treatment alternative.

EVs are nano-sized vesicles secreted by many cell types,
including MSCs, and are classified as small EVs (~30-
150 nm), which includes exosomes that are released from
endosomal-derived multivesicular bodies after merging with
the plasma membrane, and large EVs (~150-1000 nm) which
includes microvesicles that are formed by blebbing of the
plasma membrane [27]. EVs can travel and merge with the
plasma membrane of target cells and release micro RNAs,
proteins, and other ligands that can alter signalling pathways
and facilitate cell to cell communication in target cells, includ-
ing the activation of angiogenic pathways critical for tissue
repair and recovery. Increasing evidence suggests that MSC-
EVs share similar angiogenic, immune modulatory, and ther-
apeutic properties to MSCs [28] and likely account for much
of the paracrine effects of MSC-based therapies [29–31].
Specifically, a previous mechanistic analysis of all studies
investigating MSC-EVs in pre-clinical models of disease

demonstrated that angiogenesis and inflammation are some
of the most commonly targeted pathways by MSC-EVs [32].

Although MSC-EVs have shown efficacy in a variety of
wound healing applications, the evidence for the use of MSC-
EVs in diabetic wound healing remains pre-clinical and uncer-
tain. A systematic review and meta-analysis are needed to de-
termine the efficacy of MSC-EVs in the treatment of diabetic
wounds to accelerate and optimize the translation towards clin-
ical investigation.

Methods

This study’s protocol was registered on PROSPERO
(CRD42020199327, September 10, 2020). This report was
prepared in accordance with the PRISMA checklist [33] (see
Supplemental Checklist).

Eligibility Criteria

Eligibility criteria were developed a priori to determine which
full-text articles would be eligible for inclusion in this system-
atic review and meta-analysis. Study population, intervention,
comparator, outcome, and study design (PICOS) parameters
were predefined to allow for objective, reproducible analysis,
as is standard for systematic reviews.

Population

Any in vivo animal model of diabetic wounds was included.
Studies involving in vitro, ex vivo, or invertebrate pre-clinical
models of diabetic wounds were excluded.

Intervention

Studies investigating the use of EVs (e.g., small or large EVs,
exosomes, and/or microvesicles) isolated from MSCs expand-
ed from any tissue source for the treatment of diabetic wounds
were included. Any xenogeneic, allogeneic, or autologous ad-
ministration of MSC-EVs to diabetic wounds was permitted,
including the administration of MSC-EVs via a hydrogel.
Unmodified, preconditioned, modified (e.g., gene transfected,
protein or microRNA overexpression) MSC-EVs were includ-
ed. Administration of MSC-EVs as a co-treatment with another
therapy was permissible. Studies investigating the effect of
MSCs or that used EVs from other sources were excluded.

Comparator

Any type of comparator was included (e.g., placebo, vehicle
control, MSCs, hydrogels, fibroblasts, fibroblast EVs, etc.).
Non-comparative studies were excluded.
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Outcome

The primary outcome of this study was wound closure. All
studies were included, regardless of initial wound size or
method of wound size measurement. Secondary outcomes
included blood vessel density, blood vessel number, collagen
deposition, inflammation, scar width, side-effects, and ad-
verse events. As the focus of this study was on in vivo out-
comes, in vitro outcomes were excluded.

Study Design

All English-language, full-text, controlled interventional stud-
ies (randomized, quasi-randomized, and non-randomized)
comparing MSC-EVs to placebo or a “no treatment” arm in
animal models of diabetic wounds were included. Review
articles, non-comparative studies, commentaries, editorials,
care reports, case-series, and other study types were excluded.

Literature Search Strategy

A comprehensive literature search strategy was developed in
collaboration with a medical librarian (RS) specializing in
systematic review searches and was peer reviewed [34]. The
search strategy was used to search MEDLINE and EMBASE
from inception to June 23rd, 2020. The reference lists of in-
cluded studies and any relevant reviews captured by the search
strategy were reviewed to ensure that all relevant articles were
captured. The full search strategy is outlined in Table S1.

Study Selection Process

All identified citations were imported into Rayyan (https://
rayyan.qcri.org/) for management of search records, after
removing duplicates. Study titles and abstracts were
screened by two independent reviewers in duplicate (AB and
AK), and the full texts of any potentially relevant studies were
screened to determine final eligibility. In cases of
disagreement between reviewers, consensus was achieved
through discussion with a third team member (DA). The
study selection process was summarized using a flow
diagram, as per PRISMA recommendations.

Data Extraction

Relevant data was extracted by two independent reviewers
(AB, HL) from included studies using a standardized and
pilot-tested data extraction form in Excel (Microsoft, Seattle,
USA). In studies where the raw data were not presented, the
data was extracted from figures using Digitizelt (Version 2.2;
Braunschweig, Germany). Data regarding study characteris-
tics (e.g. authors, publication year, country of study), study
populations (e.g. species, strain, diabetic model, wound size,

depth), intervention characteristics (e.g. whether all of the
International Society for Cellular Therapy (ISCT) minimal
criteria for MSC characterization [35] were met, MSC source,
MSC-EV dose, route of administration), study design (e.g.
comparator, sample size, MSC-EV methods of isolation and
characterization), outcomes (e.g. wound closure, blood vessel
density, collagen deposition, scar width), adverse events, and
details concerning risk of bias were extracted.

Risk of Bias

Two independent reviewers (AB, HL) assessed the risk of bias
of each included study according to the Systematic Review
Centre for Laboratory animal Experimentation (SYRCLE)
risk of bias tool for animal studies [36]. Specifically, selection
bias (sequence generation, baseline characteristics, allocation
concealment), performance bias (random housing, blinding of
investigators), detection bias (random outcome assessment,
blinding of assessors), attrition bias (incomplete outcome da-
ta), and reporting bias (selective outcome reporting) were
assessed. No other sources of bias were investigated.

Data Analysis

Study results were pooled using Review Manager 5.3
(Cochrane) [37]. For continuous outcomes, either a mean dif-
ference (MD) or a standardized mean difference (SMD) was
calculated using random effects meta-analyses. SMD was se-
lected for outcomes that were likely to be affected by variabil-
ity of the initial wound size across studies, such as wound
closure, blood vessel number, wound length, and scar width
[38]. MDwas selected for outcomes unlikely to be affected by
variability in initial wound size, such as blood vessel density
[38]. Since time points across studies were heterogeneous, the
maximum effect estimate for each study, between 7 and
14 days, was used in the pooled analysis [39]. Only one study
reported a maximum effect beyond 14 days but also provided
data for 7 and 14 days [40]. All data is presented with 95%
confidence intervals (CI). A meta-analysis was only per-
formed when two or more studies reported on the same out-
come. Any study that did not provide adequate data for inclu-
sion in a meta-analysis was analyzed descriptively. Any
shared control groups were accounted for in the meta-
analysis by dividing the control group sample size by the
number of experimental groups. The I2 statistic was used to
assess statistical heterogeneity [38]. Subgroup analyses were
determined a priori in our study protocol and were conducted
to determine whether the effect of MSC-EVs varied according
to the use of a hydrogel or the genetic modification of MSC-
EVs. Considering the number of studies included in our quan-
titative analyses (n = 10), scatter plot asymmetry and statistical
tests for publication bias were not performed, although
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mentioned in our PROSPERO protocol. Finally, p < 0.05 was
considered significant for all analyses.

Results

A total of 313 unique records were identified from our search.
After screening titles and abstracts for potential relevance, 16
full text articles were retrieved and underwent full review
according to the inclusion and exclusion criteria. Six articles
were excluded for various reasons: 3 studies isolated cells
from cells other than MSCs, 1 study did not administer EVs,
1 study of wounds did not include a diabetic aspect to the
animal model, and 1 study was in Chinese (Fig. 1). In total,
10 studies [40–49] addressed the therapeutic use ofMSC-EVs
in diabetic wound healing and were included for qualitative
analysis. Nine studies were included in our quantitative meta-
analysis (Fig. 1).

Study Characteristics

Characteristics of the 10 included studies are summarized in
Table 1. Study publication date ranged from 2015 to 2020 and
studies were conducted in China (n = 9) and Iran (n = 1). The
studies used rats (n = 5) and mice (n = 5). The method used to
induce diabetes was either chemical (streptozotocin, n = 9) or
transgenic (n = 1). A circular cutaneous wound was used for
injury in all studies and wound diameter ranged from 8 to
20 mm. Eighty percent (n = 8) of the studies reported full-
thickness wounds.

All studies used MSCs that satisfied the ISCT criteria [35]
of adherence to plastic and multipotent differentiation poten-
tial. Only one study reported sufficient cell surface marker
expression to fully meet ISCT criteria [44]. Several studies
(n = 4) did not report positive expression of one or more
markers [42, 45, 46, 48] and other (n = 8) failed to report the
absence of one or more markers [40, 41, 43, 45–49] included
in the ISCT criteria. MSCs were derived from human tissue
sources in 8 studies, including synovia (n = 2), bone marrow
(n = 1), adipose tissue (n = 1), umbilical cord (n = 1), menstru-
al blood (n = 1), decidua (n = 1), and gingival tissue (n = 1)
and from non-human tissue sources in 2 studies, including
mouse bone marrow (n = 1) and adipose tissue (n = 1). EVs
were isolated either using ultracentrifugation (n = 9) or a size
exclusion column (n = 1). The most common method of
MSC-EV characterisation was electron microscopy (n = 10),
followed by Western blot (various combinations of Alix,
CD9, CD63, CD81, TSG101, HSP 70, GM 130, and Grp94)
(n = 9), dynamic light scattering (n = 3), nanoparticle tracking
analysis (n = 2), and flow cytometry (for non-EV surface
markers CD73, CD90, CD105 to confirm MSC origin) (n =
1). Doses of MSC-EVs varied from approximately 10 to
200 μg (reported in 6 studies) or 1.83 × 1010 to 5.22 × 1010

particles (reported in 2 studies; see Table 1), with most studies
(n = 6) administering MSC-EVs as a single dose after the es-
tablishment of a diabetic wound. The dose of MSC-EVs was
not reported in two studies [44, 45]. Across studies,MSC-EVs
were delivered after embedding in hydrogel material (n = 4),
via intradermal injections (n = 2), direct injection into the
wound (n = 2), or by subcutaneous injections (n = 2). The size
of administered EVs was reported as <150 nm in 7 studies,
between 40 and 200 nm [42], or as a mean size of 85 ± 36 nm
[45] or 127 ± 56 nm [47].

Three studies administered MSC-EVs that were enriched
for specific micro or circular RNAs that target mechanisms
involved in chronic wound establishment. One study [46]
enriched their MSC-EVs with the circular RNA molecule,
mmu_circ_0000250, to target miR-128-3p, which has been
shown to regulate SIRT1 expression, a regulator of inflam-
mation. Another study [48] enriched MSC-EVs with miR-
126, which has been implicated in improved angiogenesis
in response to ischemia via the phosphatidylinositol 3-
kinase (PI3K)/AKT and mitogen-activated protein kinase
(MAPK)/extracellular signal-regulated kinase (ERK) path-
ways. A third study [44] used genetically modified MSCs to
generate EVs that were enriched for long non-coding RNA
H19 (lnc H19), which has a putative role in PTEN expres-
sion, leading to the regulation of the PI3K/AKT signaling
pathway and suppression of inflammatory responses and
apoptosis.

Primary Outcome – Wound Closure

Eight studies reported data on wound closure of diabetic
wounds with and without treatment with MSC-EVs. The
administration of MSC-EVs significantly increased
wound closure of diabetic wounds compared to controls
(SMD 5.84, 95% CI 3.55 to 8.13, P < 0.001, I2 = 82%)
(Fig. 2). In subgroup analysis, MSC-EVs embedded in a
hydrogel was associated with improved wound closure
compared to controls (4 studies, SMD 7.45, 95% CI
5.04–9.82; Fig. 3), but the effect was not significantly
different compared to the use of MSC-EVs administered
without a hydrogel (7 intervention groups from 5 studies,
SMD 4.97, 95% CI 2.34–7.60; p = 0.17; Fig. 3). In con-
trast, the improvement in diabetic wound closure observed
after the administration of MSC-EVs enriched for specific
RNAs (3 studies; SMD 9.89, 95% CI 7.32 to 12.46) was
significantly greater compared to the improvement asso-
ciated with unmodified MSC-EVs (8 intervention cohorts
in 6 studies; SMD 4.30, 95% CI 2.25–6.35; p = 0.0009)
(Fig. 4). One study directly compared modified MSC-EVs
to unmodified control MSC-EVs and found improved
wound closure with modified MSC-EVs compared to un-
modified MSC-EVs [44].
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Secondary Outcomes

Blood Vessel Density and Number

Three studies reported blood vessel density, all of which dem-
onstrated benefit with the use of MSC-EVs. Across studies,
the administration of MSC-EVs was associated with signifi-
cantly greater blood vessel density compared to controls
(mean difference of 24.2 blood vessels per mm2, 95% CI
22.3 to 26.0, P < 0.001, I2 = 0%) (Fig. S1). Five studies report-
ed blood vessel number, with four reporting an increase with
MSC-EV treatment. Pooled analysis demonstrated that ad-
ministration of MSC-EVs was associated with a significantly
greater number of blood vessels compared to controls (SMD
4.84, 95% CI 2.52 to 7.17, P < 0.001, I2 = 67%) (Fig. S2).
Two studies investigated the expression levels of angiogenic
factors. One study reported that VEGFa was significantly

upregulated in wounds receiving MSC-EVs compared to con-
trols [42]. The other study that reported on angiogenic factors
noted that MSC-EVs enriched for long noncoding RNA H19
significantly increased expression of VEGF, TGF-β1, and α-
SMA in wounds compared to controls [44]. Lastly, one study
demonstrated that miR-126 knockdown decreased tubule and
branching formation in vitro [43].

Re-Epithelialization

Four studies reported increased re-epithelialisation of diabetic
wounds with MSC-EVs, all of which demonstrated benefit.
The administration of MSC-EVs significantly increased re-
epithelialisation of diabetic wounds compared to controls,
with a large effect (SMD 6.20, 95% CI 4.45 to 7.94,
P < 0.001, I2 = 0%) (Fig. S3).

207 Records after duplicates removed

6 Full-text articles excluded

2 Other stem cells

1 No extracellular vesicles

1 Nondiabetic model

1 Fibrocyte derived exosomes

1 Chinese language

1

313 Records identified through 

database searching

0 Additional records identified 

through other sources

207 Records screened 

16 Full-text articles assessed for eligibility

191 Records excluded

10 Studies included in qualitative synthesis

9 Studies included in quantitative synthesis (meta-analysis)

1 Full-text articles excluded

1 Did not report useable outcomes

Fig. 1 PRISMA flow diagram for
study selection process. PubMed,
Embase, and Cochrane register of
controlled trials were searched
from inception to June 22nd,
2020
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Collagen Deposition

Six studies investigated collagen deposition in diabetic
wounds with the administration of MSC-EVs, all of which
showed increase collagen deposition and/or maturity. Across
studies, increased deposition of collagen fibers [41, 45, 47,
48], specifically Type I and Type III collagen [40], collagen
maturity [45, 48], and collagen organisation [41] were report-
ed in diabetic wounds receiving MSC-EVs compared to con-
trols. Studies also reported increased expression of collagen
related genes, such as increased Collagen I expression [41, 44]
and Col1:Col3 expression ratio [42], in diabetic wounds re-
ceiving MSC-EVs compared to controls. This effect was in-
creased in studies with the administration of the MSC-EVs
embedded within a hydrogel [47, 48, 40] or with the admin-
istration of MSC-EVs enriched in miRNA-126 [48].

Scar Width

Four studies reported on the degree of wound scarring, all of
which demonstrated benefit. The administration of MSC-EVs
was associated with a significantly smaller scar width com-
pared to controls, with a large effect (SMD 4.60, 95% CI 3.12
to 6.08, P < 0.001, I2 = 0%) (Fig. S4). These findings were
corroborated by the studies that described scarring descrip-
tively [46, 40].

Inflammation

Across five studies, inflammatory markers were decreased in
diabetic wounds receiving MSC-EVs compared to controls,
however, a meta-analysis was not possible due to the hetero-
geneity in reported outcomes. In particular, studies reported
decreased levels of IL- 1β and TNF-α [44], Toll-like receptor
4 and p-65 expression [49], and Rela gene expression [42].
Studies also reported decreased apoptosis rate [46] and in-
creased expression of genes associated with cell proliferation,
such as PTEN [44] and SIRT1 and LC3 expression [46] in
MSC-EV treated wounds. Studies reported reduced inflam-
matory cell infiltration [49] and increased M2 macrophage
polarisation [42, 49] in diabetic wounds treated with MSC-
EVs. Lastly, one study found that the knockdown of AKT
abolished the immune modulatory effect of EVs from LPS
pre-conditioned MSCs [49].

Adverse Events

One study reported that there were not any adverse events
observed in any animal [45]. The presence or absence of ad-
verse events or complications due toMSC-EV treatment in the
remaining studies was unclear, as this information was not
reported. None of the studies reported any dropouts or mor-
tality of animals in any group.

Risk of Bias of Included Studies

The majority of domains captured by the SYRCLE analysis
were assessed as being unclear risk of bias for all studies
(Suppl Table 2). All studies had an unclear risk of bias for
sequence generation, as four studies [40, 45, 48, 49] did not
mention randomisation while six studies were randomised but
did not mention their method of randomisation. It was unclear
whether baseline characteristics were balanced or accounted
for in any of the studies, and it was unclear if the allocation of
study animals was concealed in any of the studies. In addition,
random housing and blinding of the intervention was not men-
tioned across all studies. None of the studies provided suffi-
cient information to determine if random outcome assessment
was consistently applied, with four studies mentioning ran-
dom outcome assessment for histological outcomes only
[41, 44, 47, 49]. None of the studies provided sufficient infor-
mation to determine if blinding of outcome assessors was
consistent, with two studies mentioning blinding of assessors
for histological outcomes only [45, 48]. It was unclear if any
of the studies selectively reported their data, as none of the
studies had a registered or posted a priori protocol.

Discussion

Our systematic review and meta-analysis highlights the ther-
apeutic efficacy of MSC-EVs in pre-clinical models of diabet-
ic wounds. MSC-EVs significantly improved wound closure,
and these results were further enhanced with the use of MSC-
EVs enriched for specific non-coding RNAs and microRNAs.
In addition, MSC-EVs increased blood vessel proliferation,
re-epithelialization, and collagen deposition as well as de-
creased scarring and inflammation. Considering the high prev-
alence and treatment-resistant nature of diabetic wounds, the
use of MSC-EVs appears highly encouraging. Future studies
should leverage insights gained from our analysis to design
definitive preclinical studies, which should accelerate the pro-
gression towards clinical studies.

Our observations in diabetic wounds are consistent with
previous studies conducted on the efficacy of MSCs and
MSC-EVs in the broader context of wound healing. In a re-
cently published scoping review, we identified that MSC-EVs
were beneficial across a variety of disease models in pre-
clinical studies, including wound healing [32]. Specifically,
several pre-clinical studies of MSC-EVs in non-diabetic
models of acute and chronic wounds demonstrated the benefit
of MSC-EVs, with minimal adverse events [50–52], however,
no meta-analysis or pooled estimates of efficacy have been
reported, to the best of our knowledge.

There have been relatively few clinical studies of MSC-EVs
in patients, as most investigational products are not yet approved
for human use. However, a prospective, nonrandomised, open-
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label, cohort study in patients with COVID-19 infection [53], a
smaller study in patients with acute kidney injury [54], and a
case report of a patient with graft versus host disease after he-
matopoietic cell transplantation have reported beneficial out-
comes with the use of MSC-EVs [55]. While the use of MSC-
EVs in patients with diabetic or non-diabetic wounds have not
been reported, the clinical benefits and tolerability of MSCs
have been reported across multiple studies. A systematic review
[8] of nine clinical studies found adipose-derived MSCs to be
effective and well-tolerated in the treatment of chronic ulcers
and reduced wound-associated pain. Additionally, a randomised
clinical trial [25] reported that MSCs derived from Wharton’s
jelly lead to accelerated wound healing in diabetic wounds, and
another clinical study showed that MSCs promoted wound
healing regardless of route of administration [6]. Taken together,
MSCs and MSC-EVs appear well-tolerated and beneficial
across a range of disease conditions, particularly in the setting
of wound healing.

MSC-EVs are thought to promote wound healing through
several mechanisms, mainly through immunomodulation and
the promotion of angiogenesis [15, 56]. Previous studies have
shown that high glucose levels in diabetic mouse models en-
hance unrestrained M1 (pro-inflammatory) macrophage
polarisation, inhibits M2 (anti-inflammatory) macrophage
polarisation, and, subsequently, leads to the release of pro-
inflammatory mediators, which drives chronic inflammation.
This chronic inflammation leads to the destruction surrounding
tissues and the establishment of chronic wounds. In studies
identified in our analysis, MSC-EVs were reported to promote
macrophage transition from M1 to M2 polarisation through
decreased iNOS activity and increased ARG:iNOS ratio, which
leads to increased levels of IL-10 and decreased levels of in-
flammatory markers IL-1β and TNF-α. These results suggest
that MSC-EVs have immunogenic properties to reduce inflam-
mation and improve diabetic wound healing. MSC-EVs also
promoted the growth of blood vessels, as both blood vessel

Fig. 2 Forest plot demonstrating increased wound closure rates of
diabetic wounds receiving MSC-EVs. Note Li et al. 2019 used both
unedited MSC-EVs and MSC-EVs from miR-126-3p overexpressing

MSCs. DFO = deferoxamine. Control groups were inactive (no
treatment or saline) except for 3 studies which used hydrogels without
MSC-EVs as control (Li M 2016; Shi 2017; Tao 2016)

Fig. 3 Forest plot comparing wound closure rates of diabetic wounds
receiving MSC-EVs delivered in conjunction with or without a
hydrogel. DFO = deferoxamine. Control groups were inactive (no

treatment or saline) except for 3 studies which used hydrogels without
MSC-EVs as control (Li M 2016; Shi 2017; Tao 2016)
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density and number were increased in diabetic wounds treated
with MSC-EVs. Diabetic wounds have also been associated
with reduced levels of VEGFa expression, resulting in impaired
angiogenesis and slower healing [41] and MSC therapy can
promote angiogenesis and increase VEGFa expression [57].
Studies in this systematic review show that VEGFa levels were
increased in diabetic wounds treated with unmodified MSC-
EVs, and angiogenic factors VEGF, TGF-β1, and α-SMA
were further augmented after administration with MSC-EVs
overexpressing long non-coding RNA H19. Overall, as noted
in previous studies [32], these findings suggest that MSC-EVs
have immunogenic and angiogenic properties, resulting in im-
proved wound healing across studies.

This study has limitations worth mentioning. First, includ-
ed studies had potential bias in many study design categories
outlined by the SYRCLE Risk of Bias tool. Future studies can
address this limitation by applying and reporting randomiza-
tion, blinding, and a priori protocols. Second, a limited num-
ber of studies were identified for specific subgroup analyses
which likely impact the power to detect efficacy, including
studies that addressed the use of MSC-EVs in hydrogels.
Third, murine models of streptozotocin-induced diabetes like-
ly do not manifest the complete physiologic changes that oc-
cur in clinical Type I or Type II diabetes. However, this is a
frequent and inherent limitation of pre-clinical models of dis-
ease. Furthermore, differences between studies were observed
with regard to aspects of study design, including tissue source
for derivation of MSCs and the dosingMSC-EVs, which like-
ly prevented a more precise estimate of effect of MSC-EVs on
wound closure. Despite heterogeneity across studies, consis-
tent positive effects ofMSC-EVswere observed which should
buoy clinical translation efforts. While it is possible that our
search failed to identify some studies that were overlooked,

we adopted robust systematic review methodology that mini-
mizes this possibility.

In conclusion, MSC-EVs displayed substantial wound
healing properties across a variety of outcomes and study
designs in preclinical studies. MSC-EVs, and particularly
modified MSC-EVs enriched for specific non-coding and
microRNAs, are a promising treatment for diabetic wounds
and warrant further investigation. Future studies should lever-
age insights gained from our analysis, such as reducing poten-
tial risks of bias and aligning outcome reporting to propel
studies towards definitive pre-clinical and initial clinical
studies.
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